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Foreword 

THE ACS SYMPOSIUM SERIES was first published in 1974 to 
provide a mechanism for publishing symposia quickly in book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
in time" of the current research being done on a topic, plus 
some review material on the topic. For this reason, it is neces
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz
er^) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that all necessary revisions have been made. 

As a rule, only original research papers and original re
view papers are included in the volumes. Verbatim reproduc
tions of previously published papers are not accepted. 

M. Joan Comstock 
Series Editor  S
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Preface 
H E A L T H AND ENVIRONMENTAL PROBLEMS associated with hazardous 
wastes and their management continue to challenge society in ever-
increasing dimensions. Public concern over the discovery of contam
inated soils, sediments, and groundwater aquifers due to past hazardous 
waste disposal practices has heightened, and remedial activity continues at 
a rapid pace. These activities, however, have not yielded completely satis
factory solutions because of the difficulty of applying conventional treat
ment technologies to waste sources in uncertain and complex environ
mental media. 

The symposium on which this volume is based attracted a diverse 
audience specializing in technologies for hazardous waste management. 
From the approximately 242 presentations, 100 final manuscripts were 
submitted for review. The 18 chapters chosen for this volume were 
selected on the basis of peer review, scientific and technical merit, innova
tion, and the editors' perceptions of applicability and significance on both 
a short- and long-term basis. 

This volume is a continuation of the Emerging Technologies in Hazard
ous Waste Management theme initiated with ACS Symposium Series No. 
422 in 1990, No. 468 in 1991, and No. 518 in 1993, all of which focus on 
developments related to advances in hazardous waste management at the 
time. The content of this volume extends into complementary areas with 
new information and applications not previously emphasized. Highlighted 
are the changing diverse approaches to some of the most challenging 
current problems and their solutions. This volume offers an overall intro
duction to the field of hazardous waste management within the various 
environmental phases and affords an opportunity to read works by experts 
possessing broad disciplinary credentials. 

Acknowledgments 
Several sponsors provided support for the symposium on which this 
volume is based. We specifically acknowledge with grateful appreciation 
Merck & Co., Inc.; the Ford Motor Company; and the National Registry 
of Environmental Professionals, represented by Valcar A. Bowman. In 
addition, we thank Wallace W. Schulz for his assistance in the peer review 
process. 
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Georgia Institute of Technology 
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University of Pittsburgh 
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Chapter 1 

Emerging Technologies for Hazardous Waste 
Management 

An Overview 

D. William Tedder1 and Frederick G. Pohland2 

1School of Chemical Engineering, Georgia Institute 
of Technology, Atlanta, GA 30332-0100 

2Department of Civil and Environmental Engineering, 
University of Pittsburgh, Pittsburgh, PA 15261-2294 

Hazardous waste management and the remediation of contaminated environments 
continue to command priority attention and the mobilization of the collective 
capabilities of scientists, engineers and related disciplines in the private and public 
sectors of society. This emphasis, and the recognition of a need to efficiently and 
economically resolve hazardous waste management problems, has led to an emergence 
of an array of innovative technologies with applications in a variety of environmental 
settings. Indeed, the focus on hazardous waste management and remediation technology 
has been the subject of numerous national and international workshops, symposia, 
conferences and associated activities, as exemplified by the Wastech® initiative of the 
American Academy of Environmental Engineers(1). 

Our current contribution to the advancement of knowledge and its application 
to the solution of hazardous waste management challenges focuses on selected 
technologies currently under development, and showing particular promise in terms of 
new approaches as well as advancing the application of fundamentals of science and 
technology. As such, it is an extension of and an embellishment to the continuum of 
topics presented in previous volumes of the series (2-4), with an attempt to highlight 
those that have taken on particular contemporary significance. Therefore, perusal of 
this overview will serve to demonstrate the importance of soils and sediments as crucial 
remediation horizons, the inextricable linkage between waste minimization and 
management technologies, and the renewed emphasis on the pervasive challenges of 
radioactive wastes. 

Remediation Technologies for Soils and Sediments 

The discovery and environmental impacts of contaminated soils and sediments have 
catalyzed an aggressive search for innovative technologies for both access and 
remediation, employing physical, chemical and/or biological techniques. In Chapter 2, 
Chesnut recognizes the consequences of the usual heterogeneity encountered in porous 
geologic media, including effects on porosity, permeability, mineralogy, and contaminant 
concentrations, and presents a model for quantifying effects of heterogeneity on vapor 
extraction, where a single parameter, a, is used. The resulting model is sufficiently 
simple to apply in Monte Carlo and similar sampling procedures for estimating the 

0097-6156/94/0554-0001$08.00/0 
© 1994 American Chemical Society 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
00

1

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



2 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

uncertainty in cost or duration of a remediation project. The model, originally developed 
to determine the effect of heterogeneity on waterflooding for secondary oil recovery, 
has also been extended elsewhere (5) to estimate travel time distribution for 
radionuclides dissolved in water moving through fractured porous rock. 

Recognizing that soils and groundwater may be contaminated with heavy metals, 
requiring extensive excavation for removal and management, Lingren, et al. (Chapter 
3) developed and tested an electrokinetic process for in situ remediation of anionic 
contaminants in terms of electromigration rate through unsaturated media at varying 
moisture contents. Decreases in rate at low and high moisture contents were explained 
by increases in pore tortuosity and decreases in pore water current density, respectively. 
Experiments with food dye and chromate ions provided the basis for developing a simple 
experimental model capable of predicting dependence on soil moisture content and pore 
water chemistry. 

Knowledge of biodegration kinetics can also facilitate decisions on in situ 
remediation of soils, sediments and aquifers. Tabak, et al. (Chapter 4) investigated 
adsorption/desorption equilibria and kinetics in soil slurry reactors for phenol and alkyl 
phenols. A mathematical model incorporating effects of adsorption/desorption and bio-
degradation in the liquid and solid soil phases, as well as protocols for measuring 
biomass adsorption in soil and bioconversion by radiolabeled carbon dioxide evolution, 
were presented and advocated for use in determining the extent of bioremediation at 
contaminated sites. As such, this contribution complements the overview presented by 
Eckenfelder and Norris (6) in the previous volume of this symposium series. 

Tsang, et al. (Chapter 5) also focused on the need for re-mediation of soils and 
sediments contaminated by activities such as mining, electroplating and other 
manufacturing and industrial processes. Sterile and nonsterile soil, experimentally 
contaminated with bismuth, cadmium, lead, thorium and uranium, containing cysteine, 
glycine, or thioglycolate, and inoculated with pure cultures of soil bacterial isolates, 
indicated the promotion of releases of all contaminants. It was concluded that viable 
and active microorganisms influence the ability of soil to retain or release metals, and 
that cysteine is effective in this process, operating as a reducing agent as well as a metal 
complexing agent and nutrient Enhancement of microbially-mediated removal was 
considered due to changes in pH and/or Eh near the soil colloid, alteration of the 
valence state of the metals, and decomposition of the organic matter in the soil. These 
findings again emphasize the necessity of providing favorable growth conditions 
supportive of biological activity on a continuum. 

Waste Minimization and Management Technologies 

The recognition of waste minimization as an essential element in the hierarchial 
approach to hazardous waste management continues to foster developments in 
responsive methodologies. Edgar and Huang (Chapter 6) advocated a systematic 
module-based synthesis approach to the design of environmentally clean processes with 
minimal waste generation. The approach adds the dimension of structural con
trollability to the conventional capital and operating cost functions, and elaborates waste 
minimization strategies as constraints. In the absence of sufficient data on waste 
generation at the process design step, artificial intelligence techniques are used to 
represent waste minimization strategies and evaluate controllability. The efficacy of the 
proposed waste minimization approach is illustrated using a phenol-containing waste in 
an oil refinery as an example. Therefore, the generic features of the approach would 
enhance its applicability to other industrial settings. 

Recognizing the increasing difficulty of meeting more stringent effluent quality 
requirements by conventional treatment technologies, Gaarder, et al. (Chapter 7) 
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1. TEDDER AND POHLAND Hazardous Waste Management: Overview 3 

selected a crystallization technology for the concentration of mechanical pulp mill 
effluents, and the subsequent recovery and reuse of water. After screening other 
separation technologies, clathrate hydrate concentration, a variant of freeze 
concentration, was selected using carbon dioxide and propane to control the 
temperature and pressure conditions at which hydrates form. The results of the 
studies were considered essential to the development of large-scale crystallization 
units applied to pulp mill effluents where impurities did not adversely affect pressure-
temperature equilibria. 

The control of mercury in aquatic environments and sediments continues to 
receive attention, and methods for its removal and recovery have been a subject of 
considerable scientific inquiry. Larson and Wiencek (Chapter 8) review the various 
management techniques and advocate the utilization of a microemulsion containing a 
cation exchanger to extract mercury from water. In order to successfully model the 
extraction process, both the equilibrium and kinetics of the metalrliquid ion exchange 
were determined, and a diffusion/reaction model for extraction of mercury with oleic 
acid in a batch STR (stirred reactor) is presented. 

Many hazardous waste constituents are volatile as well as biodegradable, and 
various methods to capture and convert these fractions have emerged. Apel, et al. 
(Chapter 9) have focused on the use of laboratory and full-scale biofilters for 
remediation of gasoline vapors using a proprietary bed medium. Removal occurred over 
temperature ranges of 22 to 40° C, and removal rate was a function of gasoline 
concentration and microbial viability. Removal of benzene in field tests was 
approximately 10 - 15%, with total BTEX (benzene, toluene, ethylbenzene, xylene) 
removal of 50 - 55%. Optimum contact opportunity between the gas stream and 
microbial consortia was considered essential and an important design variable. 

The recovery and processing of petroleum produces organic and oily wastes 
requiring appropriate management to comply with regulations. Majid, et al. (Chapter 
10) focused on the feasibility of introducing finely divided sulphur dioxide capture agents 
into high sulphur fuels to demonstrate sulphur capture during combustion process. By 
using liquid phase agglomeration and comparison of the results of static muffle furnace 
combustion tests at 850° C with bench-scale fluidized bed results, cogglomeration of 
petroleum cokes and lime resulted in sulphur capture of over 80 to 30%, depending on 
the source of carbon and respective test conditions. A Ca:S molar ratio in the range of 
1 to 2 was capable of reducing SO 2 emissions sufficiently to meet USA and Canadian 
standards. 

Organic aqueous contaminants may exist as nonionic species and may be treated 
by sorption and subsequent partitioning for removal and/or recovery. Park and Jaffe 
(Chapter 11) recognized the ability of anionic surfactant monomers to adsorb onto 
mineral oxides (organo-oxide) and act as a sorbent for nonionic organic pollutants, with 
the advantage of in situ regeneration. Using batch and column experiments with 
aluminum oxide, carbon tetrachloride and an anionic surfactant, sorption was shown to 
be highly pH-dependent, with partitioning linearly dependent on concentration and 
proportional to the adsorbed mass of surfactant. 

High energy election-beam irradiation is also an emerging technology for 
removing hazardous organic contaminants from water. To explore the effectiveness of 
this technique, Rosocha, et al. (Chapter 12) formulated a simple kinetic model for 
removing TCE and CC14 from water, examining the production, recombination and 
reaction of free radicals. Simulations indicated that low pulse intensities were more 
efficient in producing radicals, however, a train of short, high-dose, repetitive pulses 
could approach the removal efficiency of a continuous dose profile. Therefore, 
repetitively pulsed accelerators were considered preferable for future applications 
because of specific machine advantages. 
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4 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

The ubiquitous distribution of pesticides in the USA and throughout the world 
has focused attention on their environmental and health effects. Pentachlorophenol 
(PCP) is the second most widely-used pesticide in the USA and, because of its biocidal 
properties, it has many industrial applications. Therefore, focus on effective methods 
of conversion and removal from environmental media remains high. Carberry and Lee 
(Chapter 13) used Fenton's Reageant to enhance degradation potential for PCP through 
partial chemical oxidation followed by biological oxidation with selected microbial 
consortia. Chemical oxidation at a level of only 3% tripled the rate of biological 
conversion and reduced the toxicity index to a level four times less. It was concluded 
that the mechanism of enhancement was due to a reduction in PCP toxicity and co-
metabolism of the PCP and partial oxidation products. 

Pesticides can also be oxidized with ozone, and Hapeman (Chapter 14) studied 
the aqueous ozonation of s-triazine pesticides and the dependence of conversion 
product formation structure and abundance on the duration of ozonation. Using 
chemical methods, HPLC, mass and NMR spectroscopy, a proposed degradation 
pathway for s-triazines was described, together with a reaction product profile of 
atrazine. The technique was considered of value in developing methods for triazine 
residue removal from ground and surface waters. 

Radioactive and Mixed Waste Management 

The storage and long-term management of nuclear wastes remains a difficult challenge, 
and increased attention is being given to the assessment and maintenance of facilities 
at existing sites. Reynolds and Babad (Chapter 15) have described the Hanford Site 
complex and its facilities for storage of radioactive wastes. Of the 177 existing tanks for 
storage of radioactive wastes, 53 have been identified as having potential safety issues. 
The monitoring for generation and release of hydrogen from one of the tanks and 
minimization of the risk of a hydrogen burn are presented, together with steps for 
mitigation of hydrogen release. 

The storage challenges at the Hanford complex are more explicitly elucidated 
by mechanistic studies on the thermal chemistry of simulated aqueous nuclear waste 
mixtures by Ashby, et al. (Chapter 16). This incisive and detailed study of factors 
affecting the reaction by which H 2 gas is formed from the degradation product, 
formaldehyde, and OH" provides a mechanism consistent with results obtained from 
radiolabelling experiments. Moreover, the amount of hydrogen produced was found to 
be substantially larger under oxygen than under an argon atmosphere, which has new 
and important ramifications with regard to mitigation procedures that would introduce 
Ο 2 into the waste mixture and thereby intensify the rate and concern associated with 
Η 2 formation. 

Vitrification is an innovative technology applicable for the immobilization of 
high-level radioactive isotopes in borosilicate glass. Bannochie, et al. (Chapter 17) 
present results of bench-scale acid hydrolysis tests for defining factors affecting removal 
of aromatic carbon from aqueous slurries of Cs-137 and other tetraphenylborates prior 
to vitrification at the Savannah River Site. Since hydrolysis is performed with formic 
acid and Cu(II) as a catalyst, the eventual rate of conversion to the primary products of 
benzene and boric acid is influenced by the need to balance the Cu(II) and total acid 
ratio, and the presence or absence of oxygen, nitrite, complexing agents and other 
potential reaction catalysts or inhibitors. 

Solidification and stabilization of hazardous and radioactive wastes are being 
advanced as viable management techniques. Darnell (Chapter 18) presents the 
potential of sulfur polymer cement (SPC) or sulfur polymer cement concrete (SPCC) 
as final waste forms for such applications. Based on a summary of a series of tests in 
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1. TEDDER AND POHLAND Hazardous Waste Management: Overview 5 

the USA and abroad, guidance is provided for applications of the technology, including 
a discussion of advantages and disadvantages in terms of waste type and exposure 
condition. 

Summary 

The control and remediation of hazardous and radioactive wastes, and their 
environmental and health consequences, continue to challenge scientific and engineering 
ingenuity as environmental regulations become more stringent and industrial productivity 
continues to accelerate commensurate with the needs and aspirations of a growing 
consumer population. Therefore, it is appropriate that new and innovative management 
techniques are sought and developed for application, including emphasis on waste 
minimization and pollution prevention. Indeed, the transformation of an end-of-the-
pipe approach to one that prevents pollution and promotes innovation in design and 
processing, as well as resource conservation and recycle, has shifted much attention to 
problems involving environmental and health impairment due to past waste management 
practices. Accordingly, the new emerging technologies in hazardous waste management 
have become consequences of the challenges of this focus on situations where waste 
source and environmental setting are more obscure and less explicitly defined. 
Therefore, it is appropriate to embrace such facets of the challenge, whether related to 
soils and sediments as a target matrix, waste minimization and ex situ management, or 
the special characteristics of a segregated waste requiring isolation and/or long-term 
storage. 

Each of these broader generic topics is addressed with specific selected examples 
in this volume of the SERIES, and while definite progress is being made in all cases, 
additional improvements are necessary, whether in the basic science or technology, or 
its application in practice. As developments proceed both reactively as a consequence 
of regulatory inertia, but also proactively and in an anticipatory fashion, a change in 
protocol will be required, including the development and nurturing of financial and 
personnel resources capable of managing and sustaining the technology. Therefore, it 
is anticipated that these issues will collectively contribute, not only to the substance of 
continuing symposia in print, but to the overall advancement and transfer of the 
knowledge needed to sustain progress in hazardous waste management in the future. 
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Chapter 2 

Heterogeneity and Vapor Extraction 
Performance 

Dwayne A. Chesnut 

Earth Sciences Division, Physical Sciences Department, University 
of California, Lawrence Livermore National Laboratory, 

Livermore, CA 94550 

Soil venting or vapor extraction, the "pump and treat" method of aquifer 
remediation, and petroleum production by primary or secondary 
recovery all involve the flow of fluids of varying composition in porous 
geologic media. Properties of these media which govern fluid flow and 
contaminant transport, such as porosity, permeability, mineralogy, 
saturations, and solute concentration, vary from point to point, often by 
orders of magnitude. As this spatial heterogeneity increases, the 
performance of the remediation or petroleum production process 
deteriorates markedly, requiring the extraction of larger and larger total 
quantities of fluid to recover the desired amount of "product" 
(contaminant, oil, etc.). A simple model is presented for quantifying the 
effects of heterogeneity on vapor extraction. It was originally developed 
to determine the effect of heterogeneity on waterflooding for secondary 
oil recovery and subsequently extended to estimate the travel time 
distribution for radionuclides dissolved in water moving through 
fractured porous rock. Heterogeneity is quantified by a single 
parameter, σ, which determines the shape of a breakthrough curve for 
the transport of a tracer or other distinguishable fluid front as it moves 
through the medium. The resulting extraction model is simple enough to 
use in Monte Carlo and similar sampling procedures to estimate the 
uncertainty in cost or duration of the remediation project. 

Although differing in important details, modeling groundwater or vadose zone 
remediation is conceptually similar to modeling enhanced oil recovery, in that both 
typically involve multi-phase, multi-component fluid systems, transient flow and 
transport conditions, and complex chemical, physical, and even biological processes 
governing the transfer of mass and energy among elements of the subsurface system 
(i.e., the aquifer or petroleum reservoir and its contained fluids) and between the 

0097-6156/94/0554-0008$08.90/0 
© 1994 American Chemical Society 
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2. CHESNUT Heterogeneity and Vapor Extraction Performance 9 

system and its surroundings. Both types of processes involve the displacement of one 
fluid by another, and fluid displacement efficiency is profoundly affected by the spatial 
heterogeneity of the geologic media in which these displacements are conducted. 
Process efficiency, in turn, depends strongly upon fluid displacement efficiency. 

Geologic materials are generally much more heterogeneous than the porous 
media familiar to chemical engineers, such as those used in packed columns. One of the 
daunting problems in modeling fluid displacement processes in natural materials is the 
adequate characterization of their heterogeneity. The degree of success in predicting 
the flow and transport behavior of real systems depends upon how well the actual 
spatial variability of physical properties is approximated in the model, as well as upon 
how completely the physical and chemical processes important to process performance 
are represented. 

The degree of variability and its spatial scale depend upon the spécifie property 
being estimated. For example, the mtrinsic permeability of geologic media can easily 
vary over five or six orders of magnitude even within distances of a few tens of feet or 
less, but the fractional porosity is physically constrained to lie between zero and unity. 
In turn, these different properties have varying impact on flow and transport through 
the system. 

Petroleum Production 

The petroleum industry has produced an enormous literature of laboratory 
investigations, field data, and model studies concerned with the injection of water, 
carbon dioxide, air, hydrocarbon gases, steam, polymer solutions, and surfactants into 
petroleum reservoirs, and the resulting production of oil, other native fluids, and 
injected substances. Much of this work has been focused on the prediction of oil 
recovery as a function of time, and frequent reality checks between models and 
experiments have been impartially imposed by economics. Hence, the analysis of 
petroleum production processes, and appropriate modification of the methods used, 
may accelerate the development of cost-effective characterization and modeling 
approaches for remediation projects. 

In this paper, we summarize in some detail the development of a simple 
"heterogeneity parameter" model (i) for predicting (or extrapolating) the performance 
of waterfloods in depleted petroleum reservoirs. The approach is extended to develop a 
model for contaminant removal, and then applied to the analysis of a pilot project for 
the extraction of TCE from the vadose zone at the Savannah River Site. A similar 
analysis (2) was used recently to define more precisely the concept of "groundwater 
travel time" introduced by the Nuclear Regulatory Commission in connection with 
determining the suitability of a potential repository for high-level nuclear waste. 

Primary Recovery. In petroleum production, the primary recovery stage comprises 
the removal of oil, gas, and water from one or more wells (or producers) by reducing 
the bottom-hole pressure at the well-bore to a value below the pressure in the 
surrounding porous and permeable medium (the petroleum reservoir). In some 
reservoirs, the initial pressure, producing depth, and fluid density are such that the 
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10 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

produced fluids will flow to the surface, but generally some form of artificial lift (e.g., a 
pump) is required before the end of primary production. 

Many reservoirs have essentially closed outer boundaries, with litde or no mass 
entering the system to replace fluids as they are produced. Hence, the reservoir 
pressure gradually declines in proportion to the cumulative fluid withdrawn (i.e., with 
increasing reservoir voidage), and they are known as depletion reservoirs. Economic 
primary production terminates when the pressure has declined to the point that oil and 
gas can no longer flow into the producers at rates sufficiently high to provide net 
revenues greater than the operating costs of the wells. 

After a depletion reservoir has reached its economic limit on primary 
production, a significant percentage of the oil originally in place remains in the rock, 
along with gas, which exsolves as the reservoir pressure is reduced, and along with 
much of the water originally present. A portion of the remaining oil, known as the 
waterflood movable oil, can be recovered by water displacement; the remainder is the 
waterflood residual oil, trapped by capillary forces within the rock pores. 

In the laboratory, when water is injected continuously into a rock core 
œntaining oil at a saturation higher than the waterflood residual value, some of the oil 
will be displaced to the outflow end of the core. The residual oil saturation value 
depends upon the initial oil saturation, the flow velocity, and various intrinsic properties 
of the rock/fluid system. The difference between the initial oil saturation, Ŝ , and the 
waterflood residual oil saturation, S^, is defined as the movable oil saturation. The 
residual oil after waterflooding represents the target for tertiary recovery processes, 
such as surfactant flooding. 

Waterflooding. In field applications of waterflooding, water is injected into the 
reservoir, either by converting some of the original producers to injectors, or by drilling 
new injectors, while continuing to withdraw fluids (usually by pumping) from the 
reinaining producers. The injection of water not only restores the reservoir pressure, it 
also immiscibly displaces (or sweeps) oil from the injectors to the producers. Usually, 
the array of injectors and producers is designed to form a repeated pattern of basic 
symmetry elements, with the "five-spot" perhaps being the most common. Except near 
the edges of the reservoir, each injector in a five-spot pattern flood is surrounded by 
four producers, located at the corners of a square centered on the injector. A schematic 
illustration of a single symmetry element in a five-spot pattern is shown in Figure 1. A 
typical distance between producing wells in the U.S. is about 400 m. 

The efficiency of a waterflood is most conveniently expressed as the fractional 
recovery of the total movable oil rernaining in the reservoir after primary depletion. 
This allows the direct comparison of actual flood performance with an ideal system in 
which injected water volumetrically displaces, first, the gas left behind at the end of 
primary production, and then, the movable oil. No oil is produced until enough water 
has been injected to displace all the gas (the fill-up volume). Subsequently, oil alone is 
produced until water breaks through to the producing well, at which point the 
cumulative water injected is called the flood-out volume. 
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2. CHESNUT Heterogeneity and Vapor Extraction Performance 11 

Ideal Waterflood Performance. This ideal, "piston-like" displacement process can be 
described quantitatively through application of the following assumptions: 
1. Before injection begins, the system is completely depleted by primary production, 

and there is no flow from the outflow end. 
2. Fractional porosity (0), along with initial oil, gas, and water saturations (expressed 

as fractions of the pore volume) SQ^ Sg(, and 5^·, respectively, are uniform, as is 
the intrinsic permeability, k. 

3. Begirining at time t = 0, water is injected at constant rate iw into one end of the 
system (the inflow boundary), successively displacing gas, oil, and water out the 
other end (the outflow boundary). 

4. Flow between the inflow and outflow boundaries is perfecdy linear. 
5. All displacements of one fluid by another are absolutely stable (i.e., piston-like), 

unaffected by gravity, capillarity, viscous fingering, dispersion, or any other process 
causing mixing or simultaneous flow of displacing and displaced fluids. 

6. Injected water builds up an oil bank ahead of the injection front Within the oil 
bank, only oil flows, at constant saturation (equal to 1 - 5m-); ahead of the bank, 
only gas flows (at saturation Sg0, and behind it, only water does (at saturation 

7. A residual oil saturation, Sq^, is left behind after all the gas and movable oil have 
been displaced, and the remaining pore space is occupied by water at saturation 
1 " $orw-

Hence, at the outflow boundary (the producer), gas will be produced, with no 
liquid, until all the free gas has been displaced and the leading edge of the oil bank 
reaches the producer. Then, oil only will be produced until all the movable oil has been 
displaced (i.e., the trailing edge of the oil bank reaches the producer), and, finally, 
water only is produced until injection stops. 

Consider a system of length L and cross-sectional area A perpendicular to the 
direction of flow, and let Vp, Vfw and VfQ represent, respectively, its total pore 
volume, fill-up volume, and flood-out volume: 

V p = 0 A L (1) 
Vju-S^-V, (2) 
V / o=(S 5 i+S o i-S o m ,).V p (3) 

Let iw be the rate of water injection, qQ and qw be the oil and water volumetric 
production rates, respectively, and W, Q0, and Qw be die cumulative water injected, oil 
produced, and water produced, respectively. Then 

W = iwt (4) 
Qo=0, forW<V /u; 

= W - V / U , forV / u<W<V / e; 
= V J i > - V J U , f o r V ^ W (5) 

9W = 0, forW<y /b; 
= W-V/o, forV / o £W. (6) 
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12 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

Note that the limiting value of cumulative oil production, QQ, is equal to the 
difference between the flood-out volume and the fill-up volume, Vf0 - Vfo which is just 
the total movable oil in place at the start of waterflooding, V^. 

The production rates, qQ and can be obtained simply by differentiation of 
the equations for QQ and Qyj. 

q o=0, forW<V /u; 
= iw9 forV / u^W<y / b; 
= 0, for < W (7) 

qw=0, forW<V /b; 
= iw9 f o r V ^ W . (8) 

It is convenient to normalize equations 5 and 6, and the associated inequalities, 
by dividing both sides by V^, letting γ = W/V^ be the normalized cumulative 
injection — i.e., the volume of water injected per unit volume of movable oil in place at 
the start of waterflooding: 

Ql = 0, for γ < A; 
= γ - A, for λ < γ < 1 + A, 
= 1, ίθΓΐ + λ < 7 · (9) 

Ql =0, for 7<1 + λ, 
= y - l - A , forl + A<y. (10) 

Here, Q*0 and Q* w are the normalized cumulative oil and water production, 
respectively. Note that the former quantity is just the oil recovery efficiency, expressed 
as a fraction of the movable oil in place at the start of waterflooding. The parameter A 
is the ratio of fill-up volume to movable oil volume. No oil is produced until the 
normalized cumulative injection is equal to A. The recovery efficiency then increases 
linearly in direct proportion to normalized injection until all the oil has been produced 
(or injection stops). 

Equations 7 and 8 are conveniendy normalized by dividing the oil and water 
production rates by the water injection rate; the inequalities are normalized as before by 
dividing them through by the movable oil volume: 

qQ = 0, for γ < A; 
= 1, for λ < γ < 1 + A, 
= 0, forl + A ^ r . (11) 

q^=0, fory<l + A, 
= 1, forl + A^y. (12) 

Figure 2 shows a plot of the normalized oil production rate vs. normalized cumulative 
injection as given by equation 11. Plots for the other normalized variables defined in 
equations 9, 10, and 12 are not shown, because they can easily be sketched by the 
reader. 
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2. CHESNUT Heterogeneity and Vapor Extraction Performance 

0 

Figure 1. Plan view of a single symmetry element of a five-spot waterflood 
pattern. The solid circles represent the producing wells, and the 
circle with the arrow through it represents the injection well. 

o | 

I s 

II 
ο ρ 

1+λ 
Normalized Cumulative Injection 

Figure 2. Normalized oil production rate vs. normalized cumulative injection 
for an ideal homogeneous waterflood 
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14 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

Waterflood Efficiency in A Heterogeneous System 

With the ideal linear system as a starting point, we can now consider the effect of the 
spatial variation in perrneability. In order to simplify the analysis, the heterogeneous 
system is represented conceptually as a collection of independent linear elements 
connecting the inflow boundary (or boundaries) with the outflow boundary (or 
boundaries). The jtn element has intrinsic permeability kj and area aj perpendicular to 
the direction of flow, and all elements are assumed to have the same length, porosity, 
and fluid saturations. The total area perpendicular to the direction of flow is A. 

By ignoring changes in flow resistance (i.e., neglecting the saturation-
dependence of relative permeabilities) as the displacement fronts propagate through 
each element, and recognizing that the pressure drop between inflow and outflow must 
be the same for each element, we can write the cumulative injection into the / * layer, 
Wj9 as: 

k. a. 

k A 

Upon multiplying the numerator and denominator by φ · L · (s ^ - SQrw ) and 
rearranging the result, the normalized injection variable for element j is found to be: 

Yj=r-kj/k (14) 
when the normalized cumulative injection into the entire system is equal to γ. Each 
element will obey equations 7 and 8, with yj in place of 7: 

Ql{kj>r) = 0. f o r i c , < A _ ^ s f c i ; 

= ^ - A , f o r f c l , f c j < i l ± ^ s f c 2 , 
k y 

= 1, for k2 S Je,. (15) 

&,( f cj.y) = ° . for kj<k2, 

= ̂ =Ζ-1-λ, iork2<kj. (16) 
fC 

Note that in equations 15 and 16, the cumulative normalized oil and water 
production are written as functions of kj and 7, and that the associated inequalities are 
expressed as inequalities for kj at a given value of total dimensionless injection, 7. At a 
given value of 7, all elements with k less than kj will have produced no oil, those with k 
between kj and #2 produced only a fraction of their oil, and those with k 
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2. CHESNUT Heterogeneity and Vapor Extraction Performance 15 

greater than k2 will have produced all of their oil. Similarly, elements with k less than 
#2 will have produced no water, while those with k greater than #2 continue to produce 
water so long as it is injected. 

To obtain the total normalized production of oil and water, we must sum the 
contributions of all the elements, weighted by their volume fractions in the total system: 

(18) 

With one additional assumption, the volumetric averages in equations 17 and 18 
can be replaced by averages over the permeability distribution of the system. We 
assume that this distribution is described by a probability density function f(k), and that 
f(k)dk represents the volume fraction with permeability between k and k + dk, in 
accordance with the usual frequency interpretation of probability density functions. 
Hence, we can replace the fraction as/A in the above equations by f(k)dk, and, in the 
limit as dk approaches zero, the sums become integrals: 

Q;(r) = lJfc/(fc)dfc-Aj/(fc)dfc + ]fik\dk (19) 
ki ki fcj 

9M = l]kf(k}dk-(l + X)]f[k)dk (20) 

For many aquifers and petroleum reservoirs, the distribution of permeability 
values measured on cores is closely approximated by a log-normal distribution, with 
density function 

, lflnfc-u N 2" exp| 
f(k) = (21) 

The parameters μ and aare, respectively, the mean of the natural logarithm of k 
and the square root of the variance of the natural logarithm of k. If we assume that the 
distribution of penneability is log-normal in equations 19 and 20, the integrations can 
be performed explicitly. 

Note that there are only two types of integrals over the log-normal density 
function which are needed: one involving a partial average of Κ and one involving an 
incomplete integral of the density function. By some straightforward but tedious 
manipulation involving changing the variable of integration and integrating by parts, it 
can be shown that, for arbitrary values of a and b: 
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16 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

bk 

J/(fc)c0c = O 
ln(b) + %-

ok 
- Φ 

1η(α) + — 
(22) 

bk _ 
Jfc/(fc)dfc = fc 
afc 

ΦI - Φ (23) 

1 z 

Φ(ζ) = - = r f e"*2^ is the normal probahili ty integral, (24) 
ν2π i 

resulting in the following expressions for dimensionless cumulative oil and water 
production, respectively: 

9Ό = γ H i K l — (h 
W Μ+*Ί1 

yi+λ) 2 1 σ — *** σ 

+(1 + λ)Φ u + a j 2 -ΑΦ 

U+AJ 2 -(1 + λ)Φ U+AJ 2 

(25) 

(26) 

Normalized rates of production can be obtained by differentiating equations 25 
and 26 with respect to γ, and noting that 

and 

Again, the algebra is tedious but straightforward, and the resulting expressions are: 

(27) 

(28) 
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2. CHESNUT Heterogeneity and Vapor Extraction Performance 17 

In obtaining the final forms of equations 25, 26, 29, and 30, the fact that 
Φ(-ζ) = 1 - Φ(ζ) has been used. 

Note that these expressions for dimensionless cumulative oil and water 
production and oil and water production rates reduce to those given previously for the 
ideal homogeneous case when ο approaches 0. For ο = 0, the normalized oil rate is a 
rectangular pulse, equal to zero until y = λ, when it jumps to 1.0, and remains there 
until 7 = 1 + A, when it returns to zero. This is precisely the behavior shown in Figure 
2. The normalized water rate is a unit step function at 1+A. In fact, the oil pulse for the 
homogeneous case is just the difference between a step function for the leading edge of 
the oil bank and a step function for the trailing edge of the oil bank. 

The median for each log-normal function in the heterogeneous system is the 
corresponding step-function argument multiplied by exp(-<Ĵ /2). Hence, as the 
heterogeneity parameter increases, the median breakthrough of each displacement front 
occurs at smaller and smaller values of cumulative injection. 

The derivation of the waterflood model has been presented in some detail since 
it provides a comprehensible physical basis for the introduction of heterogeneity as a 
log-normal transformation on a step function representing the propagation of a 
displacement front in an ideal homogeneous system. 

A Field Example of a Waterflood 

There are several consequences of this simplified treatment that have practical 
significance. One is that for displacements in heterogeneous systems, the relevant 
operating variable is the logarithm of cumulative injection (or time, for more-or-less 
constant injection rates), which very vividly illustrates the rapidly dimimshing return for 
any recovery (or remediation) process involving fluid displacement For the specific 
case of a waterflood, a plot of oil production rate vs. time on a logarithmic scale should 
result in a symmetric Gaussian curve shape, as shown in Figure 3 for an Illinois Basin 
waterflood (Benton Field) from 1947 until 1972. 

Perhaps even more significant is that the size of the system does not appear 
explicitly in the normalized response equations. Changing the total movable oil in place 
merely translates the model production response curve along the horizontal 
(logarithmic) axis. If the vertical axis is made logarithmic as well, changing scales 
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18 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

translates the curve horizontally and vertically without changing its shape. This implies 
that, provided there is some statistical regularity within a single reservoir being 
waterflooded, the shape of production curves for individual wells or groups of wells 
should be similar to the curve for the entire reservoir when plotted on log-log axes. 
This conclusion was shown to be correct, for the Benton waterflood, in reference 1. 

Finally, there is a self-contained test of the theory. Note that the normalized 
water production rate is given by a single log-normal probability integral (equation 30) 
and that the sum of oil and water (Le., total liquid) production rates is given by a 
different log-normal integral with the same σ but a different median. Plots of 
normalized water and total liquid production rates vs. log of time on probability paper 
should result in parallel straight lines. 

Figures 4 and 5 show, respectively, probability plots of total liquid production 
rate vs. log W and water production rate vs. log W. In addition to the field data, these 
plots also show straight Unes obtained from a least-squares fit to the data. The slopes of 
these lines give directly the values of σ from the total liquid response (0.813) and from 
the water production response (0.804). If the model is a good approximation to the 
displacement of fluids in heterogeneous media, these σ values should be identical. The 
agreement is quite good, especially in view of the gross simplifying assumptions made 
in deriving the model equations, and suggests that the shape of breakthrough curves for 
field-scale transport processes may be dominated by spatial heterogeneities rather than 
by classical dispersion theory, which predicts a Gaussian breakthrough curve. More 
examples and details of fitting field data for waterfloods are given in reference 1. 

Vapor Extraction 

Ideal System. To develop a model for vapor extraction, we again consider a linear 
element with area A perpendicular to the direction of flow, and let Sv be the total vapor 
content (air plus water vapor plus contaminant plus soil gas) per unit pore volume. The 
total bulk volume of sediment from which gas can flow to the outflow boundary (e.g., 
an extraction well) is assumed to be divided into two regions: an uncontaminated 
volume, Vu, nearest the outflow, and a contaminated volume, Vc, further from the 
outflow. This division is included to allow for a delay between the start of gas 
extraction and the beginning of contaminant removal — i.e., to allow for the case in 
which the extraction well is not located within the contaminant plume. 

Within the contaminated volume, a volatile contaminant is assumed to be 
present in the vapor phase at concentration Cvo (mass per unit volume of vapor phase), 
in equilibrium with contaminant at concentration C\Q (mass per unit volume of aqueous 
phase) dissolved in a stationary aqueous phase held by capillary forces in the porous 
medium. 

Water saturation is assumed equal to 1-5V; in other words, there is no free non
aqueous phase liquid (NAPL) present. Solid-phase partitioning is also ignored, 
although it could be included (3). Vapor is extracted at a constant volumetric rate qv at 
the outflow well, and is supplied at some effective outer boundary either by injection, 
natural influx, or a combination of the two. Gas-phase compressibility is ignored. 
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Figure 3. 

100000 1000000 10000000 100000000 1000000000 

Cumulative Water Injected, Barrels 

Monthly Oil Production versus Cumulative Water Injected for the 
Benton Waterflood, Benton, Illinois. 

100 1000 10* 10' 

Cumulative Water Injected, Thousands of Barrels 

Figure 4. Log-normal probability plot of normalized total fluid production 
rate vs. cumulative water injected, for field data (circles) and a 
linear least-squares fit to the data (solid line). 

Figure 5. Log-normal probability plot of normalized water production rate 
vs. cumulative water injected, for field data (circles) and a linear 
least-squares fit to the data (solid line). 
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20 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

Consider a location χ at time t between the inflow boundary at χ = 0 and the 
outflow boundary at χ = L. At distances less than x, the medium is contaminated, and 
at greater distances the medium is uncontaminated. In other words, χ is the position of 
the contaminant front (assumed sharp) at time t. In time At, the carrier fluid (air) will 
move from χ to x+Ax, where 

Δχ = - ^ _ Δ ί . (31) 

Contaminant movement is retarded by partitioning into the stationary liquid 
phase. Let/ be the fraction of the length Ax which becomes contaminated in time At — 
i.e., the contaminant front will advance a distance fAx. 

A mass balance on the contaminant gives 
C^At = fAxAfàC,» + /ΔχΑ0(ΐ - S9 )Cb 

where equation 31 has been used to substitute for Ax. After canceling common terms, 
the resulting expression can be solved for/: 

The velocity of the contaminant front is 
- m m ' 

mtaminant front is 

where equation 31 was used to obtain the carrier fluid velocity. A similar analysis 
shows that the trailing edge of the contaminant moves with the same velocity. Hence, 
the contaminant moves as a rectangular pulse in this idealized model, exactly analogous 
to the movement of the oil bank in a waterflood. To complete the analogy, we need to 
determine the cumulative carrier fluid (air) throughput at the time the leading edge of 
the contaminant pulse reaches the outflow boundary, and the cumulative throughput 
when the trailing edge reaches the boundary. 

Let the region from jt=0 to χ = Lc be the originally contaminated portion, and 
the region from Lc to L be the uncontaminated portion of the system. Let tf be the time 
required for the front of the contaminant pulse to reach the outflow, and be the time 
for the back to reach the outflow. These are readily obtained by using equation 34 for 
the containinant pulse velocity, and noting that the distances traveled are L-Lc and L, 
respectively: 
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2. CHESNUT Heterogeneity and Vapor Extraction Performance 21 

t b =-^ = ^ ( L / L c ) 5

( 1 + ; i ) L c (36) 

where the parameter λ has been introduced to maintain the analogy with the waterflood 
model. Note that it has the same effect in the ideal contaminant transport model that it 
does in the ideal waterflood model: viz., it introduces a delay in contaminant 
breakthrough at the outflow boundary of the system. 

The form of equations 35 and 36 suggests that an appropriate normalized 
cumulative throughput variable for vapor extraction can be defined as: 

70=~f- (37) 

since contaminant extraction starts when ft, is equal to λ (Le., t = tfi and ends when it 
is equal to 1+A (i.e., t = tD). 

A more physically transparent definition for ft, is obtained by substituting the 
right hand side of equation 34 for vcf. 

vcf 
c ^ 

(38) 

Note that the total initial mass of contaminant in the system, M C O is given by: 
MC0=LCA[C^0+C^(l-SB)] 

= LCAQ*P*- (39) 

Finally, the normalized throughput can be written as: 

W 
(40) (MŒ/CUO) 

where the numerator is the cumulative volume of vapor (air, soil gas, water and 
contaminant vapor) removed at the outflow boundary, and the denominator is the 
amount that would have to be removed to extract all of the initial contaminant mass if λ 
were equal to zero and the entire contaminant inventory could be extracted at constant 
concentration Cvo. This definition for normalized throughput hence has an analogous 
physical significance to the corresponding normalized quantity for a waterflood. 

In complete analogy with equations 9 and 11 for the normalized cumulative oil 
production and the normalized oil production rate for an ideal waterflood, we can write 
the following equations for normalized cumulative contaminant removal and 
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22 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

normalized contaminant concentration in 
extraction process: 

Μ / Μ α , = α 

= 1. 

c „ / c ^ o , 

= 1, 

the produced gas for an ideal vacuum 

for γυ < λ; 

for λ < γυ < 1 + A, 

for 1 + A £ y u . (41) 

for r„ < A; 

for λ < γυ < 1 + λ, 

= 0, forl + A^y w . (42) 
Here, M is the cumulative total contaminant mass removed as a function of the 
normalized cumulative total volume of gas extracted, and C v is the corresponding 
contaminant concentration in the extracted gas. 

Heterogeneous System. We can immediately write down the equations for a 
heterogeneous system comprised of infinitesimal linear elements with a log-normal 
distribution of permeability. The detailed steps are exactly the same as those used in 
deriving the waterflood equations. For the cumulative normalized contaminant mass 
extracted, we have 

+(1 + λ)Φ \.1 + λ) 2 -ΑΦ (43) 

and for the normalized contaminant concentration in the extracted gas, we have 

00/ΟΑΟ=Φ - Φ (44) 

Equations 43 and 44 reduce to equations 41 and 42, respectively, as σ approaches 
zero. 

To illustrate the effect of the heterogeneity parameter, σ, on the cumulative 
contaminant extraction and the concentration of contaminant in the extracted gas, 
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2. CHESNUT Heterogeneity and Vapor Extraction Performance 23 

Figure 6 was prepared, assuming no delay between the start of vapor extraction and the 
arrival of contaminant at the extraction well (i.e., λ = 0). Note that a log-log scale is 
used in Figure 6. As pointed out in the discussion of the analogous waterflood model, 
the shapes of these curves should be invariant with respect to changes in scale factors 
when plotted with log-log axes. Hence the parameters λ and σ can be determined by 
plotting field data on log-log paper, and comparing the resulting plots with a family of 
type curves for the normalized responses with systematically varying values of λ and σ. 
The translations required along the horizontal and vertical axes to achieve a match 
between a type curve and the field plot can then be used to determine the parameters 
Cvo and Mco by selecting a match point and reading off the corresponding values of 
the dimensionless quantities and field variables. 

It is perhaps noteworthy that the general effects shown by these curves are 
consistent with observed performance in vapor extraction projects. In the ideal 
homogeneous linear system, contaminant is removed at a constant rate until it is all 
extracted, as shown in Figure 6 for σ = 0. Of course, this ideal behavior is never 
obtained in the field; in reality, the contaminant concentration in the extracted vapor 
decreases rapidly at first, but then continues to be produced at lower concentrations for 
a very long time. These lower concentrations remain significantly higher than 
regulatory standards until many times the ideal volume of gas has been extracted. This 
behavior is shown by the curves in Figure 6 for a* 0. 

For the examples shown in Figure 6, note that attaining the three - to - four 
order of magnitude reduction in contaminant concentration typically needed to meet 
regulatory standards requires on the order of 10 times the ideal throughput volume for 
a system as heterogeneous as the Benton waterflood. For even more heterogeneous 
systems, 100, 1000, or even larger multiples of the ideal throughput volume would be 
required to achieve regulatory compliance, depending upon the effective value of a. 

Savannah River In-Situ Air Stripping Test 

At the Savannah River Plant, the subsurface below A-Area and M-Area is 
contaminated by volatile organic compounds (VOCs), principally Trichloroethylene 
(C2HQ3, or TCE) and Tetrachloroethylene (C2CI4, or PCE). These compounds were 
used extensively as degreasing solvents from 1952 until 1979, and the waste solvent 
which did not evaporate (on the order of 2x10̂  pounds) was discharged to a process 
sewer line leading to the M-Area Seepage Basin. These compounds infiltrated into the 
soil and underlying sediments from leaks in the sewer line and elsewhere, thereby 
contaminating the vadose zone between the surface and the water table as well as the 
aquifer. 

As part of the Integrated Demonstrations for the development of new 
remediation technologies by the U.S. Department of Energy (DOE), Westinghouse 
Savannah River Corporation initiated a project to drill and install two horizontal wells, 
AMH-1 and AMH-2, for testing of vadose-zone remediation processes (4 and J). 
These wells were drilled and completed in September and October, 1988, and were 
used in the Air-Stripping Phase of the Savannah River Integrated Demonstration 
Project for the Removal of VOCs at Non-Arid Sites from July 7 to December 13,1990. 
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The extraction well, AMH-2, has a screened interval of approximately 200 feet entirely 
within the vadose zone, and the injection well, AMH-1, has a screened interval below 
the water table of about 310 feet (6). 

Vacuum extraction at approximately 580 SCFM from AMH-2 started July 27, 
1990 and continued, with minor interruptions, until December 13, 1990 (7). During 
part of the test period, air was injected at various rates below the water table through 
AMH-1, to test the possibility of air-stripping VOCs from groundwater in situ while 
using vacuum extraction to remove contaminants from the vadose zone. 

During the first 21 days of operation, a total of approximately 2696 lb. of 
VOCs was removed. For the first 15 days, only the extraction well was used. Injection 
into AMH-1 at 65 SCFM began on day 16, and the rate was increased to 140 SCFM 
on day 28 and to 270 SCFM on day 69. Injection stopped on day 113, and extraction 
continued to day 140. These periods are elapsed time from die start of the test 
Approximately 120 days of actual operating time were achieved, accomplishing the 
removal of about 15900 pounds of VOCs. 

Application of the Heterogeneity Parameter Model 

As a preliminary step in applying the model equations for vapor extraction in 
heterogeneous systems, concentrations of TGE and PCE in the gas extracted from 
AMH-2 were plotted versus hours of net operating time (i.e., with down time 
subtracted), using a log-log scale, in Figure 7. The resulting curves bear only a slight 
resemblance to the normalized model curves previously shown in Figure 6. 

One reason for this is that all of the Figure 6 curves are for A = 0. It can be 
shown that the normalized concentration predicted by the model (equation 44) has a 
relative maximum at a normalized extraction value y* given by 

For A = 0, equation 45 shows that the maximum concentration occurs at the start of 
extraction (time or cumulative extraction equal to zero) and equation 46 shows that the 
maximum value of the normalized concentration is equal to unity. As the delay 
parameter A increases, the maximum normalized concentration decreases rapidly. The 
curves in Figure 7 are consistent with a local maximum even if the two earliest points 
are ignored. 

Another complication arises from the change in operating conditions during the 
course of the test Many simplifying assumptions were made in the derivation of the 
model equations. One of the more important of these is the implicit assumption that the 
pore volume affected by the extraction well remains constant over time. This is 

(45) 

The maximum value of the normalized concentration is 

(46) 
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2. CHESNUT Heterogeneity and Vapor Extraction Performance IS 

probably justified if operating conditions are held constant and the flow properties of 
the system are such that a pseudo-steady state is reached in a time short compared to 
the duration of the operation. 

There were several significant changes during the operation of the In-Situ Air 
Stripping Test. Injection at 65 SCFM was started 342.5 operating hours after 
extraction began, was increased to 170 SCFM at 655.0 hours, and then increased again 
to 270 SCFM at 1511.6 hours. Injection was terminated at 2261.6 hours, and 
extraction continued until 2879.1 hours. These changes should alter the capture volume 
of AMH-1. 

To attempt fitting the data, it was decided to concentrate first on the initial 
342.5 hours, when the operation was a pure vapor extraction process. A mathematical 
spreadsheet was developed (using commercially available software) to import the field 
concentration vs. time data, calculate the normalized concentration vs. normalized 
cumulative extraction from equation 44 for any desired combination of the model 
parameters, and graph both the field data and model results on the same log-log plot so 
they can be compared visually. 

Examination of the model equations shows that there are four parameters to be 
determined: λ, σ, CQ, and Cj. The first two are dimensionless parameters which affect 
the shape of the concentration response curve when plotted on log-log paper. The 
second pair are scale factors which translate the log-log response curve parallel to the 
vertical and horizontal axis, respectively, without changing its shape. 

Since the field concentration data are given in ppm by volume, and any 
consistent units can be used for the normalized concentration appearing in the left hand 
side of equation 44, it is convenient to choose the vertical scale f actor CQ to match the 
field data as reported, then convert to mass per unit volume as follows: 

In equation 47, CQ is in ppm by volume, MW is the molecular weight in lb.m per 
lb.-mole, and the constant in the denominator is the number of standard cubic feet per 
lb.-mole of an ideal gas. The concentration Cvo will then be in lb.m per S CF. 

The parameter Cj for translation along the horizontal axis maps the normalized 
cumulative extraction into a corresponding value for the independent throughput 
variable. Since the extraction rate was treated as a constant in deriving the model 
equations, either time or cumulative extraction can be used as an independent variable 
for plotting the response curve. Time is somewhat more convenient if the injection rate 
does not vary much. If it does vary significandy, it will often be advantageous to use 
the cumulative extraction as the horizontal scale. We chose to use time because the 
extraction rate did not vary much except when the system was down. Hence we seek a 
scale factor by matching the plots such that 

Since y is dimensionless, it is obvious that Cj is a characteristic time. From equation 
40, it is easy to show that 

(47) 

t = ClY 
(48) 
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(49) 

After determining values for the two scale factors CQ and Cj by matching the 
field data, and calculating Cvo from equation 47, the total initial mass inventory can 
calculated from 

Mco=CnoC1q0 (50) 
In using equation 50, care must be taken to use consistent units. For time in hours and 
concentration in lb.m per cu. ft, the volumetric extraction rate must be in cubic feet per 
hour. The mass inventory will then be obtained in pounds mass. 

Figure 8 shows a plot from the mathematical spreadsheet for fitting the model 
to the early time data for TCE concentration in the extracted gas. The agreement 
between the model and field data is visually quite good before air injection started. 
There is an increasing spread between the model and the field results as the operation 
continues, indicating that air injection may be sweeping contaminant to the extraction 
weU which would not be extracted otherwise. No attempt was made to match the 
cumulative contaminant mass withdrawal directly. 

Figure 9 shows the match for the early-time PCE data. Again, the match is quite 
good until about the time that air injection began, with an even more pronounced 
departure afterward. 

The parameters from the early-time match were used in a second spreadsheet to 
calculate concentrations of TCE and PCE in ppm for each time they were measured, 
and the calculated values were subtracted from observed values to obtain residuals. 
These residuals were assumed to result from the sweep of additional contaminant 
inventory to the extraction well as a result of injection, and the effect of injection rate 
was ignored. 

The spreadsheet was then used to fit these residual concentrations with a 
second set of parameter values for each contaminant. The results for TCE are shown in 
Figure 10; those for PCE are shown in Figure 11. Although there is considerable 
scatter in the data, the overall agreement looks reasonable. More emphasis was given 
to obtaining a match at later time than at early time, since the injection conditions were 
held constant for a longer interval. Parameter values for the early- and late-time models 
are given in Table I for both TCE and PCE. 

Table I. Summary of heterogeneity model parameters obtained by fitting field 
data for the concentration of VOCs in the gas extracted during the Savannah 
River Integrated Demonstration of In-Situ Air Stripping. The total TCE 
inventory is estimated to be about 21,000 lb., and the PCE inventory estimate is 
just below 60,000 lb. 

Parameter TCEfVE) TCE(AS) PCE(vE) PCE(AS) 

σ 
Co 
Cl 

0.10 8.00 0.01 0.5 
2.5 0.8 2.5 1.1 
1000 1700 1500 700 
800 500 150 5000 
10186 10823 3616 56246 
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0.001 0.01 0.1 1 10 100 1000 
Normalized Throughput 

Figure 6. Normalized contaminant concentration and normalized cumulative 
contaminant mass removed vs. normalized cumulative total vapor 
extracted (throughput) for A = 0, for values of a ranging from 0 to 
3. Note that there is no theoretical upper limit to the value of a 

10000 

10 100 1000 
Operating Time, hours 

10000 

Figure 7. Contaminant concentrations (ppm by volume) measured in gases 
extracted from horizontal well AMH-2 during the Savannah River 
Integrated Demonstration of In-Situ Air Stripping. 

10000 

1 ' • • • ' 
0.1 1 10 100 1000 10000 

Operating Time, Hours 

Figure 8. Fit of early-time TCE extraction data to the heterogeneity 
parameter model. The squares are the data points, and the smooth 
curve is calculated from equations 44 and 48 with A = 0.10, 
σ= 2.5, CQ = 1000, and Cj = 800. 
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0.1 10 100 

Operating Time, Hours 

1000 10000 

Figure 9. Fit of early-time PCE extraction data to the heterogeneity 
parameter model. The squares are the data points, and the smooth 
curve is calculated from equations 44 and 48 with A = 0.01, 
σ= 2.5, CQ = 1500, and Cj = 150. 

500 1000 1500 

Operating Time, Hours 

2000 2500 

Figure 10. Residual TCE concentrations compared to model calculations with 
parameters chosen to fit the residual data. The parameter values are 
shown in Table I. 

Figure 11. Residual PCE concentrations compared to model calculations with 
parameters chosen to fit the residual data. The parameter values are 
shown in Table I. 
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The spreadsheet was then used to calculate concentrations vs. time for each set 
of parameters for each contaminant, and the resulting pairs of concentration values for 
TCE and PCE were added together at each time to produce total concentration vs. 
time curves for each contaminant The results are shown and compared with field data 
in Fig 12. The agreement is quite good. 

Finally, equation 43 was used to calculate the cumulative mass extracted few-
each component for both parameter sets, and the results for each separate component 
were added together. The resulting cumulative extraction plots are given in Figures 13 
and 14. Cumulative extraction estimates from the measured concentration data and the 
nominal extraction rate are 5218 lb. for TCE and 11149 lb. for PCE. Comparable 
model results are 5323 lb. and 11511 lb., respectively. The model estimate is about 2% 
above actual for TCE and about 3% above actual for PCE, which is remarkably close 
agreement. However, it should be quickly noted that there are a number of parameters 
to adjust, and this agreement may merely reflect the existence of enough degrees of 
freedom to match almost any data set If we tentatively accept the total mass inventory 
indicated by the model parameters chosen to fit the data, the VOC recovery of about 
16000 lb. is only about 20% of the indicated initial contaminant inventory of 
approximately 81000 lb. 

Conclusion 

Before discussing the results presented above for the use of this simple analytical 
heterogeneity parameter model to evaluate the Savannah River Integrated 
Demonstration, I would like to emphasize that this paper should be regarded as a 
progress report in the development of an approach to quantifying the effects of field-
scale heterogeneities on remediation processes. It is not a finished product, and much 
work remains to be done even with Savannah River data before taking the results too 
seriously. However, the general approach has worked well when applied to 
waterflooding reservoirs with enough core data to determine accurate a priori 
estimates for the model parameters (pore volumes, saturations, and the variance of 
mtrinsic permeability), provided that the flood pattern was left unchanged over most of 
the project life. In such cases, there is little difference between the parameter values 
determined from core data and the values obtained by least-squares fitting of the 
production response curves. Each waterflood response curve requires only a single set 
of parameters. 

In the curve-fitting exercise described above, it was necessary, conceptually, to 
associate two different pore volumes with each contaminant concentration vs. time 
curve in order to match the model to the field data. An analogous situation sometimes 
occurs in highly stratified petroleum reservoirs, when the system responds as two 
distinct layers connected only through the wellbores. It is then easy to justify the 
addition of two response curves to obtain the total production. 

In the present case, this justification is not so easy. While the introduction of a 
mass source into the system by injecting air will certainly change the flow patterns, the 
treatment of the subsequent behavior as a continuation of the early time performance 
with a second response added is basically an ad hoc assumption and needs to be 
investigated further. Simulators will be very useful in this investigation, because it is 
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Figure 12. Final results of fitting field data as the sum of two model curves for 
each contaminant. The parameter values are given in Table I. 
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Figure 13. Comparison of model and field results for cumulative TCE 
extraction. The lower curve is an estimate for extraction assisted by 
air stripping, and the next curve above is for extraction alone. The 
upper smooth curve is the total extraction predicted by the model, 
which is in close agreement with the data points (shown as 
squares). 
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Figure 14. Comparison of model and field results for cumulative PCE 
extraction. The curves are similar to those for TCE in Figure 13, 
except that the curve including the effect of air-stripping crosses the 
extraction-only curve at about 1000 hours and accounts for most of 
the PCE by the end of the test. 
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2. CHESNUT Heterogeneity and Vapor Extraction Performance 31 

then possible to specify exactly the distribution of the important physical variables, in 
contrast to a real system. 

However, at present, it is interesting to speculate on the meaning of the results 
obtained above. One of the difficult problems in analyzing the Savannah River 
experience is the separation of the effects of the horizontal well geometry from the 
effects of air injection on the overall VOC recovery performance. Until we can develop 
a clear rationale for this separation, it is difficult to transfer the technology. Another 
problem arises in comparing in-situ air stripping with other remediation technologies 
which have been applied at the site. The pump and treat system has been in operation 
for more than seven years, but it encompasses a much larger area. For this reason, it 
would be expected to perform more poorly than a small-scale system located near a 
"hot spot" of contamination. The vertical-well vacuum extraction test conducted before 
the horizontal system was developed was also in the hot spot area, but the test was 
much too short to allow a good comparison to be made with in-situ air stripping. 

If the model results can be taken seriously, the short- and long-term 
performance with and without air injection can be determined directly from the two 
parts of the model calculation. The model result for total VOC extracted during the 
entire test is 16834 lb., of which 5501 lb. is attributed to vacuum extraction alone and 
11333 lb. is attributed to the increase resulting from air injection. This represents a 
200% increase in the amount of contaminant removed for the same operating period. 

It is worth noting that at least the qualitative effects of heterogeneity are 
captured by this simple model, in that very long time periods will be required to achieve 
regulatory compliance through continued extraction and air injection. Table Π shows 
this dramatically, with the predicted percentage of mass recovered (according to the 
model) increasing very slowly with continued operating time. Concentrations of 
contaminants in the extracted air are predicted to decrease very slowly, with more than 
100 years required to reduce TCE to less than 10 parts per billion in the vapor. 

Table Π. Extrapolated remediation performance based on the heterogeneity 
parameter model 

Years of Per Cent TCE Concentration Per Cent PCE Concentration 
Operation Removed (ppb) Removed (PPb) 

1 59.4 56610 51.6 142296 
10 90.7 988 97.6 1927 
100 98.1 30 >99.9 2 
150 >99.0 9 >99.9 <1 

Finally, it should be pointed out that this approach, if validated by future work, 
very neatly separates the effects of heterogeneity from the question of uncertainty. The 
long period required for remediation is a consequence of heterogeneity, not 
uncertainty. The only uncertainty is in how serious the problem will be. 
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Chapter 3 

Electrokinetic Remediation 
of Unsaturated Soils 

E. R. Lindgren1, E. D. Mattson2, and M. W. Kozak1 

1Sandia National Laboratories, P.O. Box 5800, Albuquerque, NM 87185 
1Sat-Unsat, Inc., 12004 Del Rey NE, Albuquerque, NM 87122 

An electrokinetic process for in situ remediation of anionic 
contaminants from unsaturated soil is under development at Sandia 
National Laboratories in Albuquerque, New Mexico. The 
electromigration rate of anionic food dye ions through unsaturated 
sand under constant current conditions was measured at various 
moisture contents ranging from 4 wt% to 27 wt%. The results 
indicate a maximum migration rate at moisture contents between 14 
wt% and 18 wt% water. The drop in the electromigration rate at 
lower moisture contents is explained by rapid increases in pore 
tortuosity. The decrease of the migration rate at higher moisture 
contents is explained by the expected decrease in the pore water 
current density. 

In an experiment using chromate ions, the chromate moved 
faster than dye ions in an analogous experiment. This was expected 
because chromate is a smaller molecule. When the chromate 
reached the graphite anode, it apparently migrated into the slightly 
porous graphite. 

Heavy-metal contamination of soil and groundwater is a widespread problem in the 
DOE weapons complex, and for the nation as a whole. Large spills and leaks can 
contaminate both the soil above the water table as well as the aquifer itself. 
Smaller spills or spills in arid regions with thick vadose zones can result in a 
contaminant plume that totally resides in unsaturated soil. In both cases there will 
exist a contamination problem in the vadose zone in need of remediation. 
Excavation of such sites may not be cost effective or politically acceptable. 
Electrokinetic remediation is one possible technique for in situ removal of such 
contaminants from unsaturated soils. 

In electrokinetic remediation, electrodes are implanted in the soil, and a 
direct current is imposed between the electrodes. The application of direct current 

0097-6156/94A)554-0033$08.00/0 
© 1994 American Chemical Society 
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34 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

leads to a number of effects: ionic species and charged particles in the soil water 
will migrate to the oppositely charged electrode (electromigration and 
electrophoresis), and concomitant with this migration, a bulk flow of water is 
induced, usually toward the cathode (electroosmosis) (1,2). These phenomena are 
illustrated in Figure 1. The combination of these phenomena leads to a movement 
of contaminants toward the electrodes. The direction of contaminant movement 
will be determined by a number of factors, among which are type and 
concentration of contaminant, soil type and structure, interfacial chemistry of the 
soil-water system, and the current density in the soil pore water. Contaminants 
arriving at the electrodes may potentially be removed from the soil by one of 
several methods, such as electroplating or adsorption onto the electrode, 
precipitation or co-precipitation at the electrode, pumping of water near the 
electrode, or complexing with ion-exchange resins. 

Electrokinetic phenomena have been studied for a long time (3). 
Electrokinetic techniques have been used extensively for the stabilization of soft 
soils (4,5) and other dewatering operations (6-9) (Lockhart, N. C , unpublished 
Proceedings of Workshop on Electrokinetic Treatment and Its Application In 
Environmental Problems, University of Washington, August 4-5, 1986.). The 
notion that electrokinetic phenomena may be applicable to hazardous waste 
remediation appears to stem from the work of Segall, et al (10), who found that 
electrokinetically dewatering dredging sludges led to extracted water rich in heavy 
metals. Ironically, Segall, et al. considered this to be an inhibition to the use of 
electrokinetics in the field, since it produced a toxic liquid waste that required 
further treatment. 

By the mid-1980's, numerous researchers, apparently simultaneously, 
realized that separations of heavy metals from soils posed a potential contamination 
solution rather than a potential contamination problem. Mitchell (Mitchell, J., 
unpublished Proceedings of Workshop on Electrokinetic Treatment and Its 
Application In Environmental Problems, University of Washington, August 4-5, 
1986.) and Renaud and Probstein (11) described the possibility for removing 
contaminants by electroosmosis from fine-grained saturated soils. Shapiro et al 
(12) have described removing small organic contaminants from columns of 
saturated clays in the laboratory. In similar bench-scale experiments, Acar, et al 
(13) and Hamed et al. (14) describe the removal of heavy metals from clays. In 
each of these experiments the concept has been to convect contaminants with water 
using electroosmosis as the separation mechanism. Runnells and Larson (15) 
demonstrated the removal of cationic copper from sands in a bench-scale 
experiment, without considering whether electroosmosis or electromigration caused 
the removal. So far there have been few field demonstrations of electrokinetic 
remediation. Lageman (16) has described successful field-scale attempts to remove 
heavy metals from saturated soils in The Netherlands. A field-scale trial funded 
by EPA for the removal of chromium contamination from soils has met with partial 
success, but the success was limited by inadequate site characterization (Banerjee, 
S., personal communication, 1988). 

All of the above studies were conducted using saturated soils. Little study 
has been conducted toward unsaturated soils. In one recent study (17), the 
existence of electroosmotic flow in partially saturated clay was demonstrated 
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3. LINDGREN ET AL. Electrokinetic Remediation of Unsaturated Soils 35 

experimentally. In the Soviet Union (18) and in India (19), electromigration has 
been used for remote exploration of some metals in unsaturated soil. 

An experimental program is underway at Sandia National Laboratories 
(SNL) to determine the feasibility of using electrokinetic processes to remediate a 
chromate plume located in a thick vadose zone beneath the SNL Chemical Waste 
Landfill (CWL). Past disposal practices have resulted in a chromate plume which 
was detected at a depth of 75 feet in 1987 as illustrated in Figure 2. Most of the 
plume is less than 200 parts per million by weight (ppmj with a small lens of 
higher concentration just below the old pit boundary. The plume is entirely in the 
vadose zone and the aquifer is located 480 feet below the surface. Moisture 
contents of the soil typically range from 3 to 10 wt%. 

In our previous studies, the electromigration of chromate ions and anionic 
dye ions through unsaturated soil has been demonstrated (20,21) This paper 
reports on a series of experiments that were conducted to study the effect of 
moisture content on the electromigration rate of anionic contaniinants in unsaturated 
soil, determine the limiting moisture content for which electromigration occurs in 
a particular soil and compare the migration behavior of chromate ions with a 
surrogate dye ion. 

Experimental 

Both sodium dichromate and an anionic food dye were used as contaminants in the 
experiments presented in this paper. For most of the experiments, pure FD&C 
Red No. 40 was used as a surrogate for chromium ions. The structures of FD&C 
Red No. 40 is shown in Figure 3. The dissociation behavior of this molecule can 
be estimated by assuming one of the sulfate groups behaves similarly to 
naphthalenesulfonic acid with a pK^O.57 and the other sulfate group behaves like 
benzosulfonic acid with a pK2=0.70 (22). This infers that the dye is completely 
dissociated even at low pH. Chromic acid has a pK^O.74 and a pK2=6.49.(23) 
Thus, in neutral to slightly basic pore water (typical of New Mexico), the dye and 
chromate should be similarly dissociated. However, it is recognized that chromate 
electromigration behavior will likely be more effected by pH than will the dye 
analog. 

The experimental test cell was constructed of plastic with internal 
dimensions of 15.2 cm high, 25.4 cm wide and 1.9 cm thick as shown 
schematically in Figure 4. The electrodes used were graphite rods 1.9 cm square 
and 15.2 cm high. The electrodes were located at each end of the test cell and the 
geometry of the electrodes and the cell was such that the soil only contacted one 
face of each electrode. 

The soil used was obtained from near the CWL and wet sieved to retain the 
150 to 300 μηι diameter fraction. The washed soil was soaked in successive 
aliquots of synthetic groundwater (0.005 M CaCl2 in distilled water) until the 
conductivity of the supernatant stabilized. It was then assumed that any adsorption 
reactions between the soil and the CaCl2 solution had equilibrated. The soil was 
then desaturated on a pressure plate operated at about 6 bar which reduced the soil 
moisture content to about 4 wt%. This method of drying was used to prevent the 
accumulation of CaCl2 that would occur if the soil was oven dried. The moisture 
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Cathode 

Figure 1. Electrokinetic phenomena pertinent to in situ remediation. 

Figure 2. Approximate extent of chromium plume migration based on a 
1987 borehole study. 

Λ Chromate Cr0 4 

MWt= 116 
FD&C Red No. 40 

S 8 H 1 4 ° 8 N 2 S 2 " 
MWt = 450 

Figure 3. Chemical structures of FD&C Red Dye No. 40 and chromate ion. 
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content of the desaturated soil was determined by microwave drying a 
representative sample. Finally, the appropriate amount of synthetic groundwater 
was then added back to the soil to produce the desired moisture content for the run. 

The soil was packed in the cell while in a horizontal orientation using a 12 
ton hydraulic press. After packing the cell, a 0.6 cm wide channel was cut along 
the center line of the cell, parallel to the electrodes. This channel was filled with 
soil containinated with FD&C No.40 or sodium dichromate. The moisture content 
of the contaminated soil was prepared to match the rest of the soil. 

For the series of experiments described in this paper, the molar 
concentration of contaminant (either dye or chromium) in the pore water was held 
constant at 0.02 M for the various moisture contents tested. For electrokinetic 
processes, the pore water concentration is an important parameter. The soil was 
then treated with a constant current of 10 mA for up to 24 hours with the cell 
laying flat in a horizontal position to niinimize the redistribution of water due to 
gravity. For the runs using dye, photographs of the dye location were taken at one 
hour intervals. The advantage of these dye visualization experiments is that the 
dye location can be monitored in situ by photography and no chemical analyses are 
required. Following each run the cell was dissected and analyzed for moisture 
content. The average moisture content across the cell was used to define the 
moisture content of the run. 

For the chromate run, after 2, 5 and 9 hours of operation, a 3 cm high 
horizontal strip (20%) of the soil was removed (refer to Figure 4) and sectioned 
into 10 to 12 samples for analysis. The remaining 6 cm of soil was sectioned and 
analyzed after 22 hours of operation. The width of each sample between the center 
line and the anode where the chromium was expected to be found was 1.5 cm. 
After removal of each soil strip, the current was reduced proportionally to keep the 
current density constant throughout the run. Soil samples were prepared for 
chromium analysis by adding deionized water to each of the soil samples, stirring, 
and allowing the mixture to settle for one hour. The supernatant water from each 
sample was drawn into a syringe and then filtered through a 0.45 μπι PTFE syringe 
filter. The filtered water was then analyzed for chromium with an emission 
spectrometer. The detection limit for the technique used was approximately 0.05 
ppmw (in solution). 

Results and Discussion 

Contaminant Position vs Time. A typical dye run is depicted in Figure 5 
showing the position of the dye initially, and after 8 and 13 hours of operation at 
10.2 mA. In these photos, the anode is on the left and the cathode is on the right. 
In most of the dye runs (especially at lower moisture contents), the trailing edge 
of the dye was much more distinct than the leading edge. Because of the 
distinctness of the trailing edge, this boundary was used to define the migration 
rate. The relative position of the dye trailing edge as a function of time is plotted 
in Figure 6 for various moisture contents. The run with chromium is also 
depicted. A common characteristic of all the curves in this figure is the slow initial 
rate (as indicated by the slope of the curve) followed by a faster rate which remains 
constant until the end of the run. 
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Figure 4. Schematic of test cell set up. 
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Figure 5. Dye migration through unsaturated soil with 14 wt% moisture. 
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The "terminal" migration rate for each run was taken to be the slope of the 
latter portion of each curve as determined by a least square fit. Figure 7 shows a 
plot of the terminal migration rate as a function of moisture content for all the runs 
in this study. The results in Figure 7 appear to indicate for this soil an optimum 
moisture content between 14 and 18 wt% exists for electromigration. Above this 
moisture content, the rate drops off slightly and below this moisture content, the 
rate drops off sharply. 

It is possible to rationalize the contaminant migration behavior by 
considering the functional dependence of the electromigration velocity on the ionic 
concentrations and volumetric moisture content in our unsaturated soil experiments. 
In these constant current experiments, the planar electrodes produce a one-
dimensional voltage gradient which varies only between the electrodes (along the 
ζ axis). Following the notation of Probstein (23) consider an ion in dilute solution 
within a single pore where the χ coordinate follows the tortuous pore path: 

= - υ ^ dV/dx (1) 

where: 

vxi is the electromigration velocity (dx/dt) of species i along the pore path, 
ms"1 

^ is the absolute mobility of species i, mole m Ν"1 s1 

F is Faraday's constant, C mole"1 

Zj is the charge number of species i 
dV/dx is the local voltage gradient along the pore path, V m"1 or Ν C"1 

Shapiro (24) extended this relationship to porous media using a capillary 
tube bundle model. This model incorporated pore tortuosity, τ, which accounts for 
the actual pore path length being longer than through a straight pore which is 
parallel to the voltage gradient. 

V z i = -(UiFz/̂ dV/dz (2) 

where: 

vzi is the observed electromigration velocity (dz/dt) of species i along the ζ 
axis, m s1 

τ is the pore tortuosity and is defined as dx/dz (24) 
dV/dz is the local voltage gradient along the ζ axis which runs 

perpendicular to both electrodes, V m1 or Ν C 1 

Assuming no surface conduction and neglecting diffusion, the voltage gradient can 
be expressed as: 

dV/dx = pwiw (3a) 

or 
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Dye 

Saturated 
24 wt% 
18 wt% 
14wt% 
9 wt% 
6 wt% 
4 wt% 

Chromate 

• • — 9 wt% 

τ 
5 10 15 

Time, hr 
Figure 6. Location of the trailing edge of contaniinant versus time for 
various moisture contents. 

l.OH 
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Figure 7. Terminal electromigration velocity vs moisture content for the 
dye and chromate ions. 
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dV/dz = rp wi w (3b) 

where: 

pw is the pore water resistivity, ohm m, or Ν s m2 C 
iw is the pore water current density, A m2 

Assuming all of the current flows through the pore water, the pore water current 
density can be defined as a function of the moisture content: 

I = Total current (held constant in these experiments), Amps 
A = cross sectional area of test cell perpendicular to current flow, m2 

θ - volumetric moisture content, m3/m3 

Equation 4 assumes that the water area per unit soil area is equal to the water 
volume per unit soil volume. This has been shown to be true for voids when pores 
are randomly oriented (25). 

Combining Equations 2, 3b, and 4 and rearranging yields 

For a given ion, the first set of terms is constant and Equation 5 shows that the 
observed electromigration rate is proportional to the pore water resistivity and 
inversely proportional to the moisture content and tortuosity. The tortuosity of the 
water filled pore space in unsaturated soil is a function of inverse moisture content 
(r = f{l/0}) (26) and is expected to be highly non-linear. 

Thus, there are at least two competing factors contributing to the moisture 
content dependence of the electromigration velocity. One is the pore water current 
density, which for constant current conditions increases as the moisture content 
decreases, and results in a proportionally larger driving force for electromigration. 
The other is the tortuosity, which also increases as the moisture content decreases, 
but this decreases the observed electromigration rate in a highly non-linear fashion 
(Equation 5). The results shown in Figure 7, assuming the concentration changes 
of the dye are similar in all the runs, suggest that near saturation, the pore water 
current density effect dominates the tortuosity effect and the electromigration rate 
increases as the moisture content decreases. However, at lower moisture contents, 
the non-linear tortuosity effect appears to dominate and the electromigration rate 
decreases sharply as the moisture content decreases further. 

Note that the extrapolated zero electromigration rate occurs at a moisture 
content of 3.5 wt%. This appears to correlate with the residual moisture (or lowest 
moisture) portion of the moisture characteristics curve which is shown in Figure 

iw =I/(A0), (4) 

where: 

νή = -aFZilVA)(pw/7 0) (5) 
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8 for this soil. The residual moisture is also called immobile water (26) and is 
attributed to a loss of pore water connectivity. This loss in pore water connectivity 
should result in a break of the electrical path through the pore water. Also, it is 
reasonable to expect electromigration to cease when connectivity of the pore water 
is completely lost. The point at which connectivity is lost is primarily a function 
of the soils pore size distribution, and mineralogy. Thus, it may be possible to 
predict the niinimum moisture conditions at which electrokinetic remediation will 
operate by conducting this simple hydraulic characterization test of the soil. 

The pore water resistivity should not in general be a function of the 
moisture content of the soil, but it is a function of the pore water chemistry which 
may change with time and position. The more ions in the pore water, the lower 
the pore water resistivity. The pore water resistivity can be calculated from the 
concentration and mobility of each ion in solution (23,27): 

pw= 1/(Ρ*Εζ,2*ιΟ (6) 

where: 

Ci = the molar concentration of species i, mole m3 

Equations 5 and 6 suggest that, in a simplified sense, the pore water 
resistivity, and hence the electromigration velocity of an ion is dependent on the 
total ionic concentration and not necessarily on the concentration of the contaminant 
ion itself. If the concentration of the contaminant ion is significant in comparison 
to the total concentration of ions in the pore water, then, the contaminant 
concentration will affect the electromigration rate. However, as the concentration 
of a contaminant drops such that it is no longer significant in comparison to the 
total concentration of ions in the pore water, then, further drops in contaminant 
concentration will not effect the rate of electromigration. In the experiments 
presented in this paper, the initial contaminant concentration was significantly 
greater than the concentration of CaCl2 in the pore water solution. As the 
experiment progressed, the contaminant concentration perhaps dropped below the 
concentration of CaCl2 (the contaminant concentration was only measured in the 
chromate run where it dropped to half the CaCl2 concentration after 3 hours). 
This may explain why the results in Figure 6 show all the runs reach a constant, 
maximum rate in the latter part of the experiments. 

Chromate Electromigration. The results of the run using chromate ions as the 
contaminant are presented in Figure 9. In this figure, the concentration of 
chromium in the soil is plotted as a function of position in the test cell for the 
initial state and at each of the times the cell was sampled. The figure shows that 
the chromate migrated towards the anode with time. Similar to the results of the 
dye experiments, the trailing edge of the chromate migrated faster between the 5 
and 9 hour samples than it did in the first 5 hours of the experiment. Also note 
that the concentration of the chromate decreased almost an order of magnitude and 
the area of soil containing chromate widened while it migrated from the narrow 
region initially spiked toward the anode. When the chromate reached the anode, 
the concentration increased as the area of contamination again narrowed. 
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Figure 9. Chromate redistribution in soil due to electromigration. 
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The chromium mass balance for the first two samples was good with 79% 
recovered in the sample take at 3 hours and 84% recovered in the sample taken at 
5 hours. Note that at the 5 hour sampling, the leading edge of the chromate may 
not have yet reached the anode because the [Cr] at the leading edge is comparable 
with that at the leading edge in the previous sampling. At the 9 hour sampling, the 
leading edge of the chromate had apparently reached the anode because the [Cr] 
at the anode is twice that of the previous two samples. The Cr mass balance at the 
9 hour sampling was only 56% which suggests that when the chromate reaches the 
anode and the concentration begins to build, the Cr+ 6 begins to change form. By 
the 22 hour sampling, very little Cr remained detectable by the water extraction 
technique used. At the anode, the chromate possibly adsorbs onto the graphite 
surface or is reduced to Cr+3 and adsorbs to the soil. Either of these changes 
would result in no Cr being extracted by the water extraction technique used. 
Huang and Wu (28) have reported high efficiencies in Cr+ 6 removal from dilute 
aqueous solutions by activated carbon. They found that under acidic conditions, 
all the Cr+ 6 not adsorbed onto the activated carbon was reduced in solution to Cr+3. 
The optimal pH was determined to be between 5 and 6 at which nearly all the Cr 
was adsorbed. While graphite is not the same as activated carbon with respects to 
structure and surface area, it is probable that the carbon in each react similarly 
with chromate. The pH of the soil in the chromate run was not measured, but in 
the analogous dye run after 22 hours of 10.2 mA the soil near the anode exhibited 
a soil pH of 5. 

In an effort to determine where the Cr went, the surface of the graphite 
electrode was analyzed by a couple of surface analyzing techniques, electron 
microprobe and secondary ion mass spectrometry (SIMS). An analysis of a cross 
section of the electrode by electron microprobe indicated chromium had migrated 
at least 400 μπι into the electrode. The chromium concentration ranged from about 
100 ρρη\ at 375 μΐη to about 500 pprr̂  at 50 μπι. These concentrations of 
chromium in the electrode can account for much of the missing chromium. SIMS 
detected small amounts of Cr to even greater depths, with more significant amounts 
of Al, Si, K, Ca, Fe and Mg being detected. 

The moisture content of each sample was determined as part of the 
cmOmium analysis. Figure 10 shows the moisture content as a function of position 
for each of the times sampled. Electroosmosis causes water to move away from 
the anode toward the cathode. An estimate of 0.03 cm/hr for the rate of 
electroosmosis can be made from a water balance on the samples taken adjacent to 
the electrodes. It was assumed that all of the moisture content change was due to 
electroosmotic flow. This assumption implies the rate of hydrolysis of water at the 
electrodes and the counter unsaturated counter flow are negligible. These 
assumptions are supported by complete recovery of water for the first 9 hours of 
the run and 97% recovery of water after 22 hours. It is unlikely that any 
significant unsaturated hydraulic flow occurred due to the low unsaturated hydraulic 
conductivity and pressure head gradients. In both the chromate and the dye 
experiments, the direction of electromigration was opposite the direction of 
electroosmotic flow. However, there appears to be little electroosmotic effect 
because the magnitude of the electromigration velocity is many times the magnitude 
of the electroosmotic flow velocity. 
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It is possible to estimate the average pore water resistivity using Equation 
5 for comparison with the average electromigration rate calculated from the trailing 
edge location in each sampling. Figure 11 shows a plot of the chromium 
electromigration rate versus the calculated pore water resistivity. The line is the 
least square fit to the limited data which passes surprisingly close to the origin. 
As suggested by Equation 5, the rate of electromigration should be proportional to 
the pore water resistivity as indicated by this plot. The necessary assumptions are: 
1) the moisture content remains constant, 2) the calcium and chloride ion 
concentrations (which were not measured) remained constant, 3) all the chromium 
from the sodium dichromate is present as chromate ions, 4) the sodium ions are in 
the pore water with the chromate (to maintain electroneutrality), 5) the chromate 
ion concentration is the average of the trailing edge concentration measured in two 
successive samples and 6) calcium, sodium, chloride and chromate are the only 
ions in the pore water and their mobility can be estimated from equivalent ionic 
conductivities at infinite dilution (27). The measured resistivity of the 0.005 M 
CaCl2 solution used in this study was 8.2 ohm m; the calculated value for infinite 
dilution is 7.4 ohm m and for 0.005 M is 8.1 ohm m. This suggests that the 
method used for calculating the pore water resistivity is accurate and assuniing 
infinite dilution does not lead to gross errors. 

Thus, for the chromate run, the increase in the rate of electromigration with 
time evident in Figure 6 is explained by changes in the pore water resistivity due 
to the drop in the chromate concentration as the plume spread out. The constant, 
maximum electromigration rate observed in the dye experiments are probably due 
to similar effects. This would infer that the dye concentration either reached a 
constant value or dropped to a point where further changes did not affect the pore 
water resistivity. 

Comparison of Cr and Dye Electromigration Rates. A comparison of the 
electromigration rates of the chromate ions and the dye ions can be made. The 
chromate position of the trailing edge is plotted on Figure 6 along with all of the 
dye data. The chromate ions exhibit very similar behavior as the dye. Although 
the runs with chromate require sampling at a more course scale, it is still apparent 
that the migration rate of both the dye and the chromate ions are initially slower 
than the terminal rate. However, the chromate ions reached the maximum rate 
sooner than the dye so that the overall migration rate of the chromate ions was 
about 2.2 times faster than the dye at a similar moisture content. The terminal 
migration rate of the chromate is plotted on Figure 7 along with all of the dye data. 
The tenninal migration velocity of the chromate ions is 1.3 times faster than the 
terminal dye migration rate at a similar moisture content. 

Conclusions 

The simple model for electromigration in unsaturated soil developed in this paper 
predicts dependence on soil moisture content and pore water chemistry which are 
evident in the experiments conducted. This suggests that the experimental 
techniques employed are useful in studying fundamental aspects of electromigration 
of anionic contaminants in unsaturated soil. 
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Figure 10. Moisture redistribution during the chromate run. 
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Figure 11. Electromigration rate of chromate ions versus calculated pore 
water resistivity. 
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The preliminary results appear to indicate that for the soil used, the 
optimum moisture content for electromigration is less than saturation due to 
competing effects of tortuosity and pore water current density. The niinimum 
moisture content for electromigration in the soil was very low and may be 
estimated from the residual moisture content of the soil. 

Chromate and dye ions exhibited similar migration behavior. Like the dye, 
the initial migration rate of the chromate is slower than the final migration rate. 
However, the chromate migrated faster than the dye at similar moisture contents. 
The qualitative similarities between the dye and the chromate ions make the dye 
a useful surrogate for chromate ions. 

As the chromate reaches the graphite anode, it apparently changes valence 
and either adsorbs onto the graphite or the soil adjacent to the electrode as Cr+3. 
It may be possible to optimize electrode conditions to promote the adsorption of 
chromate onto the electrode. This phenomena may be utilized in conjunction with 
electromigration as a method to selectively remove chromate from unsaturated 
soils. 

Notation 

A cross sectional area of test cell perpendicular to current flow, m2 
Ci the molar concentration of species i, mole m~3 

dV/dx local voltage gradient along the pore path, V m1 or Ν C'1 

dV/dz local 1-D voltage gradient along the ζ axis which runs 
perpendicular to both electrodes, V m1 or Ν C"1 

F Faraday's constant, C mole1 

I total current (held constant in these experiments), Amps 
iw pore water current density, A m2 

vxi electromigration velocity (dx/dt) of species i along the pore path, 
m s1 

vzi observed electromigration velocity (dz/dt) of species i 
perpendicular to the potential gradient, m s1 

Zi charge number of species i 
θ volumetric moisture content, m3/m3 

pw pore water resistivity, ohm m, or Ν s m2 C"2 

τ pore tortuosity and is defined as dx/dz (24) 
^ absolute mobility of species i, mole m Ν"1 s"1 
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Chapter 4 

Determination of Bioavailability and 
Biodegradation Kinetics of Phenol and 

Alkylphenols in Soil 

Henry H. Tabak1, Chao Gao2, Lei Lai2, Xuesheng Yan2, 
Steven Pfanstiel2, In S. Kim2, and Rakesh Govind2 

1Office of Research and Development, Risk Reduction Engineering 
Laboratory, U.S. Environmental Protection Agency, Cincinnati, OH 45268 

2Department of Chemical Engineering, University of Cincinnati, 
Cincinnati, OH 45221 

Knowledge of biodegradation kinetics in soil environments can 
facilitate decisions on the efficiency of in-situ bioremediation of 
soils, sediments and aquifers. This paper reports on a study whose 
main goal is to quantitate the bioavailability and biodegradation 
kinetics of organics in surface and subsurface soils and develop a 
predictive model for biodegradation kinetics applicable to soil 
systems. The adsorption/desorption equilibria and kinetics from soil 
particles were measured for phenol and alkyl phenols. Studies were 
conducted on biodegradation of phenol and alkyl phenols using soil 
slurry reactors. Measurements of oxygen consumption and carbon 
dioxide generation were made in an electrolytic respirometer and 
biokinetic parameters were derived from the data using a 
mathematical model which incorporates the effects of 
adsorption/desorption from the soil particles and biodegradation in 
the liquid and soil phases. Protocols for measuring biomass 
adsorption in soil, quantifying carbon dioxide evolution using 
shaker flasks and measurement of radiolabeled carbon dioxide 
evolution in respirometric flasks are also presented in this paper. 

Quantification of biodegradation kinetics can provide useful insights into the range of 
environmental parameters for enhancing bioremediation rates (1,2). There is increased 
interest in the development of bioremediation technologies for decontaminating aquifers 
and soils. Biological treatment systems, especially when used in conjunction with other 
physical/chemical treatment methods, hold considerable promise for safe, economical, 
on-site treatment of toxic wastes. A variety of biological treatment systems designed to 
degrade or detoxify environmental contaminants are currently being developed or 
marketed by commercial vendors. 

0097-6156/94/0554-0051$09.26/0 
© 1994 American Chemical Society 
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Irreversible binding of the chemical to the soil phase may limit its bioavailability 
and ultimate degradation. Recently, increased interest has been directed towards 
obtaining quantitative information on pollutant sorption equilibria in soils, since the 
physical state of the compound can influence its bioavailability. 

The main objectives of this research are to quantitate the bioavailability and 
biodégradation kinetics of organic chemicals in surface and subsurface soil 
environments, examine the effects of soil matrices and soil conditioning (drying, aging, 
compacting), and develop a predictive model for biodégradation kinetics applicable to 
soil systems. 

This paper highlights biodégradation studies on phenol and several alkyl 
phenols: p-cresol, 2,4-dimethyl phenol, catechol, hydroquinone and resorcinol. The 
studies incorporate the use of soil microcosms for acclimation of soil microbiota; 
measurement of respirometric oxygen uptake and carbon dioxide evolution in soil slurry 
reactors; measurement of carbon dioxide generation rates in shaker flask systems; and 
measurement of adsorption/desorption equilibria and kinetics. Studies are also 
conducted with radiolabelled compounds to quantify the kinetics in soil matricies. A 
mathematical model for soil slurry reactors is used to determine biodégradation kinetics 
for the selected compounds from the oxygen uptake data. 

Background 

Studies on Biodégradation Kinetics. Respirometric technologies for evaluating and 
testing biodégradation of organic compounds have gained prominence as reliable 
methods for quantitating the fate of these compounds in aqueous environments 
(3,4,5,6). Linear and non-linear group contribution models were developed for 
predicting biodégradation kinetics for organics in aqueous systems (5,6) using 
biokinetic data, obtained respirometrically. 

Extension of the respirometric biokinetics determination protocol to predict the 
effect of soil on biodegradability of organic pollutants seems to be very desirable. By 
conducting parallel respirometric biodégradation tests in presence and absence of a soil 
matrix, it should be possible to determine the biodegradability and biodégradation 
kinetics of these compounds in soil-slurry systems and in undisturbed soil layers. The 
resulting information could then be used in combination with groundwater and 
contaminant transport models to assess the potential efficacy of bioremediation at a 
particular site. 

Recently, several research studies reported the use of respirometry for 
evaluating biodégradation kinetics of organic pollutants in soil. Long-term 
respirometric BOD analysis was applied to bench-scale studies to continuously monitor 
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bacterial respiration during growth in mixed organic wastes from contaminated water 
and soil, in order to assess the potential for stimulating biodégradation of these wastes 
(7). This information was used to make an initial determination regarding the need to 
further explore bioremediation as a potential remedial action technology using on-site, 
pilot-scale testing. 

A treatability study used electrolytic respirometers and biometers to determine 
the biodégradation potential of crude oil petroleum-based wastes (drilling mud, tary 
material and heavy hydrocarbons) as contaminants of a polluted soil site area (8). The 
treatability data provided biotreatment efficiencies of the petroleum wastes and were 
used to ascertain the bioremediation clean-up time. 

The use of radioisotopes in biodégradation studies can significantly increase the 
sensitivity of biodégradation measurements and realistic estimates of biodégradation 
can be obtained with a minimum of analytical interference from an environmental 
matrix, at concentrations which are often outside the scope of screening methods. 
Biodégradation products may be quantified using a combination of separation and 
radiochemical detection techniques. Recently, techniques were developed for the 
measurement of Monod kinetic coefficients, microbial yield and endogenous decay 
coefficients, through measurement of initial rates in short duration batch experiments 
using radiolabeled substrates (9). 

The application of radiolabeled substrate techniques has recently been expanded 
to the determination of biodégradation of organic compounds in soil. Radiolabelled 
techniques were used to study the persistence of pentachlorophenol (PCP) and 
mercuric chloride (HgCl2) in soil, their effect on the microbiota and the reversibility of 
that damage in numerous soil types, at different substrate concentrations (10). Studies 
were also reported on determination of biomineralization rates of ̂ C-labeled organic 
chemicals in aerobic and anaerobic suspended soil (11). 

Development of biodégradation models for organic pollutants in soil is difficult 
due to the existence of several complicating factors, which includes: (1) presence of 
difiusional barriers in soil macro and micro pores for compound, oxygen or nutrients; 
(2) effect of chemical sorption to clay and humic constituents; (3) presence of other 
biodegradable organic matter in soil; (4) changes in microbiota growth due to protozoa 
parasitizing the biodegrading population; (5) effect of compound solubility in the 
aqueous phase; (6) formation of biofilms on the soil surface in conjunction with 
suspended cultures; and (7) existence of unacclimated soil microbiota. 

Most biodégradation kinetic models have neglected sorption of the contaminant 
on soil particles, which has been shown to be important in contaminant transport. 
Kinetically, sorption is a two-phase process, with an initial fast stage (< 1 hour) 
followed by a slower long phase (days), controlled by diffusion to internal adsorption 
sites (12). 
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Soil consists of various size pores, with about 50% of the total pore volume 
consisting of pores with radii < 1 μηι. Most soil bacteria range in size from 0.5 to 0.8 
μπι, and hence a significant portion of the soil may be inaccessible to most bacteria. 

The role of soil aggregates and effect of their characteristics on bioremediation 
in soil have been analyzed in the contaminated aggregates bioremediation (CAB) model 
(13). Sensitivity analysis of the CAB model has shown the effects of aggregate radius, 
partition coefficient, and initial contaminant concentration on the time and mechanism 
of remediation. Diffusion rates of substrate and oxygen and biodégradation kinetics 
were found to be controlling mechanisms for remediation in the aggregates. 

The kinetics of phenolic compounds removal in soil were studied by Namkoong 
et al. (14) and zero order and first order kinetic models were evaluated to determine 
their adequacy to describe the removal of seventeen phenolic compounds in soil. Both 
models were shown to describe the removal of these phenols from soil. A kinetic model 
which incorporates microbial growth may be desirable to describe the removal of 
certain compounds, when removal is associated with growth. Future studies should 
thus determine the importance of microbial growth in the removal kinetics of hazardous 
waste constituents in soil systems. 

The success of bioremediation processes lies in degrading the organic 
contaminants and in reducing both the toxicity and migration potential of the hazardous 
constituents in soil. Laboratory studies were conducted using phenolic compounds (15) 
to characterize overall chemical degradation and toxicity reduction in a contaminated 
soil. Results indicated that first-order kinetics described the loss of phenolic 
compounds satisfactorily and loss of contaminant in the water soluble fraction was 
faster than loss of the same chemicals in soil. Furthermore, toxicity of the water soluble 
fraction decreased with concentration and no enhanced mobilization of the applied 
chemicals was observed during the degradation process. 

Alexander and Scow (16) and Scow et al. (17) reviewed biodégradation kinetics 
in soil and discussed the effects of diffusion and adsorption. They concluded that 
current models are based on studies of single microbial population or single enzymes 
and considering the complexity of biodégradation processes in soil, it is unlikely that a 
single model or equation would be applicable for the degradation of all organic 
substrates in all types of soil environments. 

Abiotic Studies on Adsorption/Desorption Equilibria and Kinetics. It is essential 
to determine the adsorption/desorption equilibria and kinetics of the organic pollutant 
compounds in soil matricies while evaluating their biodegradability, in order to 
quantitate the compound's bioavailabiUty in the soil-water environment and to close the 
mass balance of all reactions that characterize the environmental fate of these organics 
in soil. 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
00

4

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



4. TABAK ET AL. Kinetics of Phenol and Alkylphenols in Soil 55 

Studies have been recently reported in the literature on the influence of 
adsorption and desorption of organic compounds on their biodégradation, toxicity and 
transport in soil (18,19,20). Bioavailability of soil-sorbed contaminants may have a 
bearing on the effectiveness of microbial degradation as well as on the assessment of 
toxicological risks. Studies of Weisenfels et al.(18) to determine the soil characteristics 
that prevent polycyclic aromatic hydrocarbons (PAH) degradation have shown that 
migration of PAHs into soil organic matter representing less accessible sites within the 
soil matrix makes them non-bioavailable and thus non-biodegradable. By eluting soil 
with water, no biotoxicity, assayed as inhibition of bioluminescence, was detected in the 
aqueous phase. The data suggest that sorption of organic pollutants into soil organic 
matter significantly effects biodegradability as well as biotoxicity. 

Batch soil microcosms were used by Robinson et al. (19) to evaluate the 
sorption and bioavailability of toluene in an organic soil containing acclimated bacteria. 
Most toluene sorption occurs rapidly but a small fraction sorbs at a much slower rate 
and a true equilibrium may take a sinificant amount of time to achieve. Measurement of 
both sorbed and solution phase toluene concentrations indicate that acclimated bacteria 
quickly utilize toluene under aerobic conditions. Desorption of most toluene from soil 
is rapid, thereby becoming available to acclimated bacteria in the aqueous phase. 
However, a small quantity of toluene desorbs very slowly and becomes available for 
biodégradation at a rate limited by desorption. Studies of Weber et al. (20) indicate 
that the behavior, transport and ultimate fate of contaminants in subsurface 
environment may be affected significantly by their participation in sorption reactions. 

Gordon and Millers (21) reported on adsorption mediated decrease in the 
biodégradation rate of organic compounds showing that adsorbed organic material is 
less available to bacterial degradation than the same material in a dissolved state and 
that the decreased availability is a function of the degree of adsorption. Removal of the 
substrate from the surface of the soil is the rate limiting step. 

Loosdrecht et al. (22) reported on the influence of interfaces on microbial 
activity (growth rate, yield, substrate conversion and efficiency) and concluded that the 
presence of surfaces may positively or negatively or not at all affect microbial substrate 
utilization rates and growth yields. The results often depend on the nature of the 
organism, the kind and concentration of substrate, and the nature of solid surface. In 
interpreting the effect of surfaces on bioconversion processes, all possible physical or 
chemical interactions (diffusion, adsorption, desorption, ion-exchange reactions, 
conformation changes, etc.) of a given compound and its possible metabolites with a 
given surface have to be considered before general conclusions can be drawn. Then-
review implies that there is no conclusive evidence that adhesion directly influences 
bacterial metabolism. All differences between adhered and free cells, depending on 
conditions, could all be attributed to an indirect mechanism by which the surroundings 
of the cells, rather than the cells, are modified due to presence of surfaces. 

The effect of simultaneous sorption and aerobic biodégradation in the transport 
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of several dissolved alkyl benzenes in an aquifier material was investigated by Angley et 
al (23). Evaluation was made on the performance of a coupled-process model. 
Predictions obtained with the coupled-transport model, wherein sorption was assumed 
to be rate-limited matched the breakthrough curves better than the predictions obtained 
with a model wherein sorption was assumed to be instantaneous. Accordingly, the 
assumptions upon which the use of the model is based, e.g., biodégradation occurs only 
in solution and without any significant acclimation period, and can be simulated with a 
first order equation, appear to be realistic. 

Studies to identify the process(es) responsible for non-equilibrium sorption of 
hydrophobic organic compounds (HOCs) by natural sorbents were reported by 
Brusseau et al. (24). The results of experiments performed with natural sorbents were 
compared to rate data obtained from systems wherein rate-limited sorption was caused 
by specific sorbete-sorbent interactions. The comparison showed that chemical non-
equilibrium associated with specific sorbate-sorbent interactions does not significantly 
contribute to the rate-limited sorptions of HOCs by natural sorbents. Transport related 
non-equilibrium was also shown not to be a factor. Based on the interpretation of data 
in terms of two, sorption-related, diffusive mass transfer conceptual models, there is 
strong evidence that intraorganic matter diffusion is responsible for non-equilibrium 
sorption exhibited by the system investigated. 

Methodology 

Studies on Soil Microcosm Reactors. The methodology for the establishment of the 
bench-scale microcosm reactors, including the reactor configuration and supportive 
equipment description, undisturbed soil cube sampling for inclusion in the microcosms, 
procedure for contamination of soil bed with homologous series of organic compounds, 
description of the application of nutrients and the operation of the microcosm reactors 
(CO2 generation analysis and chemical analysis of soil samples and reactor leachates for 
the parent compound and metabolites) has been fully described elsewhere (25,26). A 
schematic of soil microcosm reactor is shown in Figure 1. 

Each microcosm reactor represents a controlled site, which eventually selects 
out the acclimated indigenous microbial population in the soil for the contaminating 
organics. Samples of soil are then taken from the microcosm reactors and used as 
source of acclimated microbial inoculum for measuring: (1) oxygen uptake 
respirometrically; (2) carbon dioxide generation kinetics in shaker flask reactors; and 
(3) for studies with other soil reactor systems. The microcosm reactor units are also 
being used directly to evaluate the biodegradability of the pollutant organics and to 
measure their average biodégradation rate in this intact, undisturbed soil bed. 

Control soil microcosm reactors incorporated in the study are: uncontaminated 
soil, synthetic soil, and soil contaminated with either a solvent or an emulsifier used to 
dissolve or emulsify each group of selected compounds. 
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Uncontaminated forest soil was selected for all studies presented in this paper. 
Soil characteristics, measured using standard methods (27), are summarized in Table I. 

Respirometric Studies with Soil Slurries. Studies were conducted with soil slurry 
reactors, wherein the oxygen uptake was monitored respirometrically. The extent of 
biodégradation and the Monod kinetic parameters for variety of the organic pollutant 
compounds by soil microbiota were determined from oxygen uptake data. Various 
concentrations of soil (2, 5, 10%) and compound (50, 100, and 150 mg/L) were mixed 
with a synthetic medium consisting of inorganic salts, trace elements and either a 
vitamin solution or solution of yeast extract and stirred in the respirometric reactor 
flasks. The flasks were connected to the oxygen generation flask and pressure indicator 
cells of a 12 unit Voith Sapromat B-12, electrolytic respirometer, and the oxygen 
uptake (consumption) data were generated as oxygen uptake velocity curves. 

A detailed description of the Voith Sapromat B-12 electrolytic respirometer 
(Voith Inc., Heidenheim, Germany) has been presented elsewhere (3). 

Experimental Approach. The nutrient solution used in the respirometer was 
an OECD synthetic medium (28,29) containing the following constituents in deionized 
distilled water: (1) mineral salts solution containing KH2PO4, K2HPO4, 
Na2HP04.2H20, NH4CI, MgS04.7H20, CaCl2 and FeCl3.6H20; (2) trace salts 
solution containing MnSO Î̂ O, H3BO3, ZnSC>4.7H20, and (^4^07024; (3) 
vitamin solution containing biotin, nicotinic acid, tWarnine, p-aminobenzoic acid, 
pantothenic acid, cyanocobalamine and folic acid; and (4) yeast extract solution as a 
substitute for vitamin solution. The soil served as a source of inoculum. The 
concentration of forest soil in the reactor flask varied from 2 to 10 % by weight, using 
dry weight of soil as the basis. The total volume of the slurry in the flask was 250 ml. 

A more comprehensive description of the procedural steps for the respirometric 
tests is presented elsewhere (3). The test and control compound concentrations in the 
media were 100 mg/L. Aniline was used as the biodegradable reference compound at a 
concentration of 100 mg/1. The typical experimental system consisted of duplicate 
flasks for the reference substance, aniline, and the test compounds, a single flask for the 
physical/chemical test (compound control), and a single flask for toxicity control. The 
contents of the reaction vessels were preliminarily stirred for an hour to ensure 
endogenous respiration state at the initiation of oxygen uptake measurements. Then 
the test compounds and aniline were added to it. The reaction vessels were then 
incubated at 25°C in the dark (enclosed in the temperature controlled waterbath) and 
stirred continuously throughout the run. The microbiota of the soil samples used as an 
inoculum were not pre-acclimated to the substrates. The incubation period of the 
experimental run was 28 to 50 days. 

Kinetic Analysis of Soil Slurry Oxygen Uptake Data. The oxygen uptake data 
were analyzed by computer simulation techniques and curve fitting methods, using the 
Monod equation combined with a nonlinear adsorption isotherm, to determine the soil 
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Figure 1. Schematic of soil microcosm reactor system. 

Table I. Characteristics of soil used in this study 

Total Carbon 0.415% 
Carbonate negligible 
Organic Carbon 0.415% 
Organic Matter 0.80% 
Particle size distribution 

<2 Mm 15.65% by weight 
2-10 μηι 5.00% 

10-20 μπι 7.75% 
20-44 μπι 7.90% 
44-75 Mm 4.55% 
75-150 Mm 6.50% 
150-300 Mm 14.30% 
300-600 Mm 22.10% 
600-1180 Mm 16.25% 
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adsorption parameter, and the Monod equation biokinetic parameters. The experimental 
data were analyzed using a mathematical model (equations given below) which include 
the effect of chemical adsorption / desorption on the soil particles and the adsorption / 
desorption of the microorganisms from the soil. 

X s = K b X w (1) 

Ss = K d S w l / * (2) 

0 2 = (Sto " St) - (Xt " Xto) " (Sp - Spo) (3) 

dXw/dt = (M W X W S W ) / (K w + Sw) - (bKwXt)/(Kw + Sw) (4) 

dSw/dt = -(1/Y)(MWXWSW)/(Kw + Sw) (5) 

dSp/dt = -Yp(dSt/dt) (6) 

where subscripts s, w and ρ represent the soil, water and degradation products 
respectively. S is the concentration of compound, X is the concentration of biomass, 
and Sp is the conecentration of the degradation products. MW, K w , Y and Yp are the 
Monod equation maximum specific growth rate parameter, Michaelis constant, biomass 
yield and product yield coefficient, respectively, b is the biomass decay coefficient, 
is the soil adsorption isotherm parameter, (1/n) is the soil adsorption intensity 
coefficient, and Kb is the biomass adsorption parameter. O2 is the cumulative oxygen 
uptake. 

The experimental values of the oxygen uptake were matched with the 
theoretically calculated values and the best fit for the parameters was obtained using an 
adaptive random search method. 

Measurement of Carbon Dioxide Evolution Rates. Carbon dioxide generation rates 
were measured in shaker-flask soil slurry systems and in the electrolytic respirometry 
soil-slurry reactors in order to assess the rate and extent of 
biodegradatiori/mineralization. The CO2 generation rate measurement serves as an 
additional tool for quantitating the biofate of these organics in addition to the 
cumulative respirometric oxygen uptake data from which the biokinetics were derived. 
The CO2 generation rate measurement experiments were performed using both the 
shaker flask and respirometric reactors to determine the compatibility and 
reproducibility between the data on CO2 production in both systems. 

Soda lime was used initially as the absorbent for CO2 evolution studies in the 
shaker flask and in respirometric reactors, since soda lime served ordinarily as the 
absorbent of choice in the oxygen uptake respirometric studies for determination of 
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biodegradability and biodégradation kinetic parameters of the priority pollutant 
organics. Subsequently soda-lime was replaced by KOH as the absorbent in the CO2 
evolution measurement studies, because of the observed slower rate of release of CO2 
from soda-lime during the analysis of CO2. 

Four methods were used for CO2 measurement in the shaker flask soil slurry 
systems and in respirometric reactors: (1) use KOH to trap CO2 released from soda 
lime, and then titrate KOH using standard HC1 before and after CO2 absorption; (2) use 
Ba(OH)2 to trap CO2 released from soda lime, and then titrate Ba(OH)2 using 
standard HC1 before and after CO2 absorption; (3) use KOH to trap CO2 released from 
soda lime, precipitate the KHCO3 K2CO3 formed, using BaCl2 to get BaC03 
which is filtered, dried and weighed; (4) use KOH to trap CO2, measure pH of KOH 
solution before and after CO2 absorption, calculate CO2 generated according to the 
changes of pH values using the developed computer program (30). The pH method was 
shown to be most accurate and provided the most reproducible data. Shaker flask 
slurry systems data on CO2 production were generated for the same alkyl phenols used 
in the respirometric soil slurry reactor studies. 

In shaker flask soil slurry systems, incorporating KOH solution as absorbent for 
the generated CO2, specially designed flasks with interchangeable KOH traps were 
incorporated in the study, so that by replacing these traps with fresh KOH solution, 
continuous CO2 evolution for the duration of the incubation time can be measured for 
each shaker flask. The pH method using the computer program was used to calculate 
the continuous CO2 generated from each flask in these shaker flask soil slurry systems. 
Figure 2 illustrates shaker flask absorber assembly designed for determination of carbon 
dioxide generation during biodégradation in soil slurry systems. This system consists of 
a flask in which the soil slurry with nutrients and contaminant is mixed. The carbon 
dioxide generated is quantified by sweeping the headspace of the shaker flask with 
carbon dioxide free air and absorbing the carbon dioxide generated in potassium 
hydroxide solution. 

In the respirometric reactors, carbon dioxide generation rates were measured 
utilizing both soda lime and KOH solution as the absorbents of the generated CO2. The 
CO2 evolution studies were undertaken at the same time that oxygen uptake data were 
generated in the same respirometric reactors for determination of biokinetics of 
degradations of the alkyl phenols. In experiments in which soda lime was used as 
absorbent, at appropriate sampling times during the respirometric runs, coincident with 
designated times of the respirometric oxygen uptake velocity curve, total soda lime 
amounts were emptied from the reservoirs in the reactors and subjected to the three 
procedures described for soda lime absobent. The soda lime that was analyzed was 
replaced with fresh soda lime in the reservoirs for the subsequent CO2 evolution 
measurement. This sampling procedure provided CO2 data for the entire respirometric 
oxygen uptake experiment. In the experiments using KOH solution as the absorbent, 
the pH method using the computer program was used to calculate the continuous CO2 
generated from each respirometric reactor in the respirometric soil slurry systems. 
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Studies on Adsorption/Desorption Equilibria and Kinetics. 

Adsorption Studies. Soil adsorption kinetics and equilibria are measured 
using batch well-stirred bottles. The soil is initially air dried and then sieved to pass a 
2.00 mm sieve. 10 g of soil sample is placed in each bottle and mixed with 100 mL of 
distilled deionized water containing various concentrations of the compound and 
mercuric chloride to miriimize biodégradation. The soil: solution ratio is expressed as 
the oven-dry equivalent mass of adsorbent in grams per volume of solution. 

The liquid is sampled after 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, and 36 hours. 
Before the liquid sample can be taken, after the predefined time has elapsed, the bottle 
contents are centrifuged and the liquid sample is taken using a syringe connected to a 
0.45 μιη porous silver membrane filter. The filter prevents soil particles from entering 
the sample. 

The concentration of the chemical compound in the liquid sample was analyzed 
using three methods: (1) standard extraction (EPA method 604 and 610) with 
methylene chloride followed by GC/MS analysis; (2) HPLC analysis; and (3) 
scintillation counting of the 1 4 C using radiolabeled compound. All three analytical 
methods were calibrated using standard solutions of each compound with 
concentrations levels of 1, 5, 10, 50, 100 and 150 mg/L. The calibration data is used to 
convert the peak areas (GC/MS or HPLC) or counts of disintegrations per minute 
(DPM) for radiolabeled compounds to the actual liquid concentration. 

HPLC had the distinct advantage of requiring no extraction with a solvent as in 
the case of GC/MS analysis. However, HPLC method did not have enough sensitivity 
for liquid phase concentrations below 1 ppm. Solvent extraction was time consuming, 
used excessive amounts of solvent and often did not yield 100% recovery of the 
compound. scintillation counting required radiolabeled compound but was fast 
and easy to use. However, limited number of ^C compounds are available and 
radiolabeled compounds are expensive. Furthermore, scintillation counting methods 
result in the generation of radioactive waste that requires proper handling and disposal. 

For liquid phase concentrations below 1 ppm, ^C scintillation counting is the 
preferred method. For higher concentrations, and for compounds with low octanol-
water partition coefficient, HPLC is better than extraction with organic solvent and 
GC/MS analysis. In this study, results from all three analytical methods agreed closely. 

From the initial amount of compound and analysis of the liquid phase, the 
amount of compound adsorbed in the soil is obtained by difference. Equilibrium is 
defined when the liquid concentration reaches a stationary value, which is usually 
attained in 24 hours. The equilibrium data are used to obtain Freundlich isotherm 
parameters. 
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According to the Freundlich isotherm, adsorption at equilibrium is expressed by 

Xa/M = Ss = K d S w

1 / n (7) 

where X a = Amount of chemical adsorbed in soil (mg) 
M = Mass of soil (Kg) 
K d = equilibrium constant indicative of adsorptive capacity (mg/kg)(L/mg)n 

Sw = solution concentration at equilibrium after adsorption (mg/L) 
η = constant indicative of adsorption intensity 

Desorption Studies. Desorption studies were conducted by first adsorbing 
the chemical in the soil until equilibrium is achieved. Then desorption studies are 
conducted using two methods: (1) centrifuging the soil slurry to separate the liquid with 
the soil phase, withdrawing a specified volume of the liquid and adding deionized 
distilled water; and (2) diluting with deionized distilled water. In both methods, the 
concentration in the liquid phase is measured to obtain the desorption kinetics and 
equilibria. 

In the first method, 100 ml of deionized distilled water is mixed with 20 grams 
of soil and specified concentration of chemical for adsorption. After adsorption 
equilibrium is attained, the whole solution is centrifuged and 90 ml of supernatant is 
taken out and replaced with an equal volume of deionized distilled water and with 20 
gm/1 of mercuric chloride to inhibit biodégradation. Desorpton begins from this time. 20 
ml sample is withdrawn at 4, 8, 16, 24, 48, 72, 96 and 120 hours. Each sample is 
withdrawn from a separate bottle. Each sample is filtered with 0.45 μιη filter and 
extracted with methylene chloride and analyzed using GC/MS technique to determine 
the concentration of solute. 

In the second method, 100 ml of deionized distilled water is mixed with 20 gms 
of soil and specified concentration of chemical for adsorption. After adsorption 
equilibrium is attained, the sample is diluted with an equal volume of deionized distilled 
water and with 20 gm/1 of mercuric chloride to inhibit biodégradation. 20 ml sample is 
withdrawn at 4, 8, 16, 24, 48, 72, 96 and 120 hours. Each sample is withdrawn from a 
separate adsorption bottle. The sample was analyzed using extraction with methylene 
chloride followed by GC/MS analysis. HPLC analysis and 1 4 C scintillation counting 
analysis for radiolabeled compounds were also used as additional methods to compare 
the analysis results in desorption studies. Results from all three analytical approaches 
agreed closely, and subsequently HPLC was used exclusively. 

It was found that significant errors resulted when the first method using 
centrifugation of the soil slurry was used. This was mainly due to difficulties in 
separating colloidal size particles using the centrifugation, and significant amount of the 
chemical was adsorbed on these micron size particles. Attempts in using smaller pore 
size filters failed since significant pressure was necessary to force the liquid through the 
filter. Hence, the dilution method, which required no separation, was selected in our 
studies. 
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Radiochemical Techniques for Determining Biodégradation of Organics in Soil. 
Radiorespirometric biodégradation protocol was developed for quantitating the 
biodégradation / mineralization of the organic pollutant compounds in soil slurry 
systems. The protocol was shown to be particularly applicable to the study of 
biodégradation of alkyl phenol compounds in the respirometric soil slurry reactors in 
that it was possible to corroborate the extent of biodégradation data on these 
compounds as measured by the respirometric oxygen uptake and carbon dioxide 
evolution in shaker flask systems. 

Studies were conducted with phenol and each of the alkyl phenols in 
concentrations of 50, 100 and 150 mg/L in the respirometric reactors. The phenols 
were added to the OECD nutrient solution made in deionized distilled water and mixed 
with either 5, 10 or 15% soil. One ml of ^4C fully tagged radiolabeled phenol 
(concentration equals to 1 μοϊ/ηύ) was added to each of the experimental and control 
reactors. One uci equals 2.22 χ 10̂  DPM units (disintegrations per minute). Five ml 
of 2N KOH solution is used to absorb the ^C02 released from the solution. After 
appropriate acclimation time depending on the alkyl phenol studied, sampling of KOH 
in the special holder in the respirometric reactors is initiated by taking out 5 ml KOH 
volumes with absorbed 14C02 every two hours from each of the reactors. The sampled 
KOH solution is mixed with a cocktail solution (Ultima Gold) (22) in a 1:10 ratio (1 ml 
of KOH to 9 ml of cocktail solution) and the sample is then analyzed via liquid 
scintillation counting technology (Packard TRI-CARB 2500 TR Liquid Scintillation 
Analyzer). Liquid scintillation efficiency tracing technique (31) is used to quantitate 
the *4C02 concentration released from the solution with time in the reactor systems. 

Liquid scintillation efficiency tracing technique has several advantages over the 
traditional DPM analysis. These advantages are: (1) no quench curve is needed; (2) 
the technique can be used for almost all beta and beta gamma emitters; (3) a single 
unquenched sample is required for the calculation of DPM values; (4) the technique is 
relatively simple to use; (5) relatively small errors (1-5%) are expected in the DPM 
calculation; and (6) the results are indépendant of cocktail density variation, vial size, 
sample volume, color, chemical quenching and vial composition. 

Methodology for Determining Bacterial / Soil Sorption Isotherm. The adsorption 
isotherm for the bacterial cells is determined by incubating soil microbiota with 
radiolabeled phenol in a respirometric reactor until an oxygen uptake plateau is 
obtained, indicating that all phenol has biodegraded either into *4C02, which is 
adsorbed in the KOH solution and into 1 4 C biomass. The soil suspension is allowed to 
settle for about 30 minutes. One ml of supernatant is sampled and the *4C activity is 
measured by liquid scintillation counting. Equilibrium amounts of the 1 4 C biomass 
adsorbed to the soil is determined by subtracting the ^4C present in the biomass in 
suspension and the ^4C present as carbon dioxide absorbed in the KOH solution from 
the total 1 4 C added initially. The ratio of the biomass adsorbed to the soil and the 
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biomass present in the suspension gives the biomass / soil adsorption isotherm 
parameter, Kb. 

Results and Discussion 

Studies on Soil Microcosm Reactors. With the use of these specially designed 
microcosm reactors, it was possible to acclimate the indigenous microbiota to each 
class of compounds. Soil samples from the microcosm reactors are used as a source of 
acclimated microbiota; for measuring oxygen uptake respirometrically to determine 
biodégradation kinetics; to determine carbon dioxide generation kinetics; and for 
radiochemical studies to quantitate biodégradation. 

Figure 3 shows the cumulative carbon dioxide generation as a function of time 
for two microcosm reactors, before and after spiking microcosm 1 with a solution of 
six phenolic compounds and microcosm 4 with OECD nutrients. The cumulative 
carbon dioxide production increased after spiking with nutrients and with a solution of 
six phenolic compounds. 

Analysis of Oxygen Uptake Data. Respirometric oxygen uptake data were 
generated for several alkyl phenols using soil slurry systems. This paper reports studies 
for phenol, p-cresol, resorcinol, catechol and 2,4-dimethyl phenol. Three different 
compound concentrations; 50, 100, and 150 mg/L and three different soil 
concentrations, 2, 5, and 10 % were selected for the initial studies. The soil samples 
were completely mixed with nutrients and compounds, and the oxygen uptake 
generated was measured respirometrically. 

When considering oxygen uptake data for phenol, no significant oxygen uptake 
occurred when no soil was present due to the absence of soil microorganisms. The 
total oxygen uptake for 10% soil was higher than for 5% soil, and the lag time for 10% 
soil was also lower than that for 5% soil. 

The oxygen uptake data for 5% soil concentration with 0, 50, 100, and 150 
mg/L of phenol concentrations, indicate that at 0% phenol concentration, the oxygen 
uptake is due to degradation of soil organic matter, and that the oxygen uptake 
increases with phenol concentration. The oxygen uptake curves did not change 
appreciably when the soil concentration was increased, except that the lag time 
decreased for all phenol and alkyl phenol concentrations. 

It should be noted that the theoretical oxygen demand at 150 mg/L phenol 
concentration with no soil was 357.4 mg of oxygen compared to 300 mg/L when soil 
was present. This indicate sthat some phenol diffused into the soil particle micropores 
and hence was inaccessible to the bacteria. The sorbed phenol either desorbed very 
slowly or was irreversibly bound to the soil matrix (32). 

Figures 4 and 5 illustrate the representative oxygen uptake curves for phenol at 
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C02Frec 
Air Cylinder 

Adapter, as 
gas chimney 

Absorber 

Figure 2. Schematic showing shaker flask apparatus used for quantifying 
carbon dioxide generation rates in soil slurry systems. 

• Reactor #1 + Reactor #4 Baseline #1 Baseline #4 

Figure 3. Cumulative carbon dioxide evolution from two microcosm reactors, 
before and after spiking microcosm 1 with a solution of six phenolic 
compounds and microcosm 4 with OECD nutrients. 
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Φ 200-

I 

Phenol 150 mg/l 

Phenol 100 mg/l 

Phenol 50 mg/l 

Phenol 0 mg/1 

100 160 200 2S0 300 

Time (HR) 

Figure 4. Respirometric oxygen uptake curves for 5 wt% soil slurry at phenol 
concentrations of 0, 50, 100 and 150 mg/L. 

Phenol 50 mg/l 

100 150 200 
Time (HR) 

300 

Figure 5. Respirometric oxygen uptake curves for 10 wt% soil slurry at phenol 
concentrations of 50, 100 and 150 mg/L. 
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soil slurry concentrations of 5% and 10% by weight of dry soil respectively and initial 
phenol concentrations of 0, 50, 100 and 150 mg/L. 

Oxygen uptake curves for 5% and 10% soil concentration at various initial 
concentrations of 2,4 dimethylphenol of 50, 100 and 150 mg/l, are shown in Figures 6 
and 7 respectively. 

The experimental oxygen uptake data were analyzed and fitted to a non-linear 
mathematical model comprised of the Monod equation and a nonlinear adsorption 
isotherm using an adaptive random search technique. 

The experimental value of the biomass adsorption parameter, K ,̂ measured 
using the procedure discussed earlier is 167.0 (mg/Kg)(L/mg). A high value of 
indicates that a significant amount of active biomass remains attached to the soil 
particles as compared to the biomass existing as suspended culture. 

The Monod parameters for phenol and alkyl phenols are summarized in Table 
Π. Except for Ks, the other biokinetic parameters do not vary significantly with changes 
in phenol or soil concentration. The specific growth rate parameter, μ, the biomass 
yield, Y, and bioproduct yield coefficient, Yp, did not vary significantly with soil 
concentration. Variations in K s and b were due to experimental variability, and errors 
in curve fitting. 

Measurement of CO2 Generation Rate in Shaker Flask Slurry Systems. 
Experiments were conducted using shaker flask slurry systems, shown in Figure 2, to 
determine the amount of carbon dioxide generated due to biodgradation of phenol and 
alkyl phenols. Four methods for CO2 measurement were evaluated and the pH method 
with the developed computer program was shown to be the most accurate and 
reproducible method. Figures 8 and 9 illustrate the representative curves for the 
cumulative CO2 generation for phenol at 0, 50, 100, and 150 mg/L concentration in 
shaker flask slurry reactors containing 5 and 10% by weight of dry soil, respectively. 
Figures 10 and 11 show cumulative CO2 generation data for soil concentration of 5 and 
10% respectively and 2,4-dimethylphenol concentrations of 0, 50, 100 and 150 mg/L. 
The carbon dioxide generation for 0 mg/L of compound is due to soil organic matter. 
The amount of CO2 generated increases with compound concentration. 

Measurement of CO2 Generation Rate in Respirometer Reactor Slurry Systems. 
The relationship of the CO2 production in shake flask soil slurry and respirometric soil 
slurry reactor systems was studied through measurement of CO2 trapped by soda lime 
in respirometric vessels at various sampling times throughout the course of the 
respirometric oxygen uptake run. Measurements of cumulative CO2 generation in the 
respirometric reactors were made using soda lime as absorbent initially and 
subsequently with the use of KOH solution which was periodically measured for the pH 
change. 
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300 

300 
Time (Hr) 

Figure 6. Respirometric oxygen uptake curves for 5 wt% soil slurry at 
2,4-dimethyl phenol concentrations of 50, 100 and 150 mg/L. 

300 

300 
Time (Hr) 

Figure 7. Respirometric oxygen uptake curves for 10 wt% soil slurry at 
2,4-dimethyl phenol concentrations of 50, 100 and 150 mg/L. 

Table II. Biokinetic parameters for phenol and alkyl phenols obtained from 
soil slurry reactor experimental oxygen uptake data 

Chemical μ λ ν K w Y Y p b 
(hr*) (mg/L) (hr-1) 

phenol 0.415 .1.47 0.42S 6.93 4.38 
p-cresol 0.279 8.76 0.476 8.33 7.95 
resorcinol 0.360 5.02 0.226 10.10 2.07 
catechol 0.560 6.11 0.483 7.40 6.16 
2,4-dimethyl phenol 0.492 1.23 0.343 5.90 9.53 
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Figure 8. Cumulative carbon dioxide evolution curves, obtained using the 
shaker flask apparatus (Figure 2), for 5 wt% soil slurry at 
phenol concentrations of 0, 50, 100, and 150 mg/L. 

Figure 9. Cumulative carbon dioxide evolution curves, obtained using the 
shaker flask apparatus (Figure 2), for 10 wt% soil slurry at 
phenol concentrations of 0, 50, 100, and 150 mg/L. 
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250 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Time (days) 

Figure 10. Cumulative carbon dioxide evolution curves, obtained using the 
shaker flask apparatus (Figure 2), for 5 wt% soil slurry at 
2,4-dimethyl phenol concentrations of 0, 50, 100, and 150 mg/L. 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Time (days) 

Figure 11. Cumulative carbon dioxide evolution curves, obtained using the 
shaker flask apparatus (Figure 2), for 5 wt% soil slurry at 
2,4-dimethyl phenol concentrations of 0, 50, 100, and 150 mg/L. 
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Comparisons were made between the cumulative CO2 concentrations 
experimentally measured for the different soil and compound concentrations in the 
shaker flask soil slurry systems and respirometric reactor soil slurry systems measuring 
oxygen uptake data. Ratio values were developed for the CO2 experimentally 
measured in respirometer and shaker flask to the CO2 calculated from oxygen uptake 
data. 

The compatibility between the data on the CO2 production in the shaker flask 
and respirometric vessel tests has been established and verified and the measurement of 
CO2 evolution in shaker flask soil slurry systems was shown to be dependable for 
quantitative CO2 analysis. The results on the relationship of the two reactor systems 
provided data on the correlation between the oxygen requirements and CO2 generation 
for metabolic activity of microbiota on toxic organics in the soil slurry systems. 

The carbon dioxide generation rate provides data on the mineralization rate of 
the contoininant. The total amount of carbon dioxide generated agrees closely with the 
appropriate amount of oxygen uptake required to mineralize the compound. This 
demonstrates that complete mineralization of the compound was achieved in the 
respirometric experiments. 

The quantification of carbon dioxide eneration rates and determination of the 
mass balance with oxygen uptake data is an important achievement in studying 
bioremediation of organics in soil systems. 

Measurement of 14CC>2 Generation Rate by Radiorespirometry. Figures 12 and 
13 illustrate representative radio-labelled phenol degradation in soil slurry systems 
spiked with 50, 100 and 150 mg/L of unlabelled phenol for 5 and 10% soil 
concentration levels, respectively. The DPM data indicate that phenol is preferred over 
the organic matter normally present in soil. The data demonstrate that measurement of 
carbon dioxide evolution can be used for determining the kinetics of bioderadation for 
phenol and alkyl phenols in soil slurry systems. 

Furthermore, analysis of the liquid phase showed that little carbon residual 
remained in the liquid at the end of the experiment sugesting complete mineralization of 
phenol. 

Analysis of Adsorption/Desorption Data. Methodology was developed for the 
determination of adsorption and desorption equilibria and kinetics for alkyl phenols. 
Representative adsorption data for phenol and 2,4 dimethyl phenol are shown in 
Figures 14 and 15, respectively. The corresponding desorption curves for phenol and 
2,4-dimethyl phenol are shown in Figures 16 and 17, respectively. Table ΙΠ provides 
data on the Freundlich isotherm adsorption and desorption parameters and adsorption 
intensity coefficients for phenol, 2,4 dimethyl phenol, p-cresol, catechol, hydroquinone 
and resorcinol. 
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Time (Hr) 

Figure 12. Concentration of radiolabeled carbon dioxide (DPM) absorbed 
in KOH solution during biodégradation of phenol using 5 wt% soil 
concentration in slurry reactor with 50, 100 and 150 mg/L of 
initial phenol concentration. 

DPM (Thousands) 
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Figure 13. Concentration of radiolabeled carbon dioxide (DPM) absorbed 
in KOH solution during biodégradation of phenol using 10 wt% soil 
concentration in slurry reactor with 50, 100 and 150 mg/L of 
initial phenol concentration. 
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160, 
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Time(hr.) 
TemD.24C oH7.1 

Figure 14. Abiotic adsorption curves for phenol in soil slurry system with 
initial compound concentrations of 50,100 and 150 mg/L. 

120, 

0 4 8 16 24 48 
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Figure 15. Abiotic adsorption curves for 2,4-dimethyl phenol in soil slurry 
system with initial compound concentrations of 50,100 and 150 mg/L. 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
00

4

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



74 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

14 

0 10 20 30 40 50 60 70 8Q 00 100 110 120 

Time (hr.) 

Figure 16. Abiotic desorption curves for phenol in soil slurry system with 
initial compound concentrations of 25, 50 and 100 mg/L. 

10 20 30 40 50 60 70 80 90 100110120 
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Figure 17. Abiotic desorption curves for 2,4-dimethyl phenol in soil slurry 
system with initial compound concentrations of 10, 25, 50 and 100 mg/L. 
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Table ΙΠ. Adsorption/Desorption Freundlich Isotherm Parameters for phenol 
and alkyl phenols in soil 

Chemical Adsorption Desorption 

Kd 1/n Kj 1/n 
(mg/Kg)(L/mg)a (mg/Kg)(L/mg)A 

phenol 10.50 0.841 12.59 0.774 
p-cresol 8.11 0.945 5.98 0.894 
2,4-dimethylphenol 15.14 0.768 23.71 0.367 
catechol 5.56 0.945 0.19 1.872 
hydroquinone 13.43 0.784 23.23 0.212 
resorcinol 12.37 0.825 10.02 0.674 

The adsorption-desorption kinetics have a direct impact on the compound's 
biodegradability, as shown by the mathematical model analysis of the oxygen uptake 
data. 

Conclusions 

Respirometric studies with soil slurry reactors provides valuable insight into the 
biodégradation kinetics of compounds in the presence of soil. It has been shown that a 
Monod kinetic equation in conjunction with a linear adsorption isotherm can provide 
reliable estimates of the Monod kinetic parameters and the adsorption coefficient. 
Experiments conducted in our laboratory have demonstrated that cumulative carbon 
dioxide measurement can be made for soil slurry systems. Carbon dioxide generation in 
soil slurry systems provides unambiguous measurements of the rate of mineralization of 
the compound in the presence of soil. 

Reconciliation of carbon dioxide generation data with oxygen uptake 
information is important in determining the biokinetics of not only biotransformation 
reactions, but also for complete mineralization of the compound. 

A protocol developed for quantitative measurement of ̂ C02 evolution rate by 
radiorespirometry provides confirmation of mineralization kinetics from carbon dioxide 
evolution studies and ensures that the net C02 is generated from mineralization of the 
compound and not due to natural soil respiration. 

Further studies are planned for continuing the respirometric oxygen uptake and 
carbon dioxide generation measurements for other compounds. This would enable the 
generation of a database of Monod kinetic parameters and soil adsorption coefficients 
for various compounds. Eventually, this database will be used to develop predictive 
models using structure-activity relationships, so that biokinetics of a wide variety of 
compounds in soil systems can be estimated. 
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Further studies are also planned for measuring the biokinetics of compounds in 
compacted soil systems, as opposed to our current measurements in soil slurry systems. 
This will allow one to determine the impact of soil compaction, oxygen transfer rates, 
and moisture content on biodégradation. 

Attempt will also be made to develop a detailed mathematical model 
implemented as a computer program, that will use our experimental data and model 
parameters to aactually quantify rates of bioremediation at contaminated sites. This is 
significant, since at present, there is no systematic methodology for determining extent 
of bioremediation at contaminated sites. 
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Chapter 5 

Mobilization of Bi, Cd, Pb, Th, and U Ions 
from Contaminated Soil and the Influence 

of Bacteria on the Process 

K. W. Tsang1-3, P. R. Dugan1, and R. M. Pfister2 

1Idaho National Engineering Laboratory, EG&G Idaho, Inc., 
P.O. Box 1625, Idaho Falls, ID 83415-2203 

2The Ohio State University, Columbus, OH 43210 

Sterile or nonsterile soil experimentally contaminated with bismuth, 
cadmium, lead, thorium, and uranium as uranyl then incubated with 
sterile water showed negligible release of metals from either sample. 
10 mM cysteine solution mixed with metal-amended soil under each 
condition: (a) nonsterile; (b) sterile; (c) sterile then inoculated with 
pure cultures of soil bacterial isolates; indicated that 90.5% Bi, 
4.3% Cd, and 25.9% Pb were released from the nonsterile mix 
within 24 hours. With uranium, 57.9% was released gradually over 
eight days. The same pattern was observed with sterile soil, but in 
smaller amounts, 30.6%, 2.6%, 5.2% and 28.3% respectively. 
Sterile soil containing cysteine then reinoculated with any of four 
bacteria isolated from the original soil resulted in release of metal 
greater than from sterile soil. Nonsterile soil released more Bi and 
U than any of the sterilized reinoculated soils tested. In the case of 
Cd and Pb some sterilized reinoculated soils released more Cd and 
Pb than the nonsterile soil while others released less. In all cases 
extraction of Th was negligible. The results indicated that (a) active 
microorganisms influence the ability of soil to retain or release 
metals and (b) cysteine is an effective agent for the release of some 
metals from soil. 10 mM glycine removed 40.7% and 5.1% of U 
from nonsterile and sterile soil, respectively. Commercially prepared 
thioglycollate culture medium resulted in significant release of both 
Cd and Th from of nonsterile soil. 

Background 

Among the various environmental concerns, soil and sediment remediation has 
received considerable attention in recent years because soils and sediments are the 

3Current address: Reno Research Center, U.S. Bureau of Mines, 1605 Evans Avenue, 
Reno, N V 89512 

0097-6156/94/0554-0078$08.00/0 
© 1994 American Chemical Society 
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5. TSANG ET AL. Bi, Cd, Pb, Th, and U Ions in Contaminated Soil 79 

ultimate repositories for many metals that cycle in the environment as a result of 
activities such as mining, electroplating, and various manufacturing and industrial 
processes. There is considerable interest in the remediation of contaminated soils 
and sediments by so-called soil-cleaning techniques and in the prevention of future 
contamination via removal of hazardous metals from processing streams prior to 
deposition into receiving waters. Present methods of metal recovery from waste 
waters include the use of ion-exchange resins (1), biosorption (2,3,4), chemical 
precipitation, electrolysis, reverse osmosis and membrane filtration. A variety of 
chemical technologies may be of value in the extraction of heavy metals from soils 
and sediments including washing with: water, salts, complexing agents such as 
ethylenediaminetetraacetate (EDTA) or nitrilotriacetic acid (NTA), mineral acids, 
strong bases, and some organic acids, e.g. critic acid, that are also complexing 
agents (5). 

An understanding of the complex associations and interactions among soil 
components (e.g., clay, silt, sand, etc.), the natural microflora (e.g., bacteria and 
other organisms) and both metal and organic contaminants is fundamental to our 
ability to accurately model or predict the behavior (bioavailability, toxicity, 
migration velocity, immobilization, etc.) of contaminants in subsurface 
environments. 

There is a body of evidence indicating that radioactive contaminants in soils 
are associated primarily with fine soil particles such as clays and microorganisms 
(6,7,8). It is also known that both clays and microorganisms are capable of 
concentrating large amounts of metals from solution and that bioconcentration by 
microorganisms is capable of exceeding both rate and total uptake of certain 
clays (7,9). 

With respect to the behavior of metal contaminants in soil, some indication 
of relative migration velocities of mixtures of heavy metals (e.g., Bi+ 3, Cd+2, Pb+2, 
Th+4, and U02

+2) in contaminated clay soil can be gleaned from the report of Tsang 
et dl.(10). All of the above ions added as nitrate salts to a clay type soil column 
strongly sorbed to the soil. The maximum amount of each ion capable of being 
sorbed by the soil varied as did the relative rate of migration. The rate of migration 
of these metal ions occurred in the following order: Cd+2 > U02

+ 2, Pb+2 > Bi+3, 
Th+4, while the maximum amount of these ions sorbed to the soil was in the reverse 
order. Bismuth and thorium were not observed to migrate once they were sorbed 
to the soil. There was also an indication of interaction between Cd+2, the most 
mobile and U02

+ 2, the second most mobile of the ions examined. Continued 
addition of U0 2

+ 2 solution to the soil column resulted in release of Cd+2 suggesting 
that either a common binding site exists for Cd+ 2 and U0 2

+ 2 and that there may be 
a cation exchange occurring or that Cd+2 is not tightly sorbed and the equilibrium 
shifts toward solution in the presence of Cd+2 free water. These kinds of 
interactions and relative migration rates need to be considered when modeling the 
behavior of metal contaminants in the subsurface environments. 

Bioremediation also appears to have value because of its potential economic 
advantage (11). The purpose of this report is to further demonstrate the role of 
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bacteria as agents to effect the mobilization of hazardous metals from contaminated 
soil under relatively high and relatively low Eh (i.e., approaching anaerobic 
conditions). Further, the effectiveness of the amino acid cysteine, a reducing agent 
as well as a metal complexing agent and a nutrient for many microorganisms (12), 
for the removal of several hazardous metals from soil is shown in comparison to: 
(a) a non-reducing but metal complexing amino acid microbial nutrient (glycine) 
(b) the reducing agent sodium thioglycollate and (c) the presence or absence of 
microorganisms. 

Experimental 

Source and characteristics of soil. The soil used was obtained from the Snake River 
Plain about one mile south of the Radioactive Waste Management Complex 
(RWMC), the waste storage facility for the Idaho National Engineering Laboratory 
located between Idaho Falls and Arco, Idaho. The soil sample area has not been 
used for waste storage and represents soil native to the area. 

The surficial deposits in the vicinity of this soil have been previously 
described as: "eolian and alluvial which range in thickness from less than 0.6 to 
more than 7.3 m. Alluvial material was transported to the location in times of high 
runoff and contains gravel. The eolian material probably derived from the finer 
fraction of alluvial deposits located to the southwest, in the windward direction. 
Surficial sedimentary materials and interflow sedimentary bed samples have an 
average median grain size of less than 1 mm with between 70 and 95% material less 
than 62 μm~predominantly silt and clay sized. The bulk mineralogy indicates that 
clay and quartz are the dominant minerals. Accessory minerals include potassium 
feldspar, plagioclase feldspar and a pyroxene. Clay content ranged from 25 to 40% 
of the samples analyzed and contained 30 to 36% illite, 13 to 26% smectite, 6 to 
12% kaolinite, 0 to 26% carbonate and a cation exchange capacity between 11 and 
27 milliequivalents per 100 gm soil" (13). The soil moisture content was 14% by 
weight at the time of sampling. Washed river sand was mixed with the soil in 1:1 
ratio by weight to facilitate percolation of the metal solutions used to experimentally 
contaminate the soil. It has been determined that the sand used in this study did not 
sorb any of the metals under investigation in significant amounts. 

Preparation of metal-amended soil. A 3.5 kg soil/sand mix was placed in a lucite 
column (76 mm I.D. χ 914 mm) equipped with a drain on the bottom. Based on 
the metal sorption capacity of the soil/sand mix determined previously, the 
following, in the form of nitrate salts, in a total of 20 1 of H20, acidified to pH 3 
with dilute HN03, were added to the column: 3.54 gm Bi; 1.42 gm Cd; 3.54 gm 
Pb: 3.54 gm Th; 2.83 gm U. The flow rate was measured at 15 ml per min. No 
attempt was made to alter the natural flow rate of the metal solution. The column 
was allowed to stand for one week until effluence stopped. The resultant 
contaminated soil/sand was then mixed thoroughly in a stainless steel container. 

The actual metal concentration in the experimentally contaminated soil was 
determined to establish a baseline. One hundred grams (wet weight) of the metal-
amended soil/sand mix was dried to constant weight at 85°C. The dry mix was 
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weighed and then mixed thoroughly. A 1 gm portion (in triplicate) was digested 
according to procedures described in EPA SW-846 Method 3050 (14). The 
concentration of Bi, Cd, Pb, Th, and U in the resultant aqueous sample was 
determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES). 
The total amount of each metal in 100 gm (wet weight) of the metal-amended 
soil/sand mix was then calculated. 

Pure Cultures of Bacteria from Metal-Amended Soil 

Five hundred milliliters of sterile 10 mM cysteine solution was mixed with 100 gm 
of metal-amended soil in a 1 L sterile flask. With a sterile pipet, a 1 ml sample was 
transferred into a test-tube containing 9 ml of sterile trypticase soy broth (TSB) 
(30 g/L, Becton Dickinson Microbiology Systems, Cockeysville, MD 21030) and 
mixed thoroughly. A 1 ml aliquot was then transferred into another 9 ml TSB tube 
and mixed. From this tube 0.1 ml aliquot was dispensed into a sterile petri dish 
containing -20 ml of sterile, solidified trypticase soy agar (TSA) (40 g/L) and 
spread over the entire surface of the agar plate with a sterile L-shaped glass rod. 
The plate was incubated for 4 d at 22 i 3°C. Bacterial colonies showing different 
morphologies on the agar plate were transferred individually to separate TSA plates 
and streaked over the surface of the agar with a sterile inoculating loop. The plates 
were incubated for 4 d at 22 ± 3°C. With proper aseptic techniques, each plate 
should contain colonies with the same morphology, i.e., pure culture. The pure 
cultures were subcultured onto tubes of solidified TSA with slanting surface. The 
inoculated agar slants were numbered #011, 012, 013, etc. and incubated at 
22 ± 3°C for 4 d and then kept at 4°C for stock culture. 

To inoculate autoclaved sterile soil with a pure culture isolated from the 
metal-amended soil, 250 ml of TSB was inoculated with a loopful of pure culture 
from the stock culture and incubated overnight at 22 +. 3°C on a shaker table at 
150 rpm. The cells were harvested by centrifugation at 10,000 χ g for 10 min. 
The supernatant was discarded and the pellet was resuspended in 250 ml of sterile 
phosphate buffer and again centrifuged at 10,000 χ g for 10 min. The supernatant 
was discarded and the pellet of bacterial cells was transferred to the sterile soil. 

Soil washing with water. The efficacy of distilled water on removal of metals from 
soil, either with or without indigenous microorganisms, was evaluated by mixing 
200 gm (wet weight) of nonsterile or sterile metal-amended soil with 500 ml of 
sterile distilled water in a 1 L flask. The mixture was agitated by stirrer motor at 
150 rpm for four days at ambient temperature. The content was allowed to settle 
for 30 minutes. A 6 ml aliquot of the wash water was withdrawn, centrifuged at 
3000 χ g for 20 min, and then filtered through a 0.45 μτη filter disk. A 5 mL 
sample of the filtrate was diluted to 25 ml with 1 % HN03 and assayed for Bi, Cd, 
Pb, Th, and U by ICP-AES. 

Effect of cysteine and microorganisms on release of metals from metal-contaminated 
soil. To investigate the effect of cysteine on the release of metals and the microbial 
influence on the process, a metal-amended soil/sand sample was pre-washed by 
filtering 2 L of distilled water through a soil/sand column as previously described. 
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The pre-washed soil/sand sample was then removed from the column and a 500 ml 
10 mM sterile cysteine solution was mixed with 100 gm of the metal-amended 
soil/sand by stirrer motor at 150 rpm for 8 d under each of the following conditions: 
(a) nonsterile soil/sand; (b) sterile soil/sand; and (c) autoclaved sterile soil/sand then 
inoculated with pure cultures of four bacteria that were isolated from the metal-
amended soil, designated with an isolate number and later identified as the following 
organisms: #011, Arthrobacter oxydans; #012, Micrococcus luteus; #014, Bacillus 
megaterium; and #016, Arthrobacter aurescens. Viable microbes were enumerated 
daily by spread plating 0.1 ml of a series of diluted soil and cysteine mixtures 
(i.e., 1/10,1/100, 1/1000, etc.) (14) on trypticase soy agar which was incubated for 
4 d at 22 +. 3°C. Eh and pH of the soil/sand and cysteine mixture were measured 
daily. Eh measurements were accomplished by using a Pt/AgCl redox electrode, 
and pH was measured with a standard pH electrode. A 6 ml aliquot of the cysteine 
solution was withdrawn after 30 min settling, centrifuged at 3000 χ g for 20 min, 
and filtered through a 0.45 μπι filter disk. Five milliliters of the filtrate was diluted 
to 25 ml with 1% HN03 for metal analysis by ICP-AES. 

Effect of glycine and microorganisms on release of metals from metal-contaminated 
soil. The effect of glycine, an amino acid known to complex some metals and to 
serve as a nutrient for many microorganisms, was evaluated on release of metals 
from metal-amended soil. Experimental procedures were similar to that for cysteine 
extraction, except that 10 mM glycine was substituted for cysteine and only sterile 
soil and nonsterile soil with indigenous microorganisms were used. 

Comparison of sodium thioglycollate solution and nutrient-supplemented sodium 
thioglycollate medium on release of metals from metal-contaminated soil. The 
effect of 0.05% sodium thioglycollate solution on release of metals from soil was 
compared with that of thioglycollate culture medium (29.8 g/L, Difco Laboratory, 
Detroit, Michigan) which contained bacterial nutrients such as casitone, yeast 
extract, dextrose, sodium chloride and L-cystine in addition to 0.05% sodium 
thioglycollate. 

One hundred grams of nonsterile metal-amended soil was placed in 500 ml 
of either solution and allowed to incubate for four days at 22 ± 3°C with 
continuous stirring. Metal concentration in solution was assayed as described 
previously, To ensure the autoclaving process did not change the chemistry and 
texture of the soil or cause permanent binding of metal ions to the soil particles, a 
similar study using thioglycollate broth and sterile soil reinoculated with bacteria 
was performed for comparison. 

Results and Discussion 

Effect of water washing on release of metals from sterile and nonsterile soils. Soil-
washing with distilled water removed only negligible amounts of metals from either 
sterile or nonsterile metal-amended soil (Table I). The change in pH for nonsterile 
soil dropped slightly from 7.40 to 7.27 while a slight increase from pH 7.65 to 7.68 
was observed with sterile soil suggesting that microorganisms produced a slight 
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Table I. Metal released from water-washed nonsterile or sterile soil by 
distilled water after four days with continuous stirring at 22 ± 3°C 

Bi Cd Pb Th U 
Amount of metal (mg) 
in 200 gm (wet weight) 
of amended soil/sand 
mix 152.00 54.00 162.00 86.00 102.00 
Nonsterile soil mg 

% 
0.10 
0.07 

0.15 
0.28 

0.05 
0.03 

<0.10 
<0.12 

<0.10 
<0.10 

Sterile soil mg 
% 

0.05 
0.03 

0.05 
0.09 

0.05 
0.03 

<0.10 
<0.12 

<0.10 
<0.10 

amount of acid during the course of the experiment. Eh changes were from 204 mV 
to 178 mV for nonsterile soil from 195 mV to 160 mV for sterile soil indicating 
either that some oxygen was being depleted or that reducing substances were being 
produced. The ineffectiveness of distilled water in metal removal was expected 
since distilled water contained no ions for ion-exchange to occur in either soil 
sample. Furthermore, distilled water contained no nutrients to support the growth 
and metabolic activities of the microbial population in the nonsterile soil. As a 
result, there was little change in the chemical and biologic environment to enhance 
the release of metals from the metal-amended soil. 

Effect of cysteine on mobility of metals. In experiments where cysteine was used 
the largest amount of Bi (137.5 mg/L) was released from nonsterile soil in the 
presence of 10 mM cysteine solution (Figure 1). The sterile soil only had 46.5 mg 
Bi/L released. When sterile soil was reinoculated with pure cultures of bacteria the 
amount of Bi released was intermediate between the nonsterile and the sterile soil 
(Table II). In all cases, the maximum amount of Bi released occurred within one 
day. As time proceeded, some of the metal was reabsorbed by the soil. Release 
of Cd and Pb showed a similar pattern as Bi. However, certain pure cultures 
demonstrated higher efficacy in release of Cd and Pb than was found in nonsterile 
soil (Figures 2 and 3). The release of U showed a different trend from Bi, Cd, and 
Pb. The amount of U released increased gradually with time (Figure 4). A 
negligible amount of Th was released from the metal-amended soil in all 
experimental conditions involving cysteine solution. Therefore, the data are not 
presented in this report. 

Variation in pH. Eh and microbe numbers versus time. pH changes from day 1 to 
day 2 for all experimental conditions varied (Figure 5), but the maximum amount 
of Bi, Cd, and Pb released was achieved on day 1 and decreased rapidly by day 2. 
The fluctuating pH changes over the experimental period did not show direct 
relationship with the gradual release of U under all conditions tested. There was 
no obvious indication that the amount of uranium released was a result of the pH 
change and any general relationship of pH and other metals released is inconclusive. 
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1 2 3 4 5 6 7 8 
Days N 9 3 0 2 6 4 

Figure 1. Amount of bismuth released from soil contaminated with 76 mg 
Bi/100 g (wet wt.) under different experimental conditions versus time at 
22 ± 3°C. Isolates: #011, Arthrobacter oxydans; #012, Micrococcus luteus; 
#014, Bacillus megaterium; and #016, Arthrobacter aurescens. 

7| 1 1 1 1 1 Γ 

Days N 9 3 0 2 6 5 

Figure 2. Amount of cadmium released from soil contaminated with 27 mg 
Cd/100 g (wet wt.) under different experimental conditions versus time at 
22 ± 3°C. Isolates: #011, Arthrobacter oxydans; #012, Micrococcus luteus; 
#014, Bacillus megaterium; and #016, Arthrobacter aurescens. 
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τ 1 1 Γ 

1 2 3 4 5 6 7 8 
Days Ν93 0 2 6 6 

Figure 3. Amount of lead released from soil contaminated with 81 mg 
Pb/100 g (wet wt.) under different experimental conditions versus time at 
22 ± 3°C. Isolates: #011, Arthrobacter oxydans; #012, Micrococcus luteus; 
#014, Bacillus megaterium; and #016, Arthrobacter aurescens. 

τ 

Days N 9 3 0 2 6 7 

Figure 4. Amount of uranium released from soil contaminated with 51 mg 
U/100 g (wet wt.) under different experimental conditions versus time at 
22 +. 3°C. Isolates: #011, Arthrobacter oxydans; #012, Micrococcus luteus; 
#014, Bacillus megaterium; and #016, Arthrobacter aurescens. 
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10.01 1 1 1 1 1 Γ 

• Nonautoclave soil 
9.5 - o Autoclaved soil + bacteria isolate #011 

• Autoclaved soil + bacteria isolate #012 
G 0 _ Δ Autoclaved soil + bacteria isolate #014 

A Autoclaved soil + bacteria isolate #016 
Ο Control - autoclaved sterile soil 

6.5 h 

6.01 I I I I I I 1 
1 2 3 4 5 6 7 8 

Days N 9 3 0 2 6 8 

Figure 5. Change in pH of soil-cysteine mixture under the different 
experimental conditions presented in Figures 1 through 4. Isolates: #011, 
Arthrobacter oxydans; #012, Micrococcus luteus; #014, Bacillus megaterium; 
and #016, Arthrobacter aurescens. 
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5. TSANG ET AL. Bi, Cd, Pb, Th, and U Ions in Contaminated Soil 87 

Table II. Metal released from previously water-washed soil by 10 mM 
cysteine under different experimental conditions * 

Bi Cd Pb U 
Amount of metal (mg) in 
100 gm (wet weight) of 
amended soil/sand mix 76.00 27.00 81.00 51.00 
Control: sterile soil mg 

% 
23.25 
30.60 

0.70 
2.60 

4.25 
5.20 

14.43 
28.30 

Nonsterile soil mg 
% 

68.75 
90.50 

1.17 
4.30 

21.00 
25.90 

29.54 
57.90 

Sterile soil + bacterial 
isolate #011 
{Arthrobacter oxydans) 

mg 
% 

38.25 
50.30 

1.03 
3.80 

10.75 
13.30 

14.61 
28.20 

Sterile soil + bacterial 
isolate #012 
(Micrococcus luteus) 

mg 
% 

33.40 
43.90 

1.05 
3.90 

24.80 
30.60 

18.31 
35.90 

Sterile soil + bacterial 
isolate #014 
(Bacillus megaterium) 

mg 
% 

34.55 
45.50 

3.20 
11.90 

30.25 
37.30 

23.27 
45.60 

Sterile soil + bacterial 
isolate #016 
(Arthrobacter aurescens) 

mg 
% 

33.30 
43.80 

3.15 
11.70 

27.60 
34.10 

23.62 
46.30 

*Five hundred milliliters of 10 mM cysteine solution was added to each soil 
type. Values represent the metal in solution on the day that showed greatest 
release of metal over the 8-day period. 

Similarly, the inconsistent changes of redox potential in the presence of 
cysteine (Figure 6) do not appear to correlate to the metal release patterns. 
However, there was a general trend toward oxidation over the 8-day period. Since 
the greatest release of most metals occurred in the first 24 hours, it is believed that 
low potential has a beneficial effect on release of the metals into solution, with the 
exception of uranium. 

Microorganisms in nonsterile soil increased from 2.69 χ 105 on day 1 to 
1.1 χ 108 colony forming units (CFU)/ml on day 8, while the sterile soil remained 
sterile through day 3. After three days a gradual increase in population occurred 
to 5.5 χ 107 CFU/ml on day 8 due to contamination. Sterility of the soil was 
confirmed by plating (in triplicate) 0.1 ml of the soil and cysteine mixture on TSA 
plates and incubated for 4 d at 22 ± 3°C. The microbial population in sterile soil 
that was reinoculated with pure culture did not show significant changes in bacteria 
numbers during the 8-day period (Figure 7), indicating the total microflora 
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400 

350 

300 

Έ 250 

χ 200 

150 

100 

504 

~T~ ~T~ τ
ο Nonautoclave soil 
ο Autoclaved soil + bacteria isolate #011 
• Autoclaved soil + bacteria isolate #012 
Δ Autoclaved soil + bacteria isolate #014 
• Autoclaved soil + bacteria isolate #016 
Ο Control - autoclaved sterile soil 

Figure 6. Change in redox potential of soil-cysteine mixture under the 
different experimental conditions presented in Figure 1 through 4. Isolates: 
#011, Arthrobacter oxydans; #012, Micrococcus luteus; #014, Bacillus 
megaterium; and #016, Arthrobacter aurescens. 

Days ΝΘ3 0 2 7 0 

Figure 7. Viable bacterial counts on soil-cysteine mixture under different 
experimental conditions presented in Figures 1 through 4. 
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5. TSANG ET AL. Bi, Cd, Pb, Th, and U Ions in Contaminated Soil 89 

population is not necessarily directly proportional to the amount of metals released 
from the soil. It appears that there is a threshold value for the microbial population 
in the conditions tested; further increase in the size of the microbial population did 
not further increase the amount of metals released. 

Cysteine is moderately effective in releasing Bi and to a lesser extent U from 
sterile soil, but less effective in removal of Cd and Pb. In the presence of 
microorganisms, the amount of Bi, Cd, Pb, and U released is strongly enhanced. 
However, a particular microorganism isolate may enhance the release of certain 
metals but not others. Although the specific mechanism of metal release is not 
known, several possibilities exist including: (a) indirect mechanisms resulting from 
metal interactions with microbial metabolites or changes in pH and Eh near the soil 
colloid without measurable effects on the overall pH and Eh, or (b) alteration of the 
valence state of metals through oxidation or reduction, or (c) release of metals on 
decomposition of organic matter that binds metals in the soil. 

Effect of glycine on mobility of metals in sterile and nonsterile soil. Extraction of 
Bi, Cd, Pb and Th ions from sterile and nonsterile soil with 10 mM glycine was 
similar to that using distilled water; negligible amounts of the metals were released 
from the soil. For removal of uranyl ions from nonsterile soil, however, glycine 
was far more effective than water; 20.75 mg was released from soil as compared 
to 0.10 mg (Table III). It appears that the release of uranyl ions from the soil was 
enhanced by the microbial activity since a substantially smaller amount of uranyl 
ions (2.62 mg) was released in the case where sterile soil was used. Redox 
potentials measured during the 8-day period fluctuated between 76 mV and 167 mV 
for nonsterile soil, and between 137 mV and 148 mV for sterile soil. pH fluctuated 
between 6.76 and 8.14 for nonsterile soil and between 8.38 and 8.50 for sterile soil. 
Viable bacterial counts indicated the sterile soil remained sterile through day 6 and 
increased to 1.08 χ 104 by day 8, whereas the nonsterile soil maintained a relatively 
stable population (8.50 χ 108 - 1.45 χ 109) throughout the study. 

Table III. Metal released from previously water-washed nonsterile or 
sterile soil by 10 mM glycine * 

Bi Cd Pb Th U 
Amount of metal (mg) 
in 100 gm (wet weight) 
of soil/sand mix 76.00 27.00 81.00 86.00 51.00 
Nonsterile soil mg 

% 
0.07 
0.09 

0.43 
1.60 

0.18 
0.22 

0.57 
0.66 

20.75 
40.69 

Sterile soil mg 
% 

0.03 
0.04 

0.41 
1.52 

0.05 
0.06 

0.03 
0.03 

2.62 
5.14 

•Values represent the metal in solution on the day that showed greatest 
release of metal over the 8-day period after addition of 500 ml of 10 mM 
glycine solution. 
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Effect of thioglycollate on mobility of metals in sterile and nonsterile soil. Removal 
of metal ions from soil usinjg 0.05% sodium thioglycollate showed a small amount 
of U released from the soil (2.54 mg U), while other metals released were 
negligible (Table IV). Thioglycollate medium removed lesser amount of Bi, Pb, 
and U than 10 mM cysteine solution, but was able to remove significantly larger 
amounts of Cd and Th from the soil (Table V). 

Table IV. Metal released from previously water-washed nonsterile soil by 
sodium thioglycollate * 

Bi Cd Pb Th U 
Amount of metal 
(mg) in 100 gm (wet 
weight) of soil/sand 
mix 

76.00 27.00 81.00 86.00 51.00 

Nonsterile soil mg 0.024 
% 0.032 

0.086 
0.319 

0.035 
0.043 

0.029 
0.034 

2.540 
4.980 

*Five hundred milliliters of 0.05% sodium thioglycollate was added to 
100 gm of soil and incubated at 22 ± 3°C for four days with continuous 
stirring. 

Table V. Metal released from previously water-washed nonsterile soil or 
sterile soil reinoculated with microorganisms in the presence of 
thioglycollate medium * 

Bi Cd Pb Th U 
Amount of metal 
(mg) in 100 gm (wet 
weight) of soil/sand 
mix 76.00 27.00 81.00 86.00 51.00 
Nonsterile soil mg 

% 
28.00 
36.84 

10.00 
37.04 

9.40 
11.60 

15.10 
17.56 

18.68 
36.63 

Nonsterile soil mg 
% 

32.25 
42.43 

4.52 
16.74 

10.35 
12.78 

9.40 
10.93 

14.93 
29.27 

*Five hundred milliliters of thioglycollate medium (29.8 g/L, Difco 
Laboratory, Detroit, Michigan) was added to 100 gm of soil and 
incubated at 22 ± 3°C for four days with continuous stirring. 
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5. TSANG ET AJL Bi, Cd, Pb, Th, and U Ions in Contaminated Soil 91 

The difference in metal extraction capability of sodium thioglycollate and 
thioglycollate medium may be due to the direct or indirect influence of the 
additional nutrients present in the commercially prepared culture medium or 
metabolites such as organic acids produced. 

Sterile soil that was reinoculated with microbes showed comparable results 
to the nonsterile counterpart in release of metals in thioglycollate medium, indicating 
that the autoclaving sterilization did not cause the permanent binding of Bi, Cd, Pb, 
Th, and U ions to soil particles. 

Conclusions 

ο The presence of microorganisms in soil contaminated with Bi, Cd, Pb, Th, 
and U02 ions strongly influences the mobilization of those ions. 

ο Cysteine, a reducing as well as a metal complexing agent and a nutrient for 
many microorganisms was moderately effective in releasing Bi and to a 
lesser extent U from sterile soil, but less effective in release of Cd, Pb, and 
Th. Mobilization of Bi, Pb, and U in the presence of cysteine was strongly 
enhanced in the presence of microorganisms. However, a single bacterial 
isolate may enhance the release of certain metàïs but not others. 

ο Sodium thioglycollate, a reducing agent, when added to nonsterile soil, 
resulted in a small release of U from soil and lesser amounts of Bi, Cd, Pb, 
and Th. When supplemented with other microbial nutrients, the mixture 
resulted in release of larger amounts of Bi, Cd, Pb, Th, and U. 

ο Glycine, a metal complexing amino acid that is also a nutrient for many 
organisms was ineffective in removal of Bi, Cd, Pb, and Th from sterile or 
nonsterile soil. Removal of U by glycine, however, was enhanced in the 
presence of microorganisms. 

ο Although the specific biological mechanism(s) of metal release from 
contaminated soil during these experiments is not known, several possibilities 
exist. Enhancement of metal release from soil by microorganisms may be 
due to: 

1. Indirect mechanisms resulting from metal interactions with microbial 
metabolites or changes in pH and/or Eh near the soil colloid. Such 
changes in pH and/or Eh may not measurably affect the overall pH 
and Eh. 

2. Alteration of the valence state of metals through oxidation or 
reduction. 

3. Release of metals due to decomposition of organic matter in soil. 

ο The combined use of metal sorption by a clay soil column reported 
previously (10) and subsequent extraction of metals by cysteine in the 
presence of active microbial populations offers a potential process for 
separation of some radionuclides from nonradioactive metal ions in waste 
water or in contaminated soils or for removal of some radioactive metal 
contaminants from solid surfaces, e.g., from contaminated equipment. It 
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92 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

also offers the possibility for concentrating radioactive contaminants thereby 
decreasing the volume of contaminated soil that will require long term 
storage. 
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Chapter 6 

Artificial Intelligence Approach to Synthesis 
of a Process for Waste Minimization 

T. F. Edgar1 and Y. L. Huang2 

1Department of Chemical Engineering, The University of Texas 
at Austin, Austin, TX 78712 

2Department of Chemical Engineering, Wayne State Unversity, 
Detroit, MI 48202 

One of the most effective ways of minimizing wastes from 
their sources is to design an environmentally clean process which 
provides a satisfactory level of controllability. In the present 
work, a systematic module-based synthesis approach is developed 
to design such a process with minimal waste generation. This 
approach is featured by adding the dimension of structural 
controllability to the conventional capital and operating cost 
functions, and elaborating waste minimization strategies as 
constraints. Due to insufficient information and incomplete data 
regarding the mechanism of waste generation at the process 
design step, artificial intelligence techniques are utilized to 
represent waste minimization strategies and evaluate structural 
controllability. The efficacy of the proposed approach to waste
minimization is illustrated by synthesizing a cost-effective and 
highly controllable process capable of minimizing phenol 
containing waste streams in an oil refinery. 

Rapidly changing industrial technologies are often accompanied by the 
increased generation of various hazardous or toxic wastes. The major portion of 
the wastes is mainly from chemical plant and petroleum refineries. These 
wastes, if improperly dealt with, can threaten both public health and 
environment. Consequently, waste rninimization and management (WMM) are 
a major concern of process engineers (1-2). 

The EPA has established a waste priority hierarchy beginning in 1976 to 
promote better WMM alternatives. During last two decades, most of the effort 
on WMM has focused on waste incineration/treatment and land disposal. These 
are now the lowest priorities in EPA's hierarchy, due to the current emphasis on 
source reduction or in-plant pollution prevention. Recently, it has been 

0097-6156/94/0554-0096$08.00/0 
© 1994 American Chemical Society 
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6. EDGAR AND HUANG Synthesis of a Process for Waste Minimization 97 

recognized that the production of wastes from a chemical or petrochemical 
process is a function of process design and the manner in which the process is 
controlled and operated (3-7). 

To effectively realize waste minimization (WM), it is beneficial to examine 
the basic characteristics of WM engineering in the process industry (Huang and 
Fan, Intl. J. Computers in Industry, in press). 

(1) WM is a multi-disciplinary area involving engineering, chemistry, 
biology, fluid mechanics, mathematics, statistics, economics, and regulations; 
thereby being a knowledge-intensive area. The acquisition and representation 
of the knowledge from the experts in these diverse fields is the focal point for 
successful WM. 

(2) WM is heavily dependent on expertise. The behavior of a process 
generating wastes cannot be easily described by rigorous mathematical models. 
Qualitative analysis of the process is thus always necessary. 

(3) The available information pertaining to WM is frequently uncertain, 
imprecise, incomplete, and qualitative in the design stage. Hence, standard 
mathematical tools may be incapable of dealing with it. 

(4) A large number of regulations and strategies for WM can be 
expressed as rules. The symbolic knowledge in the rules has to be appropriately 
represented and manipulated. 

Under these circumstances, it is very difficult, if not impossible, to resort 
to conventional algorithmic methods to design a process with minimal waste 
generation. On the other hand, artificial intelligence techniques such as 
knowledge-based approach and fuzzy logic are viable alternatives. The 
knowledge-based approach is powerful in acquiring both structured and 
unstructured symbolic knowledge, and efficient in representing and 
manipulating them (8). Today, numerical computation approaches can be 
embedded into a knowledge-based system to form a hybrid system. Fuzzy logic 
is capable of dealing with structured numerical knowledge and imprecise 
information, and provides a way to interpolate between regions with different 
rules (9). A methodology incorporating the knowledge-based approach and 
fuzzy logic is thus highly advantageous. 

Design Philosophy 

With the recognition of the above basic characteristics of WM engineering, a 
design approach should have the following features: 

(1) Early incorporation of the WM strategy. Process design consists of 
three major phases in sequence: synthesis, analysis/optimization, and detailed 
design; among them, process synthesis is the most abstract, therefore the most 
difficult phase. Clearly, the implementation of WM strategy in the later phases 
in process design, especially in the detailed design phase, is very limited, because 
waste generation caused by an improper process structure is extremely difficult 
to manage. It is desirable, therefore, to incorporate WM strategies starting from 
the earliest stage in process design, namely the preanalysis stage in process 
synthesis. 
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(2) Generic rather than problem specific. The design approach should 
be general enough to easily accommodate different restrictions on waste 
generation. These restrictions may be on the generation of waste energy as well 
as waste species in different forms, such as gaseous, liquid, or solid. In an oil 
refinery, for instance, five major sources of generating hazardous or toxic wastes 
have been identified: process systems, power plant, storage and handling, waste 
water treatment, and miscellaneous (10). Among them, wastes from process 
systems are the most difficult to deal with due to complexity. When crude oil 
enters an oil refinery, it is a heterogeneous mixture of hydrocarbons and various 
impurities. Widely differing types of crude require different refining techniques 
and yield different product mixes. As by-products, a large amount of pollutants 
are generated from various processes. To minimize the generation of pollutants 
of these types, a general design approach is highly desirable. 

In-Plant Waste Minimization Strategy 

Even if a process is specifically designed for WM, the waste generated from it 
may still exceed a tolerable limit during its operation, due to not considering the 
effect of process structure on WM. Most processes experience disturbances 
with different intensities during operations. These disturbances can propagate 
in a process if disturbance propagation paths exist. Intense disturbance 
propagation inherited in the process structure may make tight control of the 
concentrations of hazardous species unattainable. Consequently, we need to 
synthesize a process which is not only cost-effective, but also highly controllable 
in terms of the quantity and toxicity of waste streams generated. 

Representation of Waste Minimization Strategies. The regulations and process 
designers' experience for WM are usually expressed in rule form. Various rules 
are available elsewhere (2, 7,11,12). These rules can be classified into the sets 
for: (i) measuring the toxicity of species, (ii) selecting a method for separating 
hazardous or toxic species, (iii) determining a separation sequence of stream 
components, (iv) evaluating the feasibility of recycling hazardous or toxic 
species, (v) selecting the strategies for recovering waste energy, (vi) 
implementing minimum capital and operating costs, (vii) enhancing structural 
controllability, (viii) modifying a synthesized process structure, and (ix) making 
a trade-off among capital cost, operating cost, and WM. 

While these rules are expressed in IF-THEN rule form, they need to be 
quantitatively represented. For instance, one rule is: 

IF a process stream to a reactor contains hazardous species, 
THEN the species should be separated first before the stream enters 

the reactor in order to avoid the deactivation of catalyst in it. 
This is a crisp rule in which no fuzziness is involved. Variables y\ and y2 are 
introduced to represent the species in a stream and the separation sequence of 
the hazardous species, respectively. Moreover, crisp sets A1 and A 2 are defined 
as the set of hazardous species and that of hazardous species to be separated 
first, respectively. Two crisp membership functions can be defined below. 
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6. EDGAR AND HUANG Synthesis of a Process for Waste Minimization 99 

Γ 1 i f Y i ε A i 
/ i A i ( Y i ) = i i=1>2 w 

1 L 0 i f Y i « A i 

Thus, the rule has the following two-valued logic expression. 
A l > Α 2 · (2) 

However, many other rules are fuzzy in nature as illustrated below. 
IF a process stream experiences severe disturbance of mass 

flowrate at its inlet, AND the concentration of a species at the 
outlet of another stream must be controlled precisely to 
prevent pollutant generation, 

THEN these two streams should not be matched in an extractor. 
Since the imprecise information is involved in both premise and consequence of 
the rule, fuzzy set theory should be employed. Fuzzy variables zj, Z2, and Z3 can 
be defined as disturbance of mass flowrate of a stream, the fluctuation of the 
concentration of a species at the outlet of another stream, and the preference of 
matching these two streams, respectively. Correspondingly, three fuzzy sets, 
B| j, Bi 2> and Βχ 3, may be introduced to represent the concepts of severe, 
moderate, and slight disturbances, respectively. 

1 - 2 5 z l f O^z^Mi 
/'Bi i ( z l ) 

. 0 , z 1 >M 1 

25zlf ΟέΖχέΜχ 

" B 1 / 2 ( z l > = · 3 - 50z 1 # M 1 <z 1 ^M u 

z 1 >M u 

' 0 , Ο ^ Ζ ^ Μ χ 

"Blf3<*l> 50Ζ^ - 2, M3.<z j.£M\i 

. 1 , Zi>Mu 

(3) 

Similarly, fuzzy sets B2 χ, B2 2> and B2 3 should be defined to represent the 
concepts of high, moderate, and low control precision of species concentration, 
respectively. Fuzzy sets B3 χ and B3 2 must be designated according to the 
concepts of preferred and not preferred stream match, respectively. The fuzzy 
rule can thus be expressed by the following fuzzy logic form. 

Λ {B^j I i= l ,2 ; j=l,2,3} • Λ { B 3 / k | k-1,2} (6) 

Classification of Process Information. The representation of WM strategies, as 
described in the preceding section, indicates that process information directly 
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influencing WM must be carefully classified. This includes the disturbances of 
temperature, pressure, mass flowrate, and species concentration at the inlets of 
process streams, as well as the tolerable ranges of the fluctuation of 
concentrations of hazardous species at the outlets of process streams. In a 
separation process, for instance, for each stream i, a disturbance of source 
concentration of waste species α 6y^ in both positive and negative directions, 
and that of mass flowrate, SM[, also in both directions, lead to a change in 
mass flowrate of the species ρ, δ Mp.. 

S M p . « max { | M i * y p J + ) - 6κ[+) ( y £ . - y * . ) | , 

| M i * y ; J " } - « f 0 ^ - y * . ) | } (7 ) 

This example shows that different types of disturbance variables may be lumped 
into a single variable, which simplifies the quantification of the overall influence 
of all related disturbances. 

Generally, the more intense the disturbances in the input variables, the 
greater the deviation in the output variables from their normal values. Based on 
their magnitudes, the disturbances can be classified into a number of degrees, 
such as very slight, slight, moderate, severe, and very severe disturbances. The 
degrees are quantified by fuzzy sets as illustrated in Figure 1. 

Usually, it is unnecessary to control all output variables of a process to the 
same level of precision. For example, the composition of a highly toxic species 
of a stream must be controlled very tightly, while that of a non-toxic component 
of a stream is less critical. Based on the complexity of a WM problem, the 
control precision of the output variables can be divided into several grades, such 
as very low, low, moderate, high, and very high The quantification of levels of 
control precision is similar to that described above. 

A disturbance at the inlet of a stream must propagate to the outlet of 
another stream if a downstream path exists (13). When the two streams match 
directly through a process unit, the effect of this disturbance on the outlet of 
another stream is quick and drastic. When they match indirectly through two 
process units, such an effect is slower and moderate. When the disturbance 
propagates through many process units before reaching an outlet, its effect 
dissipates. The more the number of process units involved in disturbance 
propagation, the greater the extent of dissipation of disturbance influences. The 
patterns of disturbance propagation can be defined based on the type of a 
process system. In an exchanger network, four patterns (very severe, severe, 
moderate, and negligible propagation) can be introduced, depending on the 
number of process units through which a disturbance travels (14). 

The patterns of disturbance propagation in a process can be illustrated by 
the example in Figure 2. This mass exchanger network (MEN) contains four 
mass-exchange-based process units (e.g., an extractor, an absorber, or an 
adsorber for recovering hazardous species) as illustrated by the grid diagram of 
Figure 2a. In this figure, the degree of a disturbance caused by the fluctuations 
of concentration and/or mass flowrate is indicated by the number of solid circles, 
"•"'s. For instance, symbol "··" represents moderate disturbance. The 
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/i(*Mp.) 
very slight moderate severe very 

.02Mp. .04Mp. .06Mp. .08Mp. 

i M P i 

Figure 1. Quantitative representation of fuzzy linguistic terms, VERY 
SLIGHT, SLIGHT, MODERATE, SEVERE, and VERY SEVERE 
DISTURBANCES. 

• A 

• 

A A A 
- 0 T 

-651 · 
< © — © • 

• |L2| @ Ĥ§> 
(a) 

Notation: 

· · · 

Slight disturbance 
Moderate disturbance 
Severe disturbance 

A A A -lEI · 
<©— © • 

^ (c) 

Low control precision 
Moderate control precision 
High control precision 

w.v Out: 
R I R2 R3 L I L2 

R I 1 2 4 1 3 

R2 4 1 ; : z : ; 1 1 

R3 4 4 1 4 1 

L I 1 1 3 1 2 

L2 4 1 1 4 1 

(b) 

Figure 2. Disturbance propagation through a mass exchanger network and 
modification of the network structure. 
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precision level of control at a stream outlet is indicated by the number of 
triangles, V"s. For example, the symbol "A A A" represents high control 
precision. 

All patterns of disturbance propagation involved are listed in the 
disturbance propagation table of Figure 2b. The first column of the table 
designates the inlets of the five streams; the first row designates their outlets. 
Each integer in the renaming entries of the table represents the pattern of 
disturbance propagation. For example, a disturbance exerted at the inlet of rich 
stream R 2 propagates through process units 3 and 4, and reaches the outlet of 
rich stream R s . In this disturbance propagation path, two process units are 
involved. According to the definition, this is severe propagation (pattera-2), and 
thus an integer of 2 is assigned to entry ( R 2 , R 3 ). This disturbance propagation 
is undesirable since the species concentration at the outlet of rich stream R a 
should be controlled very precisely, but it is constantly disturbed by a severe 
disturbance from rich stream R s . This WM problem due to improper process 
structure can be resolved in a number of ways. The process modification in 
Figure 2c is one possible solution if it is thermodynamically feasible. In this 
solution, the stream splitting terminates the disturbance path from rich streams 
R 2 to R a with a negligible increase of capital cost and no increase of operating 
cost. 

Structural Controllability. The degree of structural controllability of a process 
reaches a maximum when the occurrences of undesirable disturbance 
propagation and their severities are at a minimum, thereby miriimizing the 
possibility of waste generation due to the process structure. Thus, the structural 
controllability can be assessed by examining the patterns of disturbance 
propagation through the process. To evaluate it quantitatively, it is convenient 
to define a disturbance vector D, control precision vector C, and disturbance 
propagation matrix Ρ for a process having Ν streams. D comprises all existing 
disturbances which are detrimental to WM. Each element, d{, in D represents 
the intensity of a disturbance exerted at the inlet of stream i. C specifies the 
levels of control precision required for all output variables. Each element, Cj, in 
C represents the control precision required at the outlet of stream j. Ρ lists all 
disturbance propagation in the process. The value of element p. . in Ρ 
corresponds to the intensity of the propagation. Each element in D, C, kid FIS 
quantitatively evaluated by fuzzy set theory as discussed previously. 

To facilitate the evaluation of structural controllability in terms of WM, 
and to compare various process flowsheets, the index, Isc, is created which has 
the following general form. 

E tot,max 
(D,C,P) - E t o t ( D , C , P ) 

I s c = (8) 
E t o t , m a x ( D ' c ' p ) " E t o t , m i n ( D ' C ' p ) 

where max(D,C,P) and E t o t mJniD.QP) characterize a process with 
maximum disturbance propagation and the one with minimum disturbance 
propagation, respectively. Consequently, the former is the least controllable 
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6. EDGAR AND HUANG Synthesis of a Process for Waste Minimization 103 

with the maximum generation of waste which is definitely undesirable; the latter 
is the most controllable with the minimum generation of waste which is also 
undesirable due to extremely high capital and operating costs. In fact, to 
completely eliminate waste generation in a process plant is usually unreachable. 
Our goal is to design a highly controllable process which is characterized by the 
terms, Etot(D,C,P). For a separation process using extractors, absorber, and 
distillation columns or an energy recovery process using heat exchangers, the 
index can be found in (14). 

Module-Based Synthesis 

For the knowledge extracted and formalized thus far to be practical, it is 
imperative that a stagewise procedure for the synthesis be developed; in other 
words, the knowledge represented in the preceding sections should be 
systematically organized. Following the three stages in process synthesis, the 
synthesis procedure consists of three major modules, associated with a number 
of additional modules to perform specific tasks. The relationships of these five 
modules are illustrated in Figure 3. 

Preanalysis Module. The major function of the preanalysis module includes the 
estimation of both of capital and operating costs and making decisions on stream 
matching which should lead to the least waste generation. The costs are 
estimated by pinch technology (11). In the present work, capital cost is 
approximated by counting the total number of process units, a heuristic which is 
commonly used in process synthesis. 

For a synthesis problem, process input and output variables are to be 
identified; process data including normal operation point and fluctuations are 
analyzed and classified by the approach in the preceding sections. After 
classification, a waste minimization assessment table is constructed by activating 
the waste minimization enhancement module. The values of certain grids, i.e., 
the values of the element p.. in the disturbance propagation matrix P, must be 
pre-assigned in the table according to the rules generated for implementing WM 
strategies. Such a WMA table is termed the admissible WM table. The 
pre-assignment of values to these grids implies the most favorable and the least 
favorable decisions on placement of process units. 

Structure Invention Module. A series of decisions is made on the selection and 
placement of process units to match pairs of process streams. Each decision's 
effect on the WM is assessed through evaluation of the index of structural 
controllability, I s c. Note that each stream match directly introduces a 
disturbance propagation path, which may influence WM. The recommendations 
of the locations of process units to be placed, which are reflected in the 
admissible WM table, should be adopted gradually. Several sets of rules for 
reducing the total cost and improving WM are applied to ensure the 
identification of an optimal solution. This module needs to repeatedly activate 
the waste minimization enhancement module and the stream matching module. 
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Structure Evolution Module. The resultant process flowsheet is examined by 
the structure evolution module. Usually, when a number of separately 
synthesized sub-systems in the structure invention module are combined to form 
a complete process, two undesirable situations may occur: (1) the total number 
of process units exceed the minimum requirement, and (2) the WM may 
deteriorate due to newly introduced intense disturbance propagations. Hence, 
trade-offs need to be made among the number of process units, energy or 
material consumption, and WM characterized by structural controllability. The 
trade-off is usually based on engineering judgment. The preference in this work 
is given to the prevention of intense disturbance propagation to the process 
streams whose outlet concentrations of hazardous species need be controlled 
very precisely. 

Waste Minimization Enhancement Module. In this module, the admissible WM 
table needs to be constructed to impose restrictions on stream matching to 
prevent undesirable disturbance propagation. The main part of the table is 
disturbance propagation matrix Ρ as discussed in the preceding section. In the 
table, some elements of Ρ have preassigned values corresponding to either 
preferred or disallowed stream matches. Note that at the preanalysis stage, it is 
impossible to assign values to all elements in the table because of the lack of 
knowledge about the detailed interconnections among streams through process 
units. 

In the procedure, a value of Ml" of the element, pj j, represents the 
unavoidable very severe propagation (pattern-1) originating'from the inlet of 
stream i to its own outlet. A value of T ! of the element, py, i*j, implies a direct 
match between streams i and j, which yields two pattern-1 disturbance 
propagation. This assignment is made according to the intense-propagation-
diverting rule and minor-propagation-introducing rule. Note that the match 
introduced should be thermodynamically feasible. This type of match is useful 
for diverting severe disturbance propagation to a stream whose hazardous 
species concentration needs to be controlled precisely. Thus, waste generation 
can be effectively restricted. 

A value of "0" to the elements, py, i*j, implies that an indirect match will 
lead to a downstream path spanning at least four process units; this is negligible 
propagation (pattern-4). This assignment represents the complete or almost 
complete isolation between streams i and j. Thus, a disturbance of stream i can 
not propagate to the outlet of stream j. This is, in fact, a type of strict constraint 
on waste generation. 

The values of "0.5" and "0.25" represents the restrictions on the path length 
of disturbance propagation between a pair of streams. The value of "0.5" 
indicates that the two streams are connected through at least two process units; 
it corresponds to pattern-2 propagation. The value of "0.25" implies that the two 
streams are linked through at least three process units; it corresponds to 
moderate propagation (pattern-3). The assignment of these different values to 
certain elements in matrix Ρ also enhances WM through controlling disturbance 
propagation. 
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Stream Matching Module. The selection of a stream match from a set of match 
candidates is always based on the information provided by the WMA and the 
admissible WM tables. Each match candidate needs to be evaluated according 
to fuzzified heuristic rules. A candidate with the highest priority is always 
selected. Although it is problem specific, a general procedure for applying the 
heuristic rules is developed. 

Application 

The approach has been successfully applied to synthesize a mass exchanger 
network (MEN) for minimizing phenol waste in an oil refinery. Phenolics are 
considered to be one of the major organic toxic species that should be 
minimized in waste streams in a refinery. Phenol-containing waste streams are 
generated from a number of processes in an oil refinery, such as a phenol 
solvent-extraction process and a catalytic cracking process (15). 

Problem Analysis. In the phenol solvent-extraction process, the waste stream 
leaving the process usually contains excessive phenol. These streams essentially 
come from three process units, i.e., raffinate tower, water/phenol tower, and 
extract stripper as illustrated in Figure 4. Conventionally, these streams are 
mixed first and then enter an absorber in which heated lubricating oil stocks 
absorb phenol from them (15). In reality, the temperature, compositions, and 
flow rates of these streams are always different, and the fluctuations of these 
variables are stream independent. Consequently, mixing these streams is 
thermodynamically inefficient. 

A mass balance computation indicates that lubricating oil alone is 
incapable of reducing the phenol concentration in the mixed stream to a 
tolerable range 0.002). This is especially true when severe disturbances 
appear at the inlet of the stream. Consequently, a MEN is desirable to reduce 
the concentration of phenol species regardless of the existence of various 
disturbances. 

While a family of solvents can be used for recovering phenol, activated 
carbon is utilized in this case; however, the minimum quantity of activated 
carbon is expected to reduce the total cost. The process data for the synthesis 
problem is in Table I. Three streams from the raffinate tower, water/phenol 
tower, and extract stripper are designated rich streams R i , R 2 , and R a , 
respectively; the lubricating oil and activated carbon are lean streams L i and 
L 2 , respectively. Note that the mass flowrate and phenol concentration at the 
outlet of stream L 2 in the table are the upper limits. The intensity of 
disturbances appearing at the inlets of streams and the requirement of control 
precision of phenol concentrations at the outlets of streams are also specified. 
The target is to synthesize a cost-effective and highly controllable MEN. The 
pinch point is located at the lean end of the composite curve in a 
concentration-mass load of phenol species diagram. The minimum number of 
process units to be utilized is five. The minimum consumption of mass 
separating agent (MSA) is 0.0681 kg/s. 
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Figure 3. Connection mode of the modules in a synthesis procedure. 
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Figure 4. Phenol solvent-extraction process. 
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108 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

Solution and Comparison. By the present approach, an optimal solution of the 
synthesis problem, i.e., solution A, is identified in Figure 5. This MEN contains 
three absorbers and two adsorbers which are the minimum number of process 
units. The consumption of activated carbon also reaches the minimum. 
Moreover, it is highly controllable. 

To demonstrate the superiority of the solution, two types of exhaustive 
search are conducted. For the first type of search, the same restrictions are 
imposed as those used in identifying a solution in Figure 5. Three solutions of 
this type are identified. One is the same as the solution structure in Figure 5, 
and the other two, named E-l-a and E-l-b, are depicted in Figures 6a and b, 
respectively. The second type of search is performed by imposing only one 
restriction, i.e., the minimum number of process units. In this case, the 
consumption of MSA is allowed to exceed the minimum requirement, if a 
process is highly controllable. With these restrictions, a large number of 
solutions are identified. For simplicity, only the two best, named E-2-a and 
E-2-b, are illustrated in Figures 7a and b, respectively. 

The superiority of solution A in Figure 5 over the other four solutions 
E-l-a, E-l-b, E-2-a and E-2-b can be understood through examining their 
structures. In this synthesis problem, two intense disturbances exist at the inlets 
of rich stream R 2 and R s . The concentration of phenol species at the outlets 
of rich stream R i and R 2 should be controlled very precisely, and that of R s 
should be controlled moderately. In solution A, these two intense disturbances 
at R 2 and R s cannot propagate to the outlets of R i and R 2 , respectively; the 
intense disturbance at R 2 is not able to reach the outlet of R s . Thus, the target 
concentrations 0.002) of phenol species in R i , R 2 , and R s can be effectively 
controlled. By contrast, the intense disturbance at the inlet of R s will propagate 
to the outlet of R 2 in structures E-l-a and E-2-a; the intense disturbance at the 
inlet of R 2 will reach the outlet of R s in structures E-l-b and E-2-b. Clearly, 
these four solutions are structurally undesirable. 

The five solutions are compared in terms of the consumption of MSA, the 
number of process units, and WM capability which is reflected by the degree of 
structural controllability. As summarized in Table Π, solution A is clearly the 
best one. The phenol concentrations of streams leaving the MEN can be strictly 
controlled to the minimum while yielding the minimum cost. 

Concluding Remarks 

Waste minimization and management are becoming the key issues today in 
chemical and petrochemical industries in complying with the regulations of 
environmental protection. To effectively minimize waste from sources in these 
industries, one of the most important ways is to evaluate the existing process 
structures and modify them if necessary, or design certain sub-processes. An 
artificial intelligence approach has been developed in this work for this purpose. 
By this approach, broad knowledge required for the design activity, whether it is 
symbolic or numeric, can effectively be acquired, represented and manipulated, 
thereby facilitating the design of a cost-effective process with minimal waste 
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0.002 < 

Mn 

0.6364 

0.1485 èàk 0.001 « 

0.2192 A t 0.0015* 

0.9360 m 0.002 [ÛJ-

0.0681 · 0.00071 L2 

OH m α ΐ 5 · · 4.3 

R2 0.10 « · 1.5 

R3 0.07 Μ· 3.2 

<5 [0.6364] 

[0.1736] 

[0.126] 
0.08 à, 12 

[0.0225] 
0.01 A 7.33 

[a0456] 

Figure 5. Optimal mass exchanger network for minimizing phenol species 
waste streams (identified by the AI approach). 
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(b) E-l-b 
Figure 6. Mass exchanger networks for minimizing phenol species in waste 
streams (identified by the first type of exhaustive search). 
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Figure 7. Mass exchanger networks for minimizing phenol species in waste 
streams (identified by the second type of exhaustive search). 
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6. EDGAR AND HUANG Synthesis of a Process for Waste Minimization 113 

generation. The efficacy of the approach has been demonstrated by designing a 
mass exchanger network for minimizing phenol waste streams in an oil refinery. 
This approach is currently being applied to the modification of a process to 
minimize hydrogen sulfide species in waste streams, also in an oil refinery. 
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Chapter 7 

Crystallization of Mechanical Pulp Mill 
Effluents through Hydrate Formation 

for the Recovery of Water 

Cathrine Gaarder, Yee Tak Ngan, and Peter Englezos 

Pulp and Paper Centre, Department of Chemical Engineering, 
The University of British Columbia, Vancouver, 

British Columbia V6T 1Z4, Canada 

This paper presents data toward the development of a new 
crystallization technology for the concentration of pulp mill effluents 
and the subsequent recovery of water. In this process, clathrate hydrate 
crystal formation is the crystallization step. A screening of clathrate
-hydrate forming substances was performed and two substances were 
chosen, carbon dioxide and propane. Experiments were carried out 
with these substances to measure the temperature and pressure 
conditions at which hydrates form in mechanical pulp mill effluent. It 
was determined that hydrate crystals can form in these effluents at 
temperatures several degrees above the normal freezing point of water. 
The measurements were compared with similar hydrate formation data 
in pure water. It was found that the presence of impurities in the 
effluent samples did not cause any appreciable change in the 
equilibrium hydrate formation conditions. 

The pulp and paper industry requires a large amount of water to run its unit 
operations and, as a result, generates a substantial volume of dilute aqueous effluent 
that contains a variety of impurities of both organic and inorganic matter (7). In the 
past few years the discharge limits on these effluents have become increasingly 
stringent. And, as a consequence, the industry must improve the current effluent 
treatment technologies or develop new ones that can substantially reduce the 
pollution load that is now being discharged into the environment. 

The current technologies that are being used include primary and secondary 
treatment systems. Primary systems, e.g. clarifying tanks, physically remove the 
majority of the settleable solids in the effluent whereas secondary systems, 
predominantly biological, remove a large portion of the organic compounds resulting 
in a decrease in the biological oxygen demand, BOD, of the effluent. The mills that 
have secondary end-of-pipe treatment systems in place are capable of complying 
with the current regulations but if these regulations become more stringent, 
as expected, these systems may prove to be inadequate (2). 

0097-6156/94/0554-0114$08.00A) 
© 1994 American Chemical Society 
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7. GAARDER ET AL. Crystallization of Mechanical Pulp Mill Effluents 115 

Therefore, a two-fold approach to implement innovative water management 
strategies that would result in zero-liquid discharge (ZLD) mills is emerging. The 
first part is to modify the internal process to minimize the consumption of fresh feed 
water and the second is to develop cost effective end-of-pipe technologies that can 
recover clean water from the effluent. The separation technologies that are being 
considered for these ZLD systems include evaporation, membrane separation, and 
freeze concentration, also referred to as freeze crystallization (2). Compared with 
other separation technologies the major advantage of a crystallization process is that 
at a given temperature and pressure only one component will crystallize and it will 
do so as a pure crystal (3). The separation process that is the focus of this paper, 
clathrate hydrate concentration, is a variant of freeze concentration. 

Freeze concentration refers to the concentration of an aqueous solution by 
generating a solid phase within the liquid stream, i.e. freezing it, followed by the 
physical separation and melting of the resulting crystals (3). This process is currently 
used by the food industry, e.g. the production of frozen orange juice, and in the 
desalination of seawater (4). The freeze process has the potential to be made more 
economical if the freezing step is modified to generate clathrate hydrates (clathrate 
hydrate concentration). The reason being that clathrate hydrates (5), also referred to 
as hydrates, have the ability to form at temperatures several degrees above the 
normal freezing point of water. Clathrate hydrate crystals are formed at suitable 
pressure and temperature conditions by the physical combination of water molecules 
with a large number of different molecules, e.g. argon, carbon dioxide and propane, 
which can be trapped within a network of hydrogen bonded water molecules (6, 7). 
The gas hydrate crystals contain only water and the hydrate forming substance. The 
concentration of aqueous streams by this process was patented by Glew (8) and was 
also investigated by Werezak (9). Formation of hydrate crystals in seawater was 
considered as the basis of a process to recover pure water. The process was 
demonstrated on a pilot plant stage (10, 11, 12, 13) but did not become commercial 
for economic reasons. The application of the clathrate process has recently become 
of interest in waste minimization as well as in the food products industry (4, 14, 15). 

In this work, we are investigating the formation of clathrate hydrates in 
mechanical pulp mill effluents which are aqueous streams containing organic and 
inorganic substances. The scope of our work is to develop a separation technology 
based on clathrate-hydrate crystal formation. The process will concentrate the 
effluent and recover clean water to be recycled back into the mill. In the present 
study, our objectives are: (a) to select two suitable hydrate forming substances based 
on a number of criteria; (b) to form hydrates in mill effluents and observe the 
characteristics of the crystal formation; (c) to determine the minimum pressure, at a 
given temperature, at which hydrate crystals are formed; and (d) to discuss a 
conceptual process for the recovery of clean water from the mill effluent. 

Background 

Effluents from Mechanical Pulping. In mechanical pulping the wood chips are 
fed through parallel refîner discs which mechanically break down the wood into 
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116 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

individual fibres. There are several different mechanical pulping processes. For 
example, pulp produced by the thermomechanical pulping (TMP) process is 
preheated and refined under pressure whereas bleached chemi-thermomechanical 
pulp (BCTMP) is produced by the addition of chemicals in the preheater, refined 
under pressure, and then bleached. The organic composition of the wood chips 
depends on their age and the wood furnish used. The general composition includes 
extractives (neutral solvent-soluble components), lignins (acid-insoluble aromatic 
compounds), hemicelluloses (mild acid or alkali-soluble carbohydrates), and 
cellulose (strong alkali insoluble carbohydrates). The effluent that results from these 
processes contains the wood material that was not recovered as fibre and traces of 
the chemicals that are added during the process. These components are either 
dissolved in the aqueous media or appear as small particles or colloidal material. 

Clathrate Hydrate Phase Diagram. A partial phase equilibrium diagram for the 
propane-water system in the hydrate formation region is depicted in Figure 1. The 
points indicate experimental data from Kubota et al. (16) whereas the lines are 
interpolations of these data. Line KL is the vapor pressure line for propane. Line AQ 
defines the locus of hydrate-vapor (rich in propane)-liquid-w(rich in water) phase 
equilibrium. At a given temperature the pressure that corresponds to a point on this 
line is the minimum pressure required for hydrate formation. This pressure is often 
referred to as the incipient hydrate formation pressure. Propane hydrate is formed at 
conditions corresponding to pressures and temperatures on the left of line AQ. The 
temperature corresponding to point Q is the maximum temperature at which propane 
can form hydrate. This point is called the upper quadruple point. At this point four 
phases namely, hydrate, vapor, liquid-w and liquid-p(rich in propane) coexist in 
equilibrium. Line AQ extends down to another quadruple point (not shown on the 
plot) at 273.15 Κ where hydrate, ice, vapor and liquid water coexist in equilibrium. 
Line QC defines the locus of hydrate-liquid-w-liquid-p condensed phase equilibrium. 
Propane hydrate is formed when the pressure and temperature correspond to a point 
on the left of line QC. It should be noted that a similar diagram for carbon dioxide 
can also be prepared with data from the literature. 

It is well known that the presence of impurities such as electrolytes in the 
water alters the location of the three phase line. In particular, at a given temperature, 
the required pressure for the formation of clathrate hydrate crystals is higher or at a 
given pressure, the equilibrium hydrate formation temperature is lower (depression 
of hydrate formation). For example, in Figure 1, the incipient hydrate formation 
conditions in a 2.5 wt % NaCl solution are shown. These experimental points are on 
the line A1Q1. The deviation from the formation conditions in pure water depends 
on the concentration of the impurities. Because the mill effluents contain various 
substances, our objective is to determine the locus of the hydrate-vapor-liquid 
equilibrium with the mill effluent as the liquid phase. This will be accomplished by 
measuring the pressure-temperature (P-T) hydrate formation conditions. Knowledge 
of these three phase equilibrium conditions is necessary for the design of the 
clathrate hydrate process. 
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Conceptual Clathrate Hydrate Concentration Process 

There are at least four unit operations used to perform a separation with the 
clathrate hydrate concentration process. These are shown in Figure 2. They include 
the formation of the crystals, the separation of the crystals from the concentrate, the 
decomposition of the crystals, and the recovery of the hydrate former. Clathrate 
hydrate formation is accomplished by mixing the hydrate former with the effluent at 
suitable pressure and temperature conditions. The function of the separation step is 
to remove the clean hydrate crystals from the concentrated solution. This is a 
difficult separation (10, 11) because surface contaminants, impurities in the 
concentrated solution, are attracted to the crystal surface. The degree of this 
attraction will determine both the ease and extent of the separation. These attractions 
can be minimized if the surface area to volume ratio of the crystal is small. Once the 
hydrates are clean they are decomposed and the resulting mixture is separated into 
water and the hydrate former which is then recovered and returned to the hydrate 
formation unit. 

Effluent Sources 

The effluent samples used in this study came from two different mills. One sample 
was obtained from Quesnel River Pulp, in Quesnel, British Columbia, which 
produces both BCTMP and TMP, resulting in a mixed TMP/BCTMP generated 
effluent. The other sample came from Fletcher Challenge, in Elk Falls, British 
Columbia, which produces TMP. The chemicals used during the BCTMP runs at 
Quesnel include sodium sulphite, and DTPA (Diethylenetriaminepentaacetic Acid) 
which are used in the preheating stage, and caustic, sodium silicate, magnesium 
sulphate, DTPA, and a high consistency hydrogen peroxide which are used in the 
bleaching stage (Jackson, M., Sunds Defibrator, personal communication, 1992). 
The total solids content of the TMP effluent was found to be 710 mg/L, compared 
with 30,000 mg/L for the TMP/BCTMP effluent. The volatile solids portion 
increased from 240 mg/L to 12,000 mg/L for the TMP and TMP/BCTMP effluents 
respectively. These differences result from the specific processes and operations 
used at the two mills. It is well known that the use of chemicals in the BCTMP 
process will decrease the pulp yield, in comparison to the TMP process, resulting in 
an increase in the solids load of the effluent. The volume of water used in the process 
will also affect the solids concentration. 

Selection of Hydrate Formers 

Several criteria were used to determine which of the over one hundred hydrate 
formers would be most suitable for this study. The first criterion compared the 
hydrate formation equilibrium curves in pure water to determine which hydrate 
formers could form hydrates at temperatures well above 0°C and at pressures close 
to atmospheric. This was chosen as the initial criterion because the hydrate formation 
temperature must be well above the freezing point of the solution to give clathrate 
hydrate concentration an energy advantage over freeze concentration. The next set 
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of criteria were used to find environmentally acceptable hydrate formers, i.e. hydrate 
formers that are nontoxic, have low ozone depletion potential (ODP), low global 
warming potential (GWP), low explosion potential, and are nonflammable. 

Other criteria that were considered include the solubility of the hydrate 
former in water, its cost and availability. The solubility aids in determining what type 
of a separation step, if any, is required to recover the hydrate former from the water 
phase once the hydrates have been decomposed. The extent of hydrate recovery will 
depend on both the cost of the hydrate former and the degree of process water 
purity that is required. Based on the above selection criteria the two hydrate formers 
chosen for this study were carbon dioxide and propane. Table 1 lists pertinent 
information for these compounds. 

TABLE 1: Hydrate Former Characteristics for Propane and 
Carbon Dioxide 

CHARACTERISTIC CARBON 
DIOXIDE 

PROPANE 

Maximum equilibrium 
Τ & Ρ in pure water 
(quadruple point) 

10.1 °C at 4.5 
MPa 
(19) 

5.3 °C at 0.542 
MPa 
(16) 

Ozone Depletion Potential 
(ODP) 

0 0 

Global Warming Potential 
(GWP) 

1.0 -

Explosion Potential None Lower level 2.1% 
Upper level 9.5% 

Flammability Nonflammable Autoignition 
Temperature 
432°C 

Toxicity Asphyxiant 
TLV 5000 ppm 

Asphyxiant 
(no threshold 
level given) 

Hydrate density (g/cm3) 1.112 0.88 

Solubility in water at 
maximum 
temperature (quadruple 
point) 

6.1 wt percent 0.06 wt percent 

Heat of hydrate formation 
(KJ/mol hydrate) 

-55.0 -133.2 

Number of water molecules 
per gas molecule in hydrate 

7.3 17.95 

Propane is known to be flammable and has an explosion potential if not 
handled properly, but it was decided that due to its wide spread use in other 

 S
ep

te
m

be
r 

14
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
00

7

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



120 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

industries, procedures that would minimize both of these risks could be 
implemented. Carbon dioxide was chosen despite its high hydrate formation 
pressures, up to 45 atm, and its high solubility in water because it is inexpensive, 
nontoxic and does not pose a safety hazard. Other hydrate formers that were 
considered include cyclopropane and the new refrigerant R-134a. It was found that 
the cost of cyclopropane was much higher than that for propane, and that R-134a 
was both expensive and difficult to obtain in small quantities for lab purposes. 

Experimental Apparatus and Procedure 

The experimental apparatus that was used to study hydrate formation in mill 
effluents is described in detail elsewhere (77, 18). The main component of the 
apparatus is the vessel in which the hydrates form. Two different vessels were used. 
The low pressure vessel was used for propane hydrate formation whereas the high 
pressure one was used for carbon dioxide hydrate formation. In both cases, the 
vessel sits inside a glycol-water bath in which the temperature is controlled by an 
external refrigerator/heater, and a uniform temperature maintained by a motor driven 
stirring mechanism. Both vessels had sight windows such that the hydrate formation 
process could be viewed. The procedure used to determine the incipient hydrate 
phase equilibrium data was the same for both of the vessels. At standard procedure 
to obtain such data was used(77). 

Results and Discussion 

Experimental Hydrate Formation Conditions. The objectives of the experimental 
part of this study were to determine if hydrates could form in mechanical pulp mill 
effluents and ,if so, how would the impurities in the effluents affect the formation 
conditions. Initial experiments were performed to ensure that hydrates would form 
in mechanical pulp mill effluents by using propane or carbon dioxide. It was found 
that both propane and carbon dioxide could easily form hydrates in the 
TMP/BCTMP effluent. Subsequently, the incipient equilibrium pressure at 
temperatures above the normal freezing point of water were determined. 

The results of the incipient equilibrium hydrate formation experiments 
determined for the TMP/BCTMP and the TMP effluent samples in the presence of 
propane are shown in Figure 3. Results for pure water are also shown to give a 
comparison. It was found that hydrates formed in both of the effluents at pressures 
only slightly above those needed for hydrate formation in pure water at the same 
temperatures. Figure 3 also shows that hydrates will form in both of the effluent 
samples at very similar conditions. This is a positive characteristic when considering 
the implementation of the clathrate hydrate concentration process as it implies that 
the process can accommodate changes in effluent composition. 

The experiments using carbon dioxide as the hydrate former showed similar 
results to those with propane. The results are shown in Figure 4. Again the 
TMP/BCTMP effluent formed hydrates at pressures only slightly above those for 
pure water at the same temperatures. Also found in Figure 4 are results from a run in 
which pure water was used. The pressure-temperature diagram that resulted from 
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these experiments were in good agreement with data from the literature thereby 
validating the experimental equipment and procedure used in this study. 

The results from both hydrate formers have shown that the impurities in the 
mill effluent did not significantly affect the hydrate formation conditions when 
compared with those in water. This implies that either their concentration is too low 
to cause any appreciable change in the hydrate formation conditions or the effluent 
contains impurities that are not hydrate inhibitors. If indeed hydrate inhibitors exist in 
the effluent then it is expected that as water is removed and becomes a part of the 
hydrate phase the concentration of the impurities will increase. This will result in an 
increase in the pressure needed for hydrate formation to occur. The extent that this 
will affect the formation conditions depends on the amount of water that is to be 
recovered by the process. For example, recovery of 80 percent of the water will 
increase the concentration of the impurities 5 times. In this case, one expects the 
inhibiting action would be roughly five times that in the initial effluent. However, 
because the inhibiting action of the impurities in the initial effluent was small the 
overall increase due to the concentration process should again be small. 

Qualitative observations about the crystals were made in experiments where 
considerable amount of hydrates were formed. The crystals that were formed in the 
presence of propane varied in colour, the ones that floated on top looked to be clear, 
similar to ice, compared to those at the bottom and on the sides of the vessel. The 
reason for the colour of these crystals is not known for sure but it may be due to 
occlusion of concentrate in the vacant space between individual crystals. These 
observations point out the need for more research into the formation process 
(kinetics and morphology studies) before a large scale crystallization unit can be 
designed. 

Conclusions 

Propane and carbon dioxide were selected as suitable hydrate forming substances for 
the clathrate hydrate formation process. Propane was found to form hydrates in both 
types of mechanical effluents that were examined. Carbon dioxide was tested with 
only one of the effluents and was found to form hydrates readily. The pressure-
temperature hydrate formation conditions (partial phase diagram) for both gases 
were determined. It was found that the presence of the impurities in the mill effluents 
altered the pressure-temperature equilibrium locus only slightly. 
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Chapter 8 

Extraction of Mercury from Wastewater 
Using Microemulsion Liquid Membranes 

Kinetics of Extraction 

Karen A. Larson and John M. Wiencek 

Department of Chemical and Biochemical Engineering, Rutgers, 
The State University of New Jersey, P.O. Box 909, 

Piscataway, NJ 08855-0909 

A microemulsion containing a cation exchanger reduces the mercury 
content of an aqueous phase from 500 ppm to 0.3 ppm. This is a 40-
fold improvement over equilibrium extraction. Extraction kinetics are 
first order in mercury concentration and zero order with respect to oleic 
acid concentration and pH which is consistent with film theory 
predictions for an instantaneous reaction that is mass transfer controlled. 
A model of the separation has been formulated and includes mercuric 
ion mass transfer to the droplet surface, equilibrium between aqueous 
mercury and organic mercury complex at the droplet interface, diffusion 
of the complex through the organic phase, and stripping of mercury at 
the internal droplets. Without the use of adjustable parameters, this 
model predicts mercury extraction rate and equilibrium. 

Since the discovery of the toxicity of mercury to humans, the effects of mercury 
contamination in aquatic environments and sediments has been the subject of major 
scientific investigations (7). In addition to contaminated water, there is growing 
concern over leaching of heavy metals, especially mercury, from landfills to nearby 
groundwater. Discarded batteries are a major source of mercury in landfills. In fact, 
household batteries account for 88% of all mercury found in municipal solid waste, or 
about 1.4 million pounds (2). The possibility exists that some landfills could be a 
potential source of mercury in water. As a result, there is a need to not only rectify 
aquatic regions that are known to be contaminated with mercury, but also to have the 
technology available to treat aqueous streams that may become contaminated at some 
future time. 

Several methods exist for recovery of mercury from aqueous streams: 
precipitation of mercury from a caustic solution of mercuric sulfide in the presence of 
aluminum (5); precipitation of mercuric oxide from caustic solutions (4); and solvent 
extraction of mercury ions using ion exchangers (5). With all of these processes, the 
remediation of one contaminated stream results in the formation of another, requiring 
either landfilling or additional aqueous stream treatment (e.g. aluminum precipitation of 
mercury). Treatment such as electroplating is preferred since the recovered metal can 
be reused; however,* the concentration of mercury in some aqueous waste streams is 
too low for efficient use of this technique. 

0097-6156/94/0554-0124$08.00/0 
© 1994 American Chemical Society 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
00

8

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 
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Trace contaminants can be efficiently extracted from waste streams using 
emulsion liquid membranes, a separation technique that combines extraction and 
stripping into a single step thereby minimizing equilibrium limitations inherent with 
conventional solvent extraction (6). When an ion exchanger is incorporated into the 
formulation, coarse emulsion liquid membranes have been used to extract a number of 
metals from aqueous solutions: silver, gold, and palladium ions using macrocyclic 
crown ethers as the organic phase carrier (7), extraction of zinc and chromium ions 
using Aliquat 336 as a carrier (5), extraction of copper using LIX reagents (9-77), and 
extraction of mercury ions using either dibutylbenzoylthiourea (72) or oleic/linoleic acid 
(75) as carriers. Recently, Larson and Wiencek (14) have utilized microemulsions to 
conduct an extraction of mercury from water. 

A microemulsion is an optically transparent, thermodynamically stabilized 
dispersion of two immiscible phases. Such systems offer potential advantages when 
used as a liquid membranes over a coarse emulsion liquid membranes which are only 
kinetically stable (75). A microemulsion forms spontaneously when the components 
(typically consisting of an aqueous phase, organic phase, surfactants, and other 
additives) are brought into contact. While the mechanism of extraction is similar to that 
of coarse emulsion separations, the physical nature of the emulsion phase is quite 
different For example, the internal droplet size in a coarse emulsion is on the order of 
1 mm while the droplet size range in a microemulsion is 50-1000 Â. The interfacial 
tension between the organic and aqueous phases of a microemulsion is generally less 
than 1 dyne/cm; an order of magnitude less than that measured for coarse emulsions 
(76) . The smaller internal droplet size and lower interfacial tensions ultimately result in 
much faster mass transfer rates due to increased surface area for mass transfer and 
reaction. The thermodynamic stability of the microemulsion can result in reduced 
leakage and coalescence for some formulations, and finally, microemulsions can be 
emulsified or demulsified by changing the temperature, for example. The disadvantage 
is that the aqueous content of the microemulsion is limited by thermodynamic 
constraints. For example, a microemulsion containing an internal phase consisting of 
IN NaOH does not leak when used as a liquid membrane; however, if 10 Ν NaOH is 
desired, a microemulsion will not form at all. In contrast, a coarse emulsion can be 
made with either internal phase. Microemulsions have been used to separate acetic acid 
from water (75) and copper ions from water using a microemulsion containing 
benzoylacetone (77). 

In order to successfully model the extraction process, both the equilibrium and 
kinetics of the metahliquid ion exchanger reaction must be determined and related to the 
other transport processes occurring during a liquid membrane separation (mass 
transfer, diffusion, reaction). The liquid ion exchanger chosen for this work is oleic 
acid because it forms a microemulsion which is stable when used as a liquid membrane 
(74). In this paper, the extraction and stripping of mercury and oleic acid is 
characterized as a function of mercury, oleic acid, modifier concentration and pH. 
Equilibrium models are then developed by identifying the appropriate aqueous and 
organic phase reactions. The kinetics of the mercury:oleic acid reaction are then 
evaluated as a function of mixing, mercury, oleic acid and hydrogen ion concentration 
and compared to film theory models for two phase reactions. Finally, a 
diffusion/reaction model is developed for extraction of mercury with oleic acid in a 
batch stirred tank reactor. 

Experimental 

Materials. The chemicals used in this study were: oleic acid (food grade, Fisher), 
mercuric nitrate monohydrate (Fisher), tetradecane (Fisher and Humphrey Chemical) 
and sulfuric acid (Fisher). Surfactants and modifiers were: Igepal CO-210 (Rhone-
Poulenc), Igepal CO-430 (Rhone-Poulenc), DM-430 (GAF), and decanol (Kodak). 
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Procedures. Experiments to determine the distribution of mercury salts between 
aqueous and organic phases were carried out in test tubes. Unless otherwise noted, 
equal volumes of organic and aqueous phases were mixed on a tube rotator for a 
minimum of 1 hour at ambient temperature (18-23°C) and then centrifuged on a 
laboratory centrifuge for five minutes to disengage the phases. The mercury 
concentration in the aqueous phase was measured using the mercury hydride 
procedure on a Perkin-Elmer Model 3030 Atomic Absorption Spectrophotometer at a 
wavelength of 253.7 nm. The concentration of the organic mercury salt was calculated 
by material balance. 

Kinetics of mercury extraction with oleic acid were evaluated in a modified 
Lewis cell shown in Figure 1. In these experiments, 175 ml of aqueous solution was 
added to the cell. The organic phase, consisting of tetradecane, oleic acid and 10 
w/w% CO-210 surfactant, was poured on top of the aqueous phase. Great care was 
taken to minimize the mixing of the two phases. The agitation was started (Lightnin 
DS1010 motor) and 2 ml samples of the aqueous phase were taken every minute for ten 
minutes. In order to maintain a constant liquid level in the cell, two ml of DI water was 
added to the aqueous phase via the sampling port after each sample was taken. The 
samples were analyzed for mercury by atomic absorption. 

For the purpose of modeling the kinetics and measuring drop size, the model 
experimental system of Skelland and Lee (18) was used. The stirred tank reactor 
consisted of an 8 liter glass tank having a diameter of 22.5 cm and a height of 25 cm 
and containing four aluminum baffles having dimensions of 2x22 cm. Mixing was 
accomplished using a single stage, six flat blade Rushton turbine powered by a 
Lightnin Model DS1010 motor. Photographs of the dispersed oil phase were taken 
using an Olympus Boroscope Model OES F100-OHH-000-30 attached to an Olympus 
Model OMPC 35 mm camera. The light source was an Olympus Model KMI-5 
Multifunctional Light Source fitted with a fiber optic cable. A schematic representation 
of the tank set-up is shown in Figure 2. 

Microemulsions were formulated by equilibrating tetradecane containing 0.35 
M oleic acid, stripping reagent (sulfuric acid) with a surfactant, DNP-8, an ethoxylated 
dinonylphenol having an average of 7 ethylene oxide groups per molecule. 
Equilibration time was 4-12 hours. The aqueous content of the microemulsion was 
analyzed using a Mettler Model DL18 Karl Fisher titrator. 
Results and Discussion 

Microemulsion Liquid Membrane Extraction of Hg+2. To demonstrate the 
efficiency of microemulsion liquid membrane extraction compared to conventional 
solvent extraction, a microemulsion was formulated with 0.35 M oleic acid in 
tetradecane, 10 w/w% DNP-8, and 6 Ν sulfuric acid. At equilibrium, a clear 
microemulsion phase and excess aqueous phase could be observed. The aqueous 
content of the microemulsion phase was 11 w/w %. Typical separation kinetics are 
shown in Figure 3. The organic phase in the control experiment consisted of 0.35 M 
oleic acid in tetradecane with 10 w/w% CO-210 with no internal phase. Extraction of 
the feed phase with this formulation reduced the mercury content to 8.2 ppm . 
However, the feed phase after extraction with the microemulsion liquid membrane 
was reduced to 0.23 ppm. These results illustrate a major advantage of liquid 
membrane separations: more efficient extractions in a single stage because of the 
favorable shift in equilibrium resulting from the use of an internal phase that 
simultaneously strips mercury from the organic phase while it is being extracted from 
the bulk aqueous phase. Since the eventuâ goal is to model this kinetic behavior, it is 
necessary to first characterize the extraction and kinetics of the mercury:oleic acid 
system (without the internal phase). The rest of the discussion will encompass this 
characterization. 
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Figure 1. Schematic Representation of the Stirred Cell for Kinetic 
Studies 

Lightnin Motor 

W 22.5 cm H 

Figure 2. Schematic Representation of the Batch Reactor and 
Photographic Setup 
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Figure 3. Extraction of Hg+2 using an Oleic Acid Microemulsion 
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128 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

Equilibrium Extraction and Modeling (No Internal Phase). When halide 
anions are not present in the aqueous phase, mercury exists primarily as Hg+2. The 
extraction of mercury into tetradecane containing 0.10 M and 0.35 M oleic acid as a 
function of aqueous phase equilibrium pH is illustrated in Figure 4. The shape of the 
curves is characteristic of metal extraction behavior with cation exchangers (19). At 
low pH, very little mercury is extracted. As the pH is increased, extraction efficiency 
improves markedly. The maximum extraction occurs at an equilibrium pH of about 
2.5. Extractions at pH higher than about 2.8 are not possible because of the formation 
of the insoluble oxide salt of mercury. As expected, the higher concentration of oleic 
acid shifts the ecmilibrium curve towards lower pH values. Similar trends were 
observed forHg+2 extractions using capric acid and di(2-ethylhexyl) phosphoric acid 
(D2EHPA) (data not presented here). The extraction stoichiometry is determined 
performing loading experiments at high pH (around 2.5) where mercury extraction 
with oleic acid extraction is most efficient. Extraction levels off at a 1:4 ratio of 
mercury to oleic acid. 

Modeling the extraction behavior requires identification of the aqueous phase 
reactions as well as consideration of the observed reaction stoichiometry in the organic 
phase. Since mercuric nitrate was used as the source of mercury and pH adjustments 
were accomplished with nitric acid and sodium hydroxide, the aqueous phase reaction 
equilibria considered were: 

Hg+2 + N03- <~> HgN03+ logK=0.33 (1) 
Hg+2 + 2N03- <-> Hg(N03)2 logK=-1.36 (2) 
Na+ + H20 <--> NaOH + H+ logK=-14.20 (3) 
Na+ + NO3- <-> NaN03 K=1.0 (4) 

The value for the equilibrium constants are from the literature (20). Aqueous phase 
activity coefficients were estimated using the modified form of the Debye-Huckel 
equation: 

Ln γ = -0.509*Z2 ^ + 0.151 
L(1.0 + I05)J (5) 

where Ζ is the charge of the ion and I is the solution ionic strength (20). Determination 
of the organic phase reaction with oleic acid was difficult since very little 
characterization of oleic acid under these conditions has been reported. In general, 
carboxylic acids form dimers in non-polar organic liquids as a result of intermolecular 
hydrogen bonding (21). By taking into consideration dimer formation of the oleic acid 
as well as the experimentally observed stoichiometry of 1:4 (mercury:oleic acid), the 
following form of the organic phase reaction is suggested: 

Hg+2 + 2(HR)2 <--> Hg(R-HR)2 + 2H+ (6) 

These equations, together with material balances for mercury, sodium, nitrate, oleic 
acid and charge, were solved numerically. The equilibrium constant for the organic 
phase reaction which gave the best fit of the data was 0.45+/-0.13. Model calculations 
are shown as solid lines in Figure 4. 

Surfactant and Modifier Effects. While the extraction efficiency of the oleic 
acid/tetradecane system is quite high and the aqueous solubility of the organic phase is 
low, one disadvantage of this particular system is the formation of a solid phase, 
especially at high mercury loadings. This solubility problem is common when aliphatic 
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8. LARSON AND WIENCEK Extraction of Mercury from Wastewater 129 

solvents are used and can be overcome with the use of a modifier such as a long chain 
alcohol or nonylphenol (27). Several equilibrium experiments were performed to 
determine the effect of modifiers (decanol, CO-210 and CO-430) in the oleic 
acid/tetradecane system on extraction equilibrium as well as solid phase formation. 
CO-210 and CO-430 are ethoxylated nonylphenols having 1.5 and 4 ethylene oxide 
groups per molecule, respectively. These surfactants were chosen for two reasons: 
they have a low water solubility; consequently, they do not form emulsions during an 
extraction; and, they are similar in structure to the surfactant required for the 
stabilization of the microemulsion system described earlier. 

The effect of the presence of 10 %wt CO-210 in a solution containing 0.32 M 
oleic acid in tetradecane on mercury extraction equilibrium is evident in Figure 4. The 
equilibrium curve has shifted markedly to the left; thus, drastically reducing the pH 
dependency of the extraction as well as eliminating solid phase formation. A 10% 
solution of CO-210 in tetradecane (no oleic acid) did not extract mercury to any 
significant extent. The effects of CO-210, CO-430 and decanol on mercury extraction 
are shown in Figures 5-a and 5-b. Because of the high extraction efficiency of oleic 
acid, the effects of the addition of these modifiers on extraction is most readily seen by 
looking at the residual mercury content of the aqueous phase. Consequently, the y-axis 
data are plotted as a ratio of mercury concentration in the aqueous phase without 
surfactant to that with surfactant This ratio represents an extraction enhancement effect 
(a ratio greater than 1 implies improved extraction as a result of the presence of the 
modifier). Modifier concentration is plotted on the ordinate. Figure 5-a shows that all 
three modifiers, when added with oleic acid, improve mercury extraction from the 
aqueous phase. The shape of the curves are similar. When the data are plotted as a 
function of oxygen content of the modifier, as shown in Figure 5-b, all three curves 
collapse onto a single curve suggesting that the enhancement effect is due in some way 
to the synergistic effects of the polar oxygen groups. In fact, the general shape of the 
curve can be modeled by postulating the formation of a dimer of the mercury/oleic acid 
complex of the form: 

In this case, the hydrophilic groups on the modifiers play a role in facilitating the 
formation of the dimer. Formation of a complex dimer in the organic phase is 
consistent with the observed behavior for copper and nickel extraction using aliphatic 
carboxylic acids such as capric acid (22-24). 

Mercury Stripping from Oleic Acid. Mercury can be efficiently back-extracted 
from oleic acid using a strong mineral acid such as nitric, hydrochloric, or sulfuric 
acid. Mercury stripping from oleic acid using 6N sulfuric acid at an organic:aqueous 
ratio of 10 (the same concentration as that used in the microemulsion formulation) is 
shown in Figure 6. The scatter in the data is attributed to the high concentrations of 
mercury used in the study since small errors in the analysis of the aqueous phase could 
result in larger errors in the organic phase calculation. At the higher concentrations, 
some precipitation was also observed. The equilibrium modeling of the back-
extraction takes into account the following aqueous phase reactions: 

2 HgR2-2RH + Oxygen <--> (HgR2*2RH)2 (7) 

H2S04<-->H+ +HSO4-
HSO4- <--> H+ + SO4-2 
Hg+2 + SO4-2 <--> HgS04 
H2O <--> H+ + OH-

LogK=1.98 
LogK=-1.98 
LogK=1.41 
LogK=-14 

(8) 
(9) 
(10) 
(Π) 
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Figure 4. Extraction of Hg+2 with Oleic Acid 
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Figure 5-a. Effect of Modifiers on Mercury Extraction with Oleic Acid 
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8. LARSON AND WIENCEK Extraction of Mercury from Wastewater 131 

The equilibrium constants were taken from the literature (20). Since the organic phase 
included 0.35 M oleic acid as well as 10 w/w% CO-210 surfactant, the organic phase 
reactions include the complex dimer reaction (equation 7) with LogK=3.2 as well as: 

HgR2-2RH + 2H+ <--> Hg+2 + 2 (HR)2 (12) 

The equilibrium constant for stripping which best fit the data was 32.8+/-7.1. 

Mercury Extraction Kinetics. Initial experiments for determination of 
mercury:oleic acid extraction kinetics were carried out in the 8 L stirred tank reactor 
using a 10:1 aqueous:organic ratio; however, the extraction rate was so fast that >90% 
extraction was complete in less than 1 minute. Consequently, experiments were 
conducted in the modified Lewis cell which maintains a considerably smaller interfacial 
area between the two phases than a stirred tank, thus slowing down the reaction 
kinetics. 

Figure 7 illustrates the effect of mixing speed on extraction rate. Extraction 
rate increases with mixing speed over the range 50-100 rpm. Above 100 rpm, some 
turbulence at the aqueous/organic interface was observed. Below 40 rpm, the agitation 
could not be maintained at a constant rate. The effect of initial mercury concentration 
in the aqueous phase on the initial extraction rate is shown in Figure 8. Here, the rate 
of extraction has been calculated as follows: 

R 0 = [ H g ] 0 d x X ^ - L - l - [mol/cm2/s] 
dt A 601000 (13) 

where V is the volume of the aqueous phase and A is the interfacial area. The plot has 
a slope of 1.2 which is interpreted to be first order dependence with respect to 
mercury concentration over the concentration range 0.001-0.004 mol/1. In Figure 9, 
the extraction rate is plotted as a function of pH at several different mixing speeds. As 
in Figure 7, the overall rate of extraction at each pH increases with mixing speed, 
however, at a given mixing speed, the rate of extraction is essentially independent of 
pH over the range 1.80-2.55. In addition, all the lines are parallel indicating that there 
is no transition between different regimes or mechanism. In addition, Figure 10 
shows the initial extraction rate as a function of oleic acid concentration. Here again, 
the extraction rate is essentially independent of oleic acid concentration over the range 
0.035-0.35 M. All of the above concentration ranges are within the range that will be 
employed in the microemulsion formulations. 

These kinetics can be interpreted using film theory predictions for two phase 
reactions (25). In fact, film theory was used to interpret copper extraction with 
benzoylacetone in a Lewis cell (26). In attempting to determine which of the reaction 
regimes is controlling, several assumptions are made: (1) The reaction is irreversible; 
(2) Hg+2 is insoluble in the organic phase; (3) oleic acid is sparingly soluble in the 
aqueous phase and as a consequence, the reaction is homogeneous; and, (4) there is no 
mass transfer resistance in the organic phase. Assumption 1 is reasonable considering 
that only initial rate data was used to calculate the extraction rate and the data over the 
10 minute time interval is linear. The experimental conditions overwhelmingly favor 
the forward extraction (mercury into the organic phase). Assumption 2 is valid because 
control experiments show that Hg+2 i s not extracted into tetradecane without the 
presence of oleic acid. The solubility of oleic acid in water was estimated by measuring 
the total organic carbon of an aqueous sample after prolonged contact with the organic 
phase. The solubility is approximately 1x10"̂  mol/1 which is considerably lower than 
typical 'sparingly soluble' materials (lxlO"2 mol/1) (27). This would imply that the 
reaction probably occurs at the interface rather than in the bulk aqueous phase. The 
assumption of no mass transfer in the organic phase is valid because of the excess of 
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Mercury in Aqueous Phase (g/l) 

Figure 6. Mercury Stripping from Oleic Acid using 6N Sulfuric Acid 
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Figure 7. Effect of Mixing on Mercury Extraction Kinetics 
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Figure 8. Effect of Initial Mercury Concentration on Rate of Extraction 
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Figure 10. Effect of Oleic Acid Concentration on Mercury Extraction Rate 
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134 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

oleic acid compared to that of mercury as well as the favorable distribution coefficient 
for the mercuryroleic acid complex. 

Film theory predicts four possible reaction regimes depending upon the relative 
rates of diffusion and reaction. (1) Very slow reaction. In this regime, the reaction is 
so slow that diffusional factors are unimportant, only the kinetics. In this case, one 
would not expect to observe an effect of mixing on reaction rate as is the case for the 
mercuryroleic acid system. (2) Slow Reaction. If our system were in this regime, the 
concentration of the oleic acid in the bulk aqueous phase would be zero, but would be 
finite in the mass transfer film. The rate expression in this case would be first order in 
oleic acid concentration. In our system, however, the rate is independent of oleic acid 
concentration. (3) Fast Reaction. The oleic acid would be depleted within the mass 
transfer film, but Hg+2 would not. This regime is a special case in that a first order 
reaction in oleic acid would have an observed rate that would be proportional to oleic 
acid concentration. If the reaction were zero order in oleic acid, the observed rate 
would be proportional to the one half power of oleic acid. Again, since our observed 
rate is independent of oleic acid concentration, this is most likely not the reaction 
regime. (4) Instantaneous Reaction. The reaction is so fast that it is assumed to occur 
in an infinitesimally thin plane. In this case, the rate would be independent of oleic acid 
concentration but would be proportional to Hg+2 concentration and the aqueous phase 
mass transfer coefficient. This is consistent with the first order behavior of mercury 
concentration shown in Figure 8. In fact, given this interpretation of the data, the 
mass transfer coefficients for the Lewis cell can be calculated from the slope of the data 
at each agitation rate in Figure 7. The mass transfer coefficients range from 0.001 to 
0.004 cm/s which is within the range of mass transfer coefficients determined for 
Lewis cells (28-29). 

Modeling Mercury Extraction Kinetics in a Stirred Tank Batch Reactor. 
Based on the information developed in the previous sections, the following 
assumptions are made: 1) Mercury extraction with oleic acid is a mass transfer limited 
process. 2) At the aqueous/organic interface, mercury is in equilibrium with oleic acid 
following equation 6. 3) As mercury diffuses into the drop, the complex dimerizes 
according to equation 7. The mathematical description of this process is as follows: 

Bylk Phase 

e 3t "R 
9(Hge) = 3_ (Vm+Vi)Z> (14) 

= VekLa(Hge-Hgs) 

where: 

a (15) 
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8. LARSON AND WIENCEK Extraction of Mercury from Wastewater 135 

The following boundary and initial conditions apply: 

att=0, Hge=Hg0 

for r£R, C=0, B=B 

H 2 - Csftfl2

 t U » (16) 
* Keq[HR2]2 Y H g 

Organic Phase: In the organic phase, the transport of free oleic acid is modeled by: 

Vm? =VmDe at 
3 2 B 2 3B 

The transport of the mercury:oleic acid complex is modeled by: 

ac2 3C 
dt V m ^ = VmDc ^ç + 2 . aç 

3r2 r or 
-2V„ 3t 

(17) 

(18) 

C2 represents the complex dimer that is formed in the organic phase as a result of the 
presence of oxygen in the surfactant according to the following reaction: 

on 

2 C + Oxy = C2 

C2 = Keq[Oxy][C]2 

Keq=1600(l/mol)2 (19) 

(20) 

This expression can now be substituted into equation (18). The initial conditions for 
these equations are: 

att=0, B=B0, C=0, and C2=0 for the globule interior. 

Because the oxygen concentration of the 10% wt. CO-210 is approximately 0.7 mol/1 
compared to the typical mercury complex concentration in the organic phase of 10"̂  
mol/1, the oxygen concentration can be taken to be constant over the course of the 
extraction. Consequently, a new equilibrium constant can be defined as follows: 

K^KeqtOxy] (1/mol) (21) 

therefore: 
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The boundary conditions are: 

at r=0, 
3 B _ d C = 0 

dr ~3 r 

kL(Hge-Hgs) = - D B l ^ = D C 

2 3r 3r 

3C 
at r=R, 

The following dimensionless variables are defined: 

length scale 
time 
bulkHg 
oleic acid 
complex#l 
complex#2 

volume fraction 

Biot number 

X=r/R 
t=Dc t/R2 

A=Hg/Hg0 

BB=B/B0 

CHG=2C/B0 

C2=4C2/BQ 

Phi= V i + V m 
V e 

BÎ=ÎSLB. 
De 

The dimensionless form of the equations become: 

External Phase 

3A 
— =-3*Phi*Bi(A-As) 
at 

Globules 

at t=0, A=l 

As = 

3BB 
at 

C S H 2 1(5 
Keq (B0 -2CS)2 YHg 

= r B C 
32BB . 2_9BB 
ax2 χ ax 

[1 + 2K,B0CHG]^^-=DC 

at 

at t=0, BB=1, CHG=0, C2=0 

3BB 3CHG 

a2CHG 29CHG 
ax2 χ ax 

at X=0, 

atX=l, 

ax" ax ~° 

3CHG _ 2 Hg0,eBi 
ax Bo (A-As) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 
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8. LARSON AND WIENCEK Extraction of Mercury from Wastewater 137 

The model equations were solved using an implicit finite difference method. Two 
simplifying assumptions have been made. {1} The pH of the bulk is set at the 
equilibrium pH. It is not a changing variable. This assumption is reasonable because 
the pH range at which mercury extraction from the bulk occurs is in the range that is 
most efficient for mercury extraction (it is in the horizontal portion of the %Hg 
Extracted vs. pH curve of Figure 4). In other words, it is in the range where mercury 
extraction is not very sensitive to pH. Fixing the equilibrium pH will not affect the 
overall rate of extraction in the model since the initial extraction rate is severely mass 
transfer limited. {2} The diffusivity of the free oleic acid and the complex are 
assumed to be equal. The diffusivity for the oleic acidrmercury complex was calculated 
using the Wilke-Chang (30) correlation and was found to be 1.00 χ 10~6. The droplet 
size in the tank was measured photographically and the Sauter mean diameter was 
calculated to be 0.0076 cm at 350 rpm. The aqueous phase mass transfer coefficient 
was calculated using the Skelland and Lee (18) correlation for low interfacial tension 
solutions and was found to be 0.00331 cm/s. It is important to note that this value is 
within the range of mass transfer coefficients in the Lewis cell experiments where the 
mercury extraction rate was concluded to be mass transfer limited. 

Results of the model calculations are shown in Figures 11 and 12. Figures 11-
a and 11-b show the effect of Biot number on mercury extraction from the bulk 
solution at short and long times. As expected, lower values of the Biot number 
(corresponding to a lower value for the mass transfer coefficient) result in slower 
extraction kinetics. The curve corresponding to a Biot number of 25.1 has been 
calculated for our system using the measured value for the Sauter mean diameter and 
correlations for the diffusivity and mass transfer coefficient described previously. 
This value results in a predicted extraction rate that agrees quite well with the 
experimentally determined extraction rate (points). At longer times, the model predicts 
a final mercury concentration of 15.8 ppm while the experimentally determined 
equilibrium concentration is 20 ppm. Considering that there are no adjustable 
parameters in this model, and that all parameters that have been used were either 
measured by independent experiments or determined from separate correlations, 
agreement between theory and experiment is good. Figures 12-a, 12-b, and 12-c 
illustrate the effect of Biot number on the transport process occurring within the 
organic phase. Specifically, the complex dimer concentration is monitored as a 
function of time and Biot number. For example, with a Biot number of 7.58, 
transport of mercury into the drop is so slow that the diffusion process for the dimer 
maintains nearly a constant concentration throughout the drop. External mass transfer 
is significant for the entire extraction process. As the Biot number increases, dimer 
concentration at the surface also builds up. This is especially evident at Biot number of 
75.8. Over time, however, as equilibrium in the bulk phase is approached, the 
extraction rate slows down and, as a result of diffusion and equilibrium within the 
drop, a nearly constant dimer concentration is attained throughout the drop. 

Conclusions 

Equilibrium extraction and stripping of mercury with oleic acid has been characterized 
as a function of pH, mercury, oleic acid and modifier concentration. The equilibria 
have been modeled by assuming a mercuryroleic acid complex of the form: 
HgR2*2RH having an extraction equilibrium constant of 0.449. Extraction of mercury 
is enhanced by the presence of surfactant or modifier. The effect has been postulated to 
be complex dimer formation in the organic phase. While this behavior is consistent 
with that observed for other metals, spectroscopic studies are needed to confirm this 
structure. Kinetics of mercury extraction were found to be first order in [Hg+2], and 
ze*o order in [pH] and [Oleic acid]. This behavior is consistent with instantaneous 
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Figure 11-a. Mercury Extraction in a Batch Stirred Tank: 
Theory vs. Experiment for Short Time 
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Figure 11-b. Theory vs. Experiment for Long Times 
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reaction kinetics that are mass transfer limited. A diffusion/ reaction model for the 
extraction kinetics which accounts for these observations has been developed for a 
batch stirred tank system. Using independently measured or calculated values for 
various parameters, this model predicts mercury extraction kinetics and equilibrium 
quite well. Future work will be directed at incorporating the internal phase reaction into 
the model. 

Nomenclature 

Β oleic acid concentration- (HR)2 (mol/cm̂ ) 
C mercury/oleic acid complex #1 (HgR2*2RH) (mol/cm̂ ) 
C2 mercury /oleic acid dimer (mol/cm̂ ) 
D diffusivity (cm̂ /s) 
YH hydrogen ion activity coefficient 
Yfjg mercury ion activity coefficient 
Hg mercury ion (mol/cm̂ ) 
Keq equilibrium constant 
kL mass transfer coefficient (cm/s) 
Oxy oxygen concentration in surfactant (mol/cm̂ ) 
R radius (cm) 
t time(s) 
V volume (cm̂ ) 

Subscripts 

e external or bulk phase 
i interface or surface 
m membrane phase (organic phase) 
ο initial concentration 
s surface 
Acknowledgments. This work has been sponsored by the USGS Cooperative 
Program in Water Resources, Hazardous Substance Management Research Center of 
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Chapter 9 

Removal of Gasoline Vapors from Air 
Streams by Biofiltration 

W. A. Apel1, W. D. Kant2, F. S. Colwell1, B. Singleton2, B. D. Lee1, 
G. F. Andrews1, A. M. Espinosa1, and E. G. Johnson1 

1Center for Bioprocessing Technology and Environmental Assessment, 
The Idaho National Engineering Laboratory, Idaho Falls, ID 83415-2203 

2Industrial Division, EG&G Rotron, Saugerties, NY 12477 

Research was performed to develop a biofilter for the 
biodegradation of gasoline vapors. The overall goal of this effort 
was to provide information necessary for the design, construction 
and operation of a commercial gasoline vapor biofilter. 
Experimental results indicated relatively high amounts of gasoline 
vapor adsorption can occur during initial exposure of the biofilter 
bed medium to gasoline vapors. Biological removal occurred over 
a 22 to 40°C temperature range with removal being completely 
inhibited at 54°C. The addition of fertilizer to the bed medium did 
not increase rates of gasoline removal in short term experiments in 
the relatively fresh bed medium used. Microbiological analyses 
indicated that high levels of gasoline degrading microbes were 
naturally present in the bed medium and that additional inoculation 
with hydrocarbon degrading cultures did not appreciably increase 
gasoline removal rates. At lower gasoline concentrations the vapor 
removal rates were considerably lower than those at higher 
gasoline concentrations indicating that substrate availability (i.e. 
transport) was limiting in the system. This implies that system 
design facilitating gasoline transport to the microorganisms could 
substantially increase gasoline removal rates at lower gasoline 
vapor concentrations. Preliminary results from tests of a field 
scale prototype biofiltration system showed volumetric productivity 
(i.e. average rate of gasoline degradation per unit bed volume) 
values consistent with those obtained with the columns at similar 
inlet gasoline concentrations. In addition, total BTEX removal 
over the operating conditions employed was 50-55%. Removal of 
benzene was approximately 10-15% while removal of the other 
members of the BTEX group was much higher, typically > 80%. 

0097-6156/94/0554-0142$08.00/0 
© 1994 American Chemical Society 
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9. APEL ET AL. Removal of Gasoline Vapors from Air Streams 143 

The use of gas/vapor phase-grown microorganisms to remove organic components 
from gas streams is a technology that is currently under active development. 
Initial information indicates that gas/vapor phase bioreactors may be suitable for 
the selective removal of a number of different gases and vapors from gas streams, 
and as such, have a major role to play in the efficacious, cost-effective 
remediation of volatile pollutants from a number of different environmental 
media. This view is supported by the work of researchers in the United States 
together with the results from field applications of gas and vapor bioprocessing in 
Europe, particularly in Germany and The Netherlands (1, 2, 3, 4, 5, 6, 7, 8). 
Most of these European applications have employed a particular type of gas/vapor 
phase bioreactor known as a biofilter. 

In concept, biofilter design is relatively simple. The biofilter consists of a 
filter bed within a physical container, often times a box or a column which may 
be either closed or open (Figure 1). A gas distribution system is present to route 
the gas/vapor stream through the bed. The bed usually consists of a soil or 
soil/compost mixture which supports the growth of microorganisms capable of 
metabolizing the gas or vapor to be treated. During operation, the bed is 
maintained in a moist, but non-saturated condition, to enhance growth of the 
microbes which form a thin biofilm on the surface of the bed medium, while 
allowing maximum gas transport to the bed. The gas or vapor stream to be 
treated is passed through the bed where the microbes present in the biofilm 
metabolize the gas or vapor. The end products of this metabolism are typically 
carbon dioxide, water, additional microbial biomass, and, depending on the 
composition of the gas stream treated, inorganic salts. 

As many as 500 biofilter applications are believed to be active in Europe (8). 
Many of these applications are directed towards odor control from a variety of 
sources including agriculture, food processing, slaughter houses, sewage 
treatment and rendering plants. Other applications include control of volatile 
toxic compounds from chemical plants, coating operations, and foundries. 

Biofiltration ideally complements vacuum vapor extraction (WE) technology 
which is becoming widely accepted for the remediation of volatile contaminants 
from both vadose and saturated soil zones (9). WE operations result in a vapor-
rich off-gas stream that often requires further treatment before release into the 
atmosphere. This treatment typically consists of filtration of the off-gas stream 
through activated carbon or incineration (10, 11). While effective, both of these 
treatments are expensive and may constitute up to 50% of the cost of an ongoing 
VVE operation. Biofiltration is an alternative VVE off-gas treatment (Figure 2) 
since numerous WE off-gas components like hydrocarbons and halocarbons can 
be attacked and degraded microbiologically. 

Hydrocarbon degradation by both pure cultures and consortia of 
microorganisms is well documented. Under aerobic conditions, microbes can 
mineralize to C02 essentially all hydrocarbon volatiles including aliphatics and 
aromatics following typical Michaelis-Menton reaction kinetics (12, 13, 14). The 
goal of the research reported below was to generate the information necessary to 
design, construct and operate a prototype commercial biofilter using these 
organisms to remove gasoline vapors from WE off-gas streams. 
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Gas Stream Out 

Gas Stream In 

Air Distribution System * 
Water Drain 

Figure 1. Schematic of closed biofilter. 

Gas Stream Out 

Figure 2. Schematic of vapor vacuum extraction off-gas treatment with a 
biofilter. 
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9. APEL ET AL. Removal of Gasoline Vapors from Air Streams US 

Materials and Methods 

Bed Médium. The bed medium used for serum vial and column experiments 
was a proprietary blend which was developed to minimize gas flow channeling 
while facilitating the growth of microorganisms. In all experiments, sufficient 
water was added to the bed medium blend to create a soil suction of 10 centibars 
as measured with a 2100F Soilmoisture probe (Soilmoisture Equipment Corp, 
Santa Barbara, CA). 

Terminology. In convention with commercial VVE terminology, gasoline vapor 
concentrations are reported in terms of parts per million (ppm). Unless otherwise 
specified, ppm concentrations were determined based on volume to volume 
comparisons. 

Optimum Temperature. Four temperatures were screened for maximum 
gasoline vapor removal rates; 22, 30, 40 and 54°C. Five g of bed medium was 
added to 120 ml serum bottles and the bottles were sealed with 20 mm teflon 
lined rubber stoppers secured with aluminum crimp rings. Gasoline was added to 
the serum bottle headspace at a concentration of 400 ppm. Head space samples of 
1.0 ml were analyzed via gas chromatography (GC) for total hydrocarbon content 
over time. Likewise, samples of 250 μΐ were analyzed via GC to monitor 
changes in Oj and C02 concentrations in the headspace. This and all other 
serum bottle experiments reported below were conducted in triplicate and the 
results were averaged, unless otherwise stated. 

Inectria Testing. Two commercially available hydrocarbon degrading microbial 
cultures and a bed medium leachate were tested for enhancement of hydrocarbon 
removal in the biofilter medium. One commercial culture, Solmar L-103, was 
obtained from the Solmar Corporation, while another commercial culture, Tesoro 
PES-31, was obtained from the Tesoro Petroleum Distributing Company. The 
leachate was obtained from percolation of water through the bed medium. This 
was accomplished by filling a closed 3" X 36" glass column with bed medium 
and recirculating a gasoline-in-air mixture through the column in an upflow 
direction while simultaneously circulating a water drip through the column in a 
downflow direction. Gasoline and oxygen levels in the recirculating gas mixture 
were monitored with time via GC as described below, and a fresh gasoline-in-air 
mixture was reinjected into the column whenever either the gasoline or oxygen 
vapor concentration approached depletion. At the end of two weeks, leachate 
from the recirculating water drip was collected and used as a gasoline enrichment 
inoculum in subsequent experiments. All inocula were added to the bed medium 
as liquid cultures. Before addition, cultures were adjusted to a density of 
approximately 1.0 χ 109 cells ml1 and 0.26 ml of inoculum were added per g of 
bed medium. The two commercial inocula were exposed to gasoline vapors for 
approximately 10 days before addition to the bed medium. All inocula were 
tested for gasoline vapor removal versus uninoculated controls using serum vial 
cultures as described above and incubated statically at 30°C. Gasoline levels in 
the headspace of the serum vials were followed with time via GC analyses. 
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Nutrient Addition. A 0.5% solution of Miracle Gro fertilizer was added to the 
bed medium mixture to determine whether the addition of macro-nutrients 
( e.g. nitrogen, phosphorous, etc.) and trace elements had an effect on 
hydrocarbon degradation. The Miracle Gro was added to the bed medium in 
liquid form as recommended by the manufacturer to assure even distribution of 
the nutrients. The Miracle Gro-supplemented bed medium was then placed in 
serum vials as described above. Gasoline was added to the headspace and the 
samples were incubated at 30 °C. Samples were analyzed via GC for 
hydrocarbon remaining in the headspace. 

Adsorption Isotherm. The ability of the bed medium to sorb gasoline 
hydrocarbons abiotically was determined at 30 and 40°C. At 40°C testing was 
done in a concentration range of 50 to 2,000 ppm gasoline-in-air. A 
concentration range from 400 to 25,000 ppm gasoline-in-air was tested at 30°C. 
The gasoline concentration in the headspace of samples at 30°C was monitored 
via GC analyses at 30, 60 and 90 min to determine when adsorption was 
complete as denoted by a decrease in the rate of hydrocarbon loss. The gasoline 
concentration in the headspace of the vials incubated at 40°C was analyzed via 
GC after incubation for approximately 3 h. Indigenous microbes in the bed 
medium used at both temperatures had been killed by the addition of 500 μg of 
HgCl2 per g of bed medium. Adsorption isotherms were generated from the 
resulting data using previously described standard techniques (75). 

Serum Bottle Kinetics Testing. After an optimal temperature range was 
determined kinetic experiments were conducted in serum vials using the 
techniques described above. Gasoline removal was monitored in a concentration 
range from 400 to 25,000 ppm gasoline-in-air. The experiments were run at a 
temperature of 30°C and analyzed via GC for concentration of gasoline 
hydrocarbons in the headspace at 48 h intervals. 

Column Studies. Continuous flow studies were done using 3.5" by 3' glass 
columns containing 1.5 kg of bed medium. The columns were operated in a 
downflow mode at a flow rate of 1,000 ml min"1. Gasoline vapor was added to 
the columns by sparging air through liquid gasoline, which was then diluted in air 
using a gas proportioner. The liquid gasoline stock was regularly replaced to 
maintain a constant feed of the more volatile components. The resulting gasoline 
vapor-in-air mixture was then fed directly through the columns. The columns 
were operated in a concentration range from approximately 100 to 15,000 ppm 
gasoline-in-air. Moisture addition was achieved by manual addition of water to 
the vapor stream. The columns were sampled using an automatic sampling 
system consisting of 2 - 16 valve actuators connected to a 3-way valve. The 
sample lines were 1/16" fused silica-lined stainless steel tubing. The samples 
were injected into the GC using a 6-way gas sampling valve equipped with a 1.0 
ml sample loop. Samples were drawn by application of a vacuum to the sample 
lines. 
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Prototype Bioreactor. Field studies with a full scale prototype biofilter were 
conducted at a WE installation located at a full service gasoline station site 
which had been in operation since 1928 (Figure 3). Subsurface soils and 
groundwaters were contaminated at this site with high gasoline levels being noted 
in samples taken from monitoring wells. The biofilter consisted of a skid 
mounted, cylindrical steel vessel, 1.52 m in diameter by 2.13 m in height (Figure 
4). Five stainless steel plenums supporting 2.8 m3 of bed medium were spaced 
at even intervals throughout the vessel. A gas stream consisting of gasoline 
vapors in air was removed from the WE well by a blower system (EG&G 
Rotron, Saugerties, NY) and passed through a humidifier/flow conditioner 
(EG&G Rotron, Saugerties, NY) prior to passage in an upflow direction through 
the biofilter. Bed temperature was maintained between 25 and 35°C. The gas 
stream flow rate was 20 cfm. Inlet gasoline concentration varied from 2 - 2000 
ppm (total petroleum hydrocarbons) while inlet relative humidity varied from 3-
100%. Gasoline levels in the inlet and outlet gas streams were monitored as 
described below. 

Analytical Methods for Serum Bottle and Column Studies. Headspace 
gasoline concentrations of the vials were determined by gas chromatographic 
analysis using a Hewlett-Packard 5890 Series II gas chromatograph (GC). For 
data collection, the GC was connected to a Compaq Deskpro 486 computer 
running Hewlett Packard 3365 Chemstation software. One ml samples of the vial 
headspace gases were injected into the GC which was equipped with a Restek 
30m, 0.32 mm i.d. Rtx-5 column containing a 0.25 μτη film thickness of 
crossbonded 95% dimethyl - 5% diphenyl polysiloxane. Following sample 
injection, the GC was maintained for 6 min at 30°C after which the temperature 
was increased to 150°C at a rate of 10°C min1. The injector temperature was 
225°C and the flame ionization detector (FID) temperature was 275°C. Helium 
was used as the carrier gas at a flow rate of 1.6 ml min1 at a split ratio of 1:8. 

Oxygen and carbon dioxide in the headspaces were analyzed using a Gow Mac 
Series 550P GC equipped with a thermal conductivity detector and an Alltech 
CTRI column. Helium at a flow rate of 60 ml min1 was the carrier gas, the 
injector and column temperatures were 30°C. 

Analytical Methods for Prototype Field Biofilter Studies. Gasoline 
concentrations in the inlet and outlet gas stream of the prototype biofilter were 
analyzed chromatographically using an EG&G Chandler Engineering gas 
chromatograph equipped with an FID. The GC was connected to a 
Spectrophysics SP4400 integrator. Column temperature was 80°C while inlet and 
detector temperatures were both 85°C. The column used was a 10 ft 5% SP1200 
and 1.75% Bentone 34 on Chromosorb W-AW 80/100. The carrier gas was N2 

at a flow rate of 30 ml min"1. The unit was calibrated using Scott standards for 
BTEX and n-alkanes (C, - Cj). 
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Site plan showing layout of remedial system 

Water influent line 
Water effluent line 
Sou vapor extraction 

MW • Monitoring well Date: 1/2/92 

(f) RW Ο Recovery well Revised: 

0 ^ - ^ 2 0 
VW θ Vapor extractor! well Compiled by: 

I 1 
Feet I Catch basin Drafted by: 

Figure 3. Schematic of gasoline station remediation site. 
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1. Contaminated air from system 
2. Venturi flow meter 
3. Pressure taps 
4. Magnehelic gauge 
5. Educter 
6. Metering valve 
7. H 2 O in 
8. Site tube 
9. Relative humidity & temp, probes 
10. Inlet 
11.4 in. ASTM flanges for instrumentation 

12. Temperature, tensiometer, and 
pressure/sampling probes 

13. Moisturizing loop, one per level (not 
used in normal operation) 

14. Treated air out 
15. Outlet 
16. Stainless steel redistribution plenums 
17. Carbon steel vessel 60 in. ID 0.25 thk 

epoxy coated 
18. Biofilter medium 
19. pine bark 
20. Drain valve 

Probe wiring omitted for drawing clarity 

Figure 4. Schematic of prototype field biofilter. 
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Results and Discussion 

The adsorption isotherms generated at 30 and 40° C with the sterile bed medium 
show gasoline adsorption as a function of gasoline concentration in the headspace 
at equilibrium. Linear sorption patterns were noted over the gasoline 
concentrations tested. At 30° C the isotherm is described by the equation of y = 
1.02 X 10"5 χ with an R2 = 0.98 (Figure 5), and at 40°C it is described by the 
equation y = 1.19 X 105x with an R2 = 0.99 (Figure 6). These data indicate 
that in the absence of microbial activity, the bed medium has a appreciable 
gasoline sorptive capacity and by itself can remove significant amounts of 
gasoline vapors from gasoline/air mixtures. Over the gasoline concentration 
range tested, gasoline sorption increased as a function of gasoline concentration in 
the headspace with approximately 60 μg gasoline being adsorbed per g of bed 
medium at a 5 g (m3 of air)'1 gasoline concentration in the headspace at 40°C. 
The sorption rates appeared to be comparable at both temperatures, and as such, 
would not be expected to vary significantly over the temperature range employed 
in these experiments or that anticipated with the field biofilters to be tested. 

Gasoline vapor removal as depicted in Figure 7 further illustrates the sorptive 
capacity of the bed medium. Over the gasoline concentrations tested, an initial 
sharp decrease in headspace gasoline levels was observed. It is hypothesized that 
this initial decrease was due primarily to adsorption working in conjunction with 
biodégradation, after which a more gradual, prolonged decrease in headspace 
gasoline levels was noted. This gradual decrease was believed to primarily 
correspond to biodégradation of the gasoline by microbes indigenous to the bed 
medium, as corresponding gasoline loss in control vials was negligible. Studies 
with fresh bed medium showed > 106 colony forming units per g capable of 
growing in a gasoline atmosphere on agar mineral salts plates. As such, this bed 
medium appeared to have an adequate indigenous gasoline degrading microbial 
population such that an exogenous inoculum was not required for gasoline 
degradation. 

Studies with fertilizer supplimented bed medium revealed no detectable 
increase in microbial activity. These studies were performed with fresh bed 
medium, and further studies will be conducted to determine whether fertilizer 
supplementation has a positive influence on microbial removal rates of aged bed 
medium which may be depleted of some essential nutrients. 

Experiments conducted with bed medium inoculated with two commercially 
available blends of hydrocarbon degrading microbes and a third INEL-generated 
blend of hydrocarbon degrading microbes confirmed this hypothesis. The bed 
medium inoculated with these three exogenous inocula showed no increase in 
degradation rates versus uninoculated bed medium containing only indigenous 
microbes. This confirms that no inoculation of hydrocarbon biofilters is 
necessary upon startup due to the substantial levels of hydrocarbon degrading 
bacteria naturally contained in the bed medium. In a commercial field 
bioremediation application, this is a significant positive point since the culturing 
and addition of a stable, exogenous, gasoline degrading inoculum could be a 
significant complication in the start up of a biofilter and add appreciable expense 
and uncertainty to the operation. 
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0 5 10 15 20 25 30 

Gasoline Concentration 
(g of Gasoline(m3 of Headspace)*1 ) 

Figure 5. Adsorption isotherm for gasoline vapors by the bed medium at 
30°C. 

Gasoline Concentration 
(g of Gasoline(m* of Headspace)"1 ) 

Figure 6. Adsorption isotherm for gasoline vapors by bed medium at 40°C 
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Figure 8 supports this view and furthermore, illustrates that within 
approximately 2 weeks, the bed medium can become further acclimated to 
gasoline vapors with a significant increase in gasoline degradation rates occurring 
after this acclimation period. After exposure for two weeks to 400 ppm gasoline 
in air, respiking of the same bed medium-containing vials with similar gasoline-
in-air concentrations, results in significantly increased (i.e. 4X) gasoline vapor 
removal rates. Subsequent respikes do not lead to appreciably more rapid 
gasoline removal rates, and as a result, the bed medium appears to be fully 
conditioned to provide the most rapid rates of gasoline removal achievable after 
the initial two week conditioning period. This effect is believed to be the direct 
result of an increased population of gasoline degrading microorganisms being 
present in the bed medium after the 2 week initial exposure period and has been 
demonstrated previously in soil microbial populations that become adapted to 
organic vapors (16). 

These data indicate that during startup of a biofilter under field conditions, a 
significant amount of gasoline removal should be noted initially both from 
adsorption and biodégradation, with removal rates potentially increasing for a 
period of days to weeks following startup. As a result, it may be possible to 
establish a relatively low gasoline feed rate during the startup/conditioning phase 
and after conditioning, to increase this feed rate 4-5X without any loss in gasoline 
removal efficacy. This concept needs to be further tested in the field-scale 
biofilter to ascertain how rapidly the conditioning occurs in a full sized biofilter 
operated under field conditions. 

Figure 9 shows gas chromatograms illustrating removal and degradation of 
various gasoline components by biofiltration using the bed medium in serum 
vials. In general, with the analytical method employed (see Materials and 
Methods section), higher molecular weight fractions of the gasoline vapor appear 
at longer retention times on the gas chromatograms shown. In the serum vial 
batch systems, it is clear that biofiltration tends to remove the higher molecular 
weight constituents more quickly than the lower molecular weight constituents. 
The BTEX (i.e. benzene, toluene, ethylbenzene, and xylene) components were 
removed in a relatively rapid fashion with benzene being more recalcitrant to 
removal than the other members of this group. Based on the physical properties 
of the bed medium, it is reasonable to hypothesize that this differential removal of 
gasoline components is a property of the sorptive nature of the blend and 
subsequent degradation by the microorganisms as opposed to a physiological 
inability of the microbes to metabolize the lower molecular weight components. 
This suggests that to rapidly remove the lower molecular weight, more volatile 
gasoline components, either additional exposure time or a modified bed medium 
with greater sorptive properties will be necessary. 

Temperature studies showed that microorganisms indigenous to the bed 
medium actively degrade gasoline vapors over a 22 to 40°C temperature range 
(Table I). There was very little difference in observed gasoline degradation rates 
over this range, however no degradation was observed at 54°C. From a practical 
standpoint, these data are encouraging when considering the operation of a 
gasoline vapor biofilter in the field since the 22 to 40°C temperature range more 
than encompasses operating temperature range anticipated under field conditions. 
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As such, the biofilter is expected to be robust relative to anticipated temperature 
fluctuations, and as a result, operating temperature should not be a factor 
requiring rigid control during field operation. 

Table I. Influence of temperature on gasoline removal rates by 
microorganisms indigenous to the bed medium 

Temperature Gasoline Removal Rate 
(°C) Qxg of Gasoline(m3 of Compost)-1 hr1) 

22 7.1 X 103 

30 7.6 χ 103 

40 6.3 χ 103 

54 None Detected 

When considering biofilter sizing for field applications it is pertinent to 
calculate the volumetric productivity of the biofilter at the substrate 
concentrations that will be encountered under actual operating conditions. This 
information in turn can be used to size the biofilter as a function of substrate feed 
rate. The volumetric productivity values obtained in serum vial experiments over 
a range of gasoline concentrations encompassing those expected to be encountered 
in actual field applications are shown in Figure 10. Similar data for the columns 
run at a flow rate of 1000 ml min"1 are show in Figure 11. The 1000 ml min"1 

flow rate was chosen because in the column system used, it mimics the 
superficial gas feed velocities desired in actual field applications. In the column 
experiments, at a relatively high gasoline concentration, (e.g. 65 g gasoline (m3 

of inlet gas stream)"1) the volumetric productivity is approximately 1200 g 
gasoline (m3 bed medium)"1 hr1. 

Data from the field scale prototype biofilter are similar to the results obtained 
in the laboratory. Figure 12 shows hydrocarbon removal in terms of volumetric 
productivity. These data represent the lower end of the inlet gasoline 
concentrations tested in the laboratory but volumetric productivity values are 
comparable to those obtained with the continuous flow laboratory columns at 
similar inlet concentrations. 

Figure 13 depicts total BTEX removal as a function of BTEX inlet flow rate. 
These data show that under the operating conditions employed, approximately 50-
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0 10 20 30 40 50 

Hydrocarbon Inlet Concentration 
(gofGasoline(m3 of Air)*1) 

Figure 10. Volumetric productivity for gasoline removal by bed medium in 
serum vials at 30°C. 

1,400 

0 20 40 60 80 

Hydrocarbon Inlet Concentration 
(gofGasoline(m3 of Air)*1) 

Figure 11. Volumetric productivity for gasoline removal by bed medium in 
continuous flow columns at 30°C. 
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0 0.5 1 1.5 2 15 

Hydrocarbon Concentration 
(gofGasoline(m3 of Air)"1) 

Figure 12. Volumetric productivity for total gasoline hydrocarbon removal 
by the field scale prototype biofilter. 

10 ι 1 

8h 
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Inlet BTEX (g h ) 

Figure 13. Removal of total BTEX by the prototype field biofilter. 
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55% of the BTEX compounds were removed. It should be noted however, that 
removal of toluene, ethylbenzene and xylene were typically > 80% while 
benzene, as predicted by the laboratory data, exhibited much lower removal rates 
of 10-15%. 

The reaction rates of the biofilter systems tested at lower gasoline 
concentrations are probably considerably below those theoretically achievable due 
to substrate (i.e. gasoline vapor) limitations versus limitation related to 
insufficient microbial activity. The volumetric productivity data strongly indicate 
that to increase the reaction rates at working (i.e. lower) gasoline concentrations, 
optimization of biofilter design and/or the composition of the bed medium to 
increase contact between the gas stream and the microbes may be necessary. If 
the biofilter design/bed medium composition can be optirnized while maintaining 
current or even higher levels of biological activity per unit bed volume, the 
gasoline removal rates could be substantially increased. Clearly, however, the 
first step to achieving increased gasoline removal rates is to develop a biofilter 
system in which increased gasoline transport to the microbes takes place. 
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Chapter 10 

Production of Low-SO2-Emitting, Carbon-Based 
Fuels by Coagglomeration of Carbonaceous 

Materials with Sulfur Sorbents 

Abdul Majid, C. E. Capes, and Bryan D. Sparks 

Institute for Environmental Chemistry, National Research Council 
of Canada, Ottawa, Ontario K1A 0R9, Canada 

A liquid phase agglomeration technique is being developed to 
incorporate sulphur sorbents into carbonaceous fuels. This paper 
reports a summary of the work describing a number of case studies, 
based mainly on the work from the authors' laboratory, to illustrate the 
diverse applications of the technique. Athabasca petroleum cokes 
obtained from Suncor delayed coking and Syncrude fluid coking 
operations and a high sulphur Nova Scotia coal were used for these 
tests. Static combustion tests at 850°C were carried out in a muffle 
furnace and compared with results found for a bench scale fluidized 
bed unit at the same temperature. 
It has been demonstrated that greater utilization of the sulphur sorbent 
can be achieved by cogglomerating the fuel with sulphur sorbents, 
providing an environment in which there is intimate contact between 
fuel and sorbent compared with systems in which the sorbent is added 
separately to the combustion bed. Coagglomeration of petroleum cokes 
and lime (Ca:S molar ratio of 1:1), resulted in a percent sulphur capture 
of at least, 30% to over 80% depending upon the source of carbon and 
the test conditions (fluid bed vs muffle furnace). 

Oily sludges and organic wastes are produced by a number of industries, particularly 
those related to the recovery and processing of petroleum. These wastes pose several 
challenges. Traditional sludge disposal methods, involving concentration by 
impoundment followed by land filling or land farming, are meeting with increasingly 
stringent regulations. Further treatment of the wastes and reduction of volume and 
recycle are being encouraged and legislated. Such treatment may range from 
separation of constituents into higher value products, such as the separation of oil or 
other organic components from mineral (ash forming) impurities and water, to 

0097-6156/94/0554-O16O$O8.00/0 
Published 1994 American Chemical Society 
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stabilization of impurities to prevent leaching or to reduce emissions during 
combustion. 
Liquid phase agglomeration (LPA) has the potential to play a major role in waste 
treatment processes (1-2). These range from the problem of waste tailings in the 
minerals and resource industries, to the disposal of organic sludges from petroleum 
production and refining operations to removal of sulphur impurities from coal or 
coke in order to mitigate the formation of acid rain. This process, under 
development at the National Research Council of Canada's Institute for 
Environmental Chemistry, relies on selective wettability, between mixtures of liquids 
and solids of different hydrophobic/hydrophilUc character, to effect a separation of 
the components. Normally, a hydrophobic solid, such as ground coal or coke, is 
agitated vigorously with oil or oily sludge. During this process the oil is selectively 
adsorbed by the coal or coke to form a liquid film on the particle surfaces. 
Continued agitation of the mixture brings the oiled adsorbent particles into repeated 
contact with each other, resulting in flocculation of solids through the formation of 
interparticle liquid pendular bonds. These agglomerates, comprised of oil and 
hydrophobic carbon may then be separated from the aqueous phase using screens, 
cyclones or by degree of avidity for air bubble attachment, as in flotation. The type 
of separation scheme selected is governed by the degree of agglomeration achieved; 
this may range from weak floccules to densified, spherical agglomerates in which the 
voids are essentially saturated with oil. A more detailed description of the broad 
application of this process has been published in a number of review articles (3-5). 
Where water and hydrophilhc solids are the contaminating phases in an oil based 
waste, then a hyd̂ ophillic solid adsorbent such as fine sand can be used as a 
collector for these components, leaving a clean oil (6). Similarly, emulsions can also 
be treated depending on whether they are water-in-oil or oil-in-water. It is usually 
more desirable to select an adsorbent which will preferentially collect the minor 
component in the material to be treated. A number of oily wastes have been 
effectively cleaned using solid carbonaceous materials for the recovery of residual 
oil (7-10). As well as collecting insoluble, oily contaminants a carbonaceous 
agglomerating solid may also adsorb most (80-90%) of the soluble organic species 
in a water based sludge. Consequently it is possible that such sludges can be 
cleaned effectively enough to allow direct sewerage of the treated water. 
The cleaning of oily sludges by liquid phase agglomeration, using hydrophobic solid 
collectors such as ground coal or coke, has an added advantage in that not only is 
the oil adsorbed by the collector, but beneficiation of the collector, with respect to 
non-carbonaceous matter and pyrite also occurs during the process. However, 
organic sulphur will remain in the coal or coke matrix. This makes it imperative to 
include some form of desulphurization in any combustion system using this material 
as fuel. 
The combustion of these agglomerates, with limestone addition, such as in a 
fluidized-bed reactor, could be one way to achieve the required reduction in sulphur 
dioxide emissions. However, it has been demonstrated (11) that this approach 
requires relatively high calcium to sulphur mole ratios, even with ash recycle, to 
produce acceptable reductions in sulphur dioxide emissions. Also, this technique 
precludes the use of finer sorbent particles that are known to be more efficiently 
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utilized for sulphur capture. A major problem with such fine particles is that they 
are easily entrained in exhaust gases and thereby removed from the system. 
Incorporation of the sorbent into a pellet overcomes the problem of elutriation loss 
and allows finely ground particles to be used. The present research was designed 
to determine the feasibility of introducing finely divided sulphur dioxide capture 
agents into high sulphur fuels so that they will be more uniformly distributed and 
intimately contacted with other components within the fuel-sorbent agglomerates. 
On combustion the sorbent is expected to be more effective compared to a system 
in which it is added separately. Athabasca petroleum cokes, obtained from Suncor 
delayed coking and Syncrude fluid coking operations and a high sulphur Nova Scotia 
coal were tested for this purpose. This paper summarizes the work carried out with 
these materials. 

1. Oily Waste Treatment 

Recovery of Residual oil. The Hot Water Process for the separation of bitumen, 
from surface mined Athabasca oil sands, generates large amounts of oil-contaminated 
sludge. This sludge does not consolidate beyond about 35 w/w% solids and must 
be stored behind man-made dykes. Substantial quantities of bitumen and naphtha 
are lost to the ponds. For example, at the Suncor plant, pond #1 has a bitumen and 
naphtha content such that 2000 mVday could be extracted over a period of ten years. 
Consequently there is a strong economic as well as an environmental incentive to 
treat the sludge in these ponds. 
Coking processes used in the upgrading of Athabasca oil sands bitumen, to form a 
synthetic crude oil, produce approximately 4000 tpd of coke. This coke is rather 
intractable as a fuel, being high in sulphur, low in volatiles, difficult to grind and 
having some relatively unreactive carbon forms, (72). Because of serious 
environmental and potential corrosion problems associated with the combustion of 
this coke, its use as a boiler fuel has been limited and a significant portion of the 
material is being stockpiled as a waste product. However, oil sands coke with a 
calorific value of about 33 MJ kg*1 would be an attractive boiler fuel if it could be 
desulphurized economically. This waste material is also an ideal adsorbent for the 
selective collection of oil from the ponds. A series of small scale bench tests (9) 
have been carried out using a laboratory high speed blender. Four main process 
variables were initially selected: blending time (min), amount of coke (wL % of 
sludge), coke particle size (100% passing a given size) and the amount of dilution 
water (mis.), added to allow the suspension to be mixed properly. Blending was 
continued until the selected mixing time was completed. The treated slurry was then 
dumped onto a 100 mesh screen and the larger coke agglomerates separated from the 
remainder of the solids. After washing the agglomerates were analyzed for all 
components. 
Results from these tests demonstrated that the amount and particle size of the oil 
adsorbent were the most important factors in achieving high oil recovery. When 
recovery of the organics was plotted against total available hydrophobic surface (total 
weight of coke times specific area) it was found that all the data fell close to a 
common curve as shown in Figure 1. An initial rapid rise in recovery upon addition 
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of coke gradually tails off to a plateau, at about 85% oil collection, which represents 
the maximum attainable recovery under the given set of mixing conditions. In some 
cases, insufficient oil may be present to allow the formation of granules large enough 
to be separated by screening. In this situation bubble flotation is probably the best 
alternative for separation of the oil/coke flocs/agglomerates. 
Removal of the oil component from the sludge usually results in more rapid and 
complete settling and compaction of the previously stable sludge. When this occurs 
it is possible to recycle a greater proportion of the pond water to the Hot Water 
Process. Consequently the tailings pond could be reduced in size. 

Coagglomeration of Sulphur Dioxide Sorbents. The agglomerates obtained from 
the treatment of oily wastes by liquid phase agglomeration have potential use as an 
ancillary fuel. However, the heavy oils bitumens, petroleum cokes and coals, either 
present in the waste or added for treatment, are often high in sulphur. Thus, on 
combustion the emissions of sulphur dioxide may be above acceptable levels. The 
development of combined fuel-sorbent pellets or briquettes for use as a sulphur 
dioxide control method has been reported to give superior sulphur dioxide emission 
control during combustion, (13-14). It has already been demonstrated that the 
Athabasca oil sands bitumen; which is present in oil sands waste streams as a 
residual oil, is a good wetting agent for both the hydrophillic sulphur dioxide sorbent 
and hydrophobic coke. Consequently it is possible to incorporate sulphur dioxide 
adsorbents, such as finely divided limestone, into the agglomerates obtained during 
the treatment of oily sludge, (15-20). Syncrude refinery coke was used to collect 
over 90% of the residual bitumen from a sample of oil sands fine tailings (Suncor), 
according to the liquid phase agglomeration procedure reported previously (8). The 
discrete coke-oil agglomerates, of approximately 1 mm size, obtained from these 
tests, were then successfully coagglomerated with limestone corresponding to a Ca: 
S molar ratio of 1.2:1. This operation was made possible by the powerful collecting 
properties of bitumen and allowed the advantageous use of smaller and more active 
sulphur sorbent particles in fluid bed combustion, by binding them tightly within 
larger coal agglomerates. This approach reduces the possibility of elutriation of the 
S02 sorbent particles from the bed and, higher sorbent utilization efficiencies can be 
obtained for the coagglomerated fuel, compared to those systems in which coarser 
sorbent particles are added separately to the fluid bed. Combustion tests at 850°C 
in a bench scale fluidized bed reactor indicated over 90% sulphur capture 
(unpublished data) for these samples. 
Similarly, it is possible to use a wet agglomeration process to produce a 
conglomerate of coke and sorbent; samples from both Suncor and Syncrude 
operations were successfully coagglomerated with either limestone, lime or hydrated 
lime using bitumen as the binding liquid. During combustion of the coke-bitumen-
sorbent coagglomerates, sulphur dioxide capture was found to depend mainly on the 
calcium to sulphur mole ratio, the combustion temperature, and the type of coke. 
Moisture content of the agglomerates did not have any significant effect on sulphur 
capture. The combustion tests on coke-sorbent agglomerates were carried out in 
either a bench scale fluidized bed apparatus at 850°C or a muffle furnace at 460-
1000°C. Figure 2 shows the sulphur dioxide emissions as a function of Ca:S ratio 
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Ca:S MOLE RATIO 

Figure 2. Effect of Ca:S molar ratio on the retention of S02 by lime 
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in the coagglomerated material, (18). Test results indicated sulphur capture of over 
60 wt % for Syncrude coke and over 30 wt % for Suncor coke at a calcium to 
sulphur molar ratio of 1:1. Figure 3 describes the comparative S02 capture 
efficiencies of the three sorbents. With the observed scatter of results, no significant 
difference in sulphur capture between the three sorbents could be detected. 
However, the fact that the limestone used in this series of tests gave results as good 
as lime or hydrated lime has considerable economic significance. The cost ratio of 
limestone on a molar basis may vary from 2 to 4, depending on the transportation 
distance. Even the costs for transportation and handling of limestone tend to be 
lower than for lime because limestone can be transported in open trucks. Also, 
limestone is readily available in the Athabasca region of Alberta. 
According to the findings of Schneider and George (27), the presence of calcium 
also has a beneficial effect on the acid leaching of nickel and vanadium from coke 
ash. Hence, coagglomeration of coke with calcium compounds will have the added 
advantage that the ash from the burnt agglomerates will be more suitable for heavy-
metal recovery as a byproduct of the combustion process. 

2. Fine Coal Recovery 

Agglomeration techniques have been used to recover coal from washery wastes and 
tailings ponds (7). Compared to flotation methods the process has been shown to 
be particularly effective for very fine materials. During recovery the coal is also 
beneficiated with respect to ash forming components and inorganic sulphur 
compounds, such as pyrites. 

Separation of Pyrite. Two main problems are associated with the removal of 
pyritic sulphur from coals. The first is that pyrite is often in a fine state of 
dissemination, which requires grinding to a very fine size to accomplish liberation 
(22). The second problem is caused by the similar surface chemical characteristics 
of coal and pyrite, which complicates the use of separation methods based on surface 
wettability (23). 
The problem of fine particle size for pyrite liberation can be partly overcome by the 
selective agglomeration method. With very fine grinding and the aid of a number 
of possible pyrite depressants under acidic, neutral and alkaline conditions it was 
possible (24) to remove 50% of the pyrite present in a high volatile bituminous coal. 
This agrees with the general difficulty experienced in removing pyrite by surface 
wetting differentiation as is used in both oil agglomeration and froth flotation. 
Recent work on coal beneficiation by liquid phase agglomeration has shown that 
aging of agglomerated coal could be advantageous in the beneficiation of pyritic 
sulphur (75). A sample of bituminous thermal coal from the Prince Mine, Cape 
Breton Island, Nova Scotia, was agglomerated with No. 4 fuel oil and stored in the 
laboratory for two months. This treated coal was then redispersed in water and 
reagglomerated with Athabasca oil sands bitumen; overall considerable further 
beneficiation with respect to non-carbonaceous matter and pyritic sulphur was 
achieved. In the second agglomeration step a reduction in pyritic sulphur of 80% 
was achieved compared to 40% in the original treatment. Ash content of the final 
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agglomerates was 4±0.1% compared to 10.9% for the initial agglomerates and 19 % 
for the feed material. It is suspected that aging of the original coal agglomerates had 
resulted in selective oxidation of pyrite surfaces, thereby facilitating removal of this 
component because of the more hydrophillic nature of the oxidized particles. This 
is consistent with the successful removal of pyrite from coal using a combination of 
bacterial treatment followed by oil phase agglomeration, (25-26). Bacteria are 
known to oxidize pyrite, rendering the particle surfaces more hydrophillic; during 
this process surfactants are produced that could also affect the wettability of the 
components. However, coal surfaces, protected by an oil coating, are not 
significantly affected by either oxidation or surfactants. 

Coagglomeration with Sulphur Dioxide Sorbents. Physical coal cleaning methods 
can remove only inorganic forms of sulphur, leaving the organic form in the coal 
matrix. Therefore, in addition to precombustion cleaning, inclusion of some form 
of desulphurization in any combustion system using this material as a fuel may also 
be necessary. Our earlier work on petroleum coke had demonstrated that 
coagglomeration of coke and sorbent as well as beneficiation, with respect to ash 
content of the coke can be achieved in a single step using a wet agglomeration 
process. Therefore, further work was carried out to determine the possibility of 
coagglomerating sulphur sorbents with coal as a means of reducing sulphur dioxide 
emissions during combustion. In a series of tests a run-of-mine sample of Nova 
Scotia coal was coagglomerated with limestone during the primary cleaning stage, 
using bitumen as binder. Static combustion tests at 850°C were carried out in a 
muffle furnace and compared with results found for a bench scale fluidized bed unit 
at the same temperature. The results are shown in Figure 4. In both cases, sulphur 
capture of over 60% was obtained at a calcium to sulphur molar ratio of 1:1. 
Attempts to use LPA techniques to prepare a composite from the aged, agglomerated 
coal, limestone and bitumen were unsuccessful. It appears that the surfactants 
produced by pyrite consuming bacteria may prevent bonding of hydrophillic 
limestone with bitumen. Instead, the agglomerated, weathered coal was pelleted with 
varying proportions of limestone using a die and press. Combustion tests on these 
pellets were carried out in a muffle furnace at 850°C. The results, shown in Figure 
5, also contain data for the run-of-mine coal/limestone agglomerates. This plot 
indicates similar sulphur retention results for the two types of agglomerates, 
suggesting that they both withstood the combustion conditions equally well. 

Comparative Sulphur Capture Efficiencies 

The data for cokes and coal has been combined in Figure 6 for comparison purposes. 
This is a plot showing the levels of SOz emissions obtained for both blank and lime 
containing agglomerates of Prince coal, Suncor and Syncrude cokes. USA and 
Canadian S02 emission standards are also shown on this plot This Figure clearly 
illustrates that a Sulphur capture capacity of more than 80% may be needed to bum 
these fuels to meet S02 emission standards. The data for coal/coke lime 
agglomerates plotted in the Figure shows that coagglomeration of fine sulphur 
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I I I 
0 0.5 1.0 1.5 2.0 

Ca:S Mole Ratio 
Figure 5. Effect of Ca:S molar ratio on sulphur capture for coal/limestone 

agglomerates/compacts during combustion in a muffle furnace 

0 20 40 60 80 100 
Percent Sulfur Capture 

Figure 6. Levels of S02 emission: blank (open circles); fuel-lime agglomerates 
(half closed symbols, static bed results, closed symbols, FBC). Ca:S 
molar ratios: coke, 2; coal, 1.1 
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sorbents in amounts representing a Ca:S molar ratio in the range of 1 to 2 could 
result in the reduced S02 emissions necessary to meet proposed standards. 

Conclusion 

A liquid phase agglomeration process has been developed to incorporate finely 
divided sulphur dioxide capture agents into a variety of carbonaceous fuels. The 
resulting agglomerates had improved combustion characteristics and lower sulphur 
dioxide emissions compared with those for the original fuels. The decrease in 
sulphur dioxide emitted on combustion was found to depend on the calcium to 
sulphur mole ratio, source of fuel, and conditions of testing. The coal/coke-bitumen-
limestone coagglomeration results suggest that coagglomeration of fine sulphur 
dioxide sorbents in amounts representing a Ca:S molar ratio in the range of 1 to 2 
could result in the reduced S02 emissions necessary to meet USA as well as 
Canadian proposed emission standards. This chapter was issued as NRCC No. 35767. 
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Chapter 11 

Removal of Nonionic Organic Pollutants 
from Water by Sorption to Organo-oxides 

Jae-Woo Park and Peter R. Jaffé 

Water Resources Program, Department of Civil Engineering and 
Operations Research, Princeton University, Princeton, NJ 08544 

Anionic surfactant monomers can be adsorbed onto mineral oxides 
from the aqueous phase if the pH of the solution is below the 
oxide's zero point of charge (ZPC). The oxide with anionic 
surfactant sorbed to it is called organo-oxide, and it acts as a sorbent 
for nonionic organic pollutants, since these pollutants will partition 
between water and the organic phase of the sorbent. The advantage 
of this sorbent is that, unlike activated-carbon, it can be regenerated 
in-situ. Batch and column experiments were done to demonstrate 
the use of an organo-oxide for the treatment of water contaminated 
with a nonionic organic pollutant. The results from column 
experiments matched well with theoretical predictions based on 
parameters obtained from batch experiments. 

Oxides exhibit surface charges in the aqueous environment These surface charges 
are quite pH-dependent because hydrogen (H+) and hydroxyl (OH") ions are 
potential determining ions on mineral oxides. The ZPC of an oxide is the pH at 
which the solid surface charges from all sources are zero. Oxides take on positive 
charges when the pH is lower man their ZPCs, while they take on negative charges 
when the pH is higher than their ZPCs (1). 

Surfactants are commonly classified as anionic, cationic, amphoteric, and 
nonionic depending on the charges of the hydrophilic parts of their monomers. 
Anionic surfactants can be adsorbed strongly onto oxides in an acid environment 
(pH below ZPC), while they can be desorbed from oxides in a basic environment 
(pH above ZPC). These sorbed surfactants provide an organic phase into which 
nonionic organic substances can be partitioned (2-5). 

Several researchers have investigated the combination of oxides and 
anionic surfactant as a synthetic sorbent Recently, Valsaraj (2) has described the 
partitioning of three volatile organic compounds between die aqueous phase and 
two surfactant aggregates adsorbed onto aluminum oxide in closed systems. 
Holsen et al. (5) have also shown that sparingly soluble organic chemicals can be 
removed from the aqueous phase using anionic surfactant-coated ferrihydrite in 
batch experiments. Park and Jaffé (6) have illustrated the technical feasibility of 
using organo-oxides in a continuous-flow water-treatment process for the removal 
of nonionic organic pollutants. Unlike for the activated carbon process, the 
column containing die anionic surfactant-treated aluminum oxide can be 

0097-6156/94A)554-0171$08.00/0 
© 1994 American Chemical Society 
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regenerated in-situ by first increasing the pH of the solution in order to desorb the 
surfactant and the nonionic organic pollutant, followed by the readsorption of 
surfactants at a lower pH. As learned from our previous work (6), during the 
regeneration process a relatively large volume of flushing solution was required to 
desorb the surfactant and nonionic organic pollutant from the oxide. 

The objective of this study was to: (1) further investigate the interaction 
between organo-oxides and nonionic organic pollutants in batch experiments, (2) 
modify the continuous-flow column experiments and their regeneration process in 
order to increase the regeneration efficiency, and (3) develop a model that can be 
used to predict the dynamics in an oxide/surfactant/nonionic organic pollutant 
system, and that can be applied to predict the sorption capacity of the organo-oxide 
column, as well as the amount of flushing solution required to achieve a desired 
level of regeneration. 

Theoretical Considerations 

Surfactants are known to exist in monorneric state if the concentration is below the 
critical micelle concentration (CMC). Above the CMC, if an additional mass of 
surfactant is added to a solution, the concentration of monomers remains constant 
while the excess surfactant leads to die formation of micelles (7). In addition to 
these two aqueous phases of die surfactant, for the system described here, there is a 
third phase, which is the surfactant sorbed onto die oxide particles. A general 
expression for the mass balance of surfactant can be written as 

TS = SS + MiS + M2s (1) 
where T s is the total mass of surfactant added, S s is the mass of surfactant 
adsorbed onto the oxide particles which is also referred to as hernimicelles, M i s is 
the mass of surfactant dissolved in water in micellar form, and M2S is the mass of 
surfactant dissolved in water in monorneric form. 

Kile and Chiou (8) presented a general expression for the solubility 
enhancement of a solute by surfactants in terms of the concentrations for 
monomers and micelles and the corresponding solute partition coefficients. Since 
there is an additional surfactant phase in our system, a general expression for the 
mass balance of a solute in the presence of the three surfactant phases would be 

TC = SC + MiC + M2c+ & (2) 
where T 0 is the total mass of the solute added, S° is the mass of die solute sorbed 
into the organic phase of the organo-oxide, M i c is the mass of the solute sorbed 
into the micelles in aqueous phase, M2C is the mass of the solute associated with 
the monomers in the aqueous phase, and CP is the mass of the solute dissolved in 
water. 

It is shown in the literature (8-11) that the solubility of nonionic organic 
compounds in water is essentially not affected by the surfactants when the 
surfactant's concentration is below CMC, except for some extremely water-
insoluble organic solutes (e.g., DDT). Since in this work we will not consider 
extremely water-insoluble compounds, we will assume that M2C is negligible, then 
the original mass balance eqn. (2) is reduced to 

TC = S c + MiC + C c (3) 
Two partition coefficients can be defined that describe the partitioning 

process of the solute between the different organic phases and the aqueous phase 
as 

Kp = Cp/Ce (4) 
K m = C m / C e (5) 
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where Kp is the partition coefficient of the solute between the organo-oxide and 
the aqueous phase (IVKg), Cp is the concentration of the solute sorbed onto the 
organo-oxide (mg/kg of organo-oxide), and C e is the concentration of the solute 
dissolved in water. Km is the partition coefficient of the solute between the 
micellar phase and the aqueous phase (IVKg) and Cm is the concentration of the 
solute in micellar phase (mg/Kg of micelles). Using equations (4) and (5) to 
express eqn. (3) in terms of aqueous concentrations, we obtain 
T° = Cp * (mass of organo-oxide) + C m * (mass of micelles) + Ce * (volume of 

water) 
T° = Kp * Ce * (mass of organo-oxide) + K m * Ce * (mass of micelles) 

+ Q * (volume of water). (6) 
As shown in eqn. (6), if Kp and K m are known, the distribution of the solute 
between each phases in equilibrium can be predicted. 

Experimental Section 

The oxide used in this study was aluminum oxide (AI2O3), purchased from 
Aldrich Chemical Co. Particle sizes of the aluminum oxide are less than 150 mesh 
and the surface area of the oxide is 155 m2/g. A total of 250 μΟ of [̂ ^Qcarbon 
tetrachloride (specific activity equal to 4.3 mCi/mmol) was purchased from Du 
Pont NEN. [f4C]carbon tetrachloride (CCI4) was mixed with nonradioactive 
carbon tetrachloride to yield net volume of 1.0 mL, resulting in a specific activity 
of 31.2 μΟ/πιπιοΙ. The anionic surfactant, Emcol CNP-60, was obtained from 
Witco Co, and its structure is shown in Table 1. Aluminum oxide and the anionic 
surfactant were used as received. 

The adsorption of the anionic surfactant onto aluminum oxide in batch 
experiments was studied by placing 4 g of aluminum oxide and 56 mL of various 
concentrations of the surfactant solution in 60 mL glass centrifuge tubes with 
Teflon-lined caps. The organic carbon content of the organo-oxide was quantified 
in duplicate by Huffman Laboratories, Golden, CO. The sorption of carbon 
tetrachloride onto the anionic surfactant-treated aluminum oxide in batch 
experiments was studied by placing 1 g of the oxide, 14 mL of the surfactant 
solution, and appropriate volume of [^C] carbon tetrachloride in 15 mL glass 
centrifuge tubes with Teflon-lined caps. In both cases, the samples were 
equilibrated in the dark at 20 °C, during which the tubes were rotated continuously 
for complete mixing. Even though kinetic experiments show that surfactant 
equilibrium between the aqueous and solid phases and solute equilibrium between 
the aqueous and organo-oxide phases were reached fast (4-5), a 48 hour incubation 
time was used to ensure that equilibrium was reached in all samples. After the 
incubation, the samples were centrifuged for 60 minutes at 650g (g = 9.81 m/s2). 

After the samples were centrifuged, the dissolved mass of either the 
surfactant or carbon tetrachloride was determined. Surfactant concentrations were 
determined by measuring the surface tension of the aqueous supernatant with a 
Fisher Scientific Model 21 surface-tensiometer that employs the du Nouy ring 
method. Surface tension values were taken when stable readings were obtained for 
a given sample, as indicated by at least two consecutive measurements having 
nearly the same value. A Packard Tri-Carb 1900CA liquid-scintillation analyzer 
was used to measure the radioactivity in the sample. The equilibrium solute 
concentration in the supernatant from the centrifuge tube was then determined by a 
standard curve relating disintegration per minute to aqueous concentration. Since 
the total mass of surfactant and solute added to the sample was known, the mass 
sorbed could be determined by subtracting the dissolved mass from the mass 
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added In order to determine if there was loss of the solute due to sorption of the 
solute onto the inside of the centrifuge tubes or due to volatilization, blank samples 
were prepared and handled in parallel with other samples in each set of the batch 
experiments of the sorption of carbon tetrachloride onto the organo-oxide. Blank 
samples consisted of water, surfactant, and radio-labeled carbon tetrachloride 
combined in a centrifuge tube without the oxide. 

The continuous-flow water treatment system consisted of a glass column 
with an inner diameter of 1.5 cm and a length of 10 cm. The column was filled 
with 10 g of aluminum oxide. After packing the column with the oxide, several 
pore volumes of de-aired and de-ionized water were flushed through the column in 
both upward and downward directions to obtain fully saturated conditions. A 
schematic of the column setup is shown in Figure 1. 

Table 1. Structure of Emcol CNP-60 
Emcol CNP-60 

C H 3 ^ 

^CH - CH 2 - CH - CH 2 - CH 2 - CH 2 0(CH2CH20)6CH2 - CC^H 
3 CH 3 

Emcol NP-60 
CH 3 

^ ^CH - CH 2 - CH - CH 2 - CH 2 - CH 2 0(CH2CH20)6H 

The product Emcol CNP-60 consists of approximately 70% Emcol CNP-60, -18% 
Emcol NP-60,10% H2O, and -1% inorganic salts. 

To coat the aluminum oxide in the column with Emcol CNP-60 monomers, 
a solution of Emcol CNP-60 with a concentration of 14 g/L (CMC = 59 mg/L) was 
pumped into the column from top to bottom at a flowrate of 27 mL/hr. for 2 hours. 
After breakthrough of the surfactant was observed, and the organo-oxide was 
produced, water was pumped into the column from top to bottom at a rate of 27 
mlVhr.. Before the water entered the column, carbon tetrachloride was added to 
the water stream with the aid of a syringe pump at a rate of 8.05 μΙΤητ. for 6 hours, 
resulting in a carbon tetrachloride concentration of 451 mg/L. The setup for 
carbon tetrachloride injection is shown inside the dotted box in Figure 1. 

Finally, after breakthrough of carbon tetrachloride was observed, and in 
order to regenerate the column, a 2.5 Ν sodium hydroxide (NaOH) solution (pH 
13.8) was pumped into the column to change the surface charges of the oxide in 
order to facilitate the removal of the anionic surfactant and the solute. The sodium 
hydroxide solution was pumped into the column in an upflow mode. After one 
pore volume (14 mL) was replaced with 2.5 Ν NaOH solution, the column was 
placed into a rotating tumbler for 24 hours. After this an additional pore volume 
was replaced with a fresh 2.5 Ν NaOH solution and die column was placed back 
into the tumbler for 10 minutes. This procedure was repeated twice. Each pore 
volume obtained in this manner was analyzed to determine the concentration of the 
surfactant and carbon tetrachloride using the methods described above. 
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Results and Discussion 

a) Batch Experiments Results from a screening test, in which several 
oxide/surfactant combinations were tested indicated that for the combinations 
tested, the most efficient one for the removal of carbon tetrachloride from water 
was aluminum oxide and Emcol CNP-60 (6). The organic carbon content of this 
organo-oxide is 9.1 % when the Emcol CNP-60 monomers were adsorbed from a 
non-buffered solution onto aluminum oxide surface up to the uptake capacity of 
the oxide. 

Adsorption isotherms of the anionic surfactant onto aluminum oxide at 
several pHs are plotted in Figure 2. In low pH where there are more positive sites 
than negative sites on the oxide's surface, more surfactant monomers are adsorbed 
onto the oxide particles. As the mass of surfactant sorbed onto the oxide increases, 
resulting in an increased organic carbon content of the organo-oxide, the 
partitioning of the solute into the organo-oxide will also increase. 

To quantify the two solute partition coefficients described above (Kp and 
Km)» a series of batch experiments was conducted without pH adjustment 
Sorption isotherm of carbon tetrachloride onto the organo-oxide with a 7.1% 
organic carbon content is plotted in Figure 3, where the slope of the sorption 
isotherm is Kp for that specific organic carbon content. To calculate Kp for 
different values of the organic carbon content of the sorbent, a set of batch 
experiments was conducted and the result is shown in Figure 4, where the 
logarithms of Kp values and logarithms of organic carbon normalized Kp values 
are plotted as a function of the organic carbon content of the organo-oxiae. Note 
that for the pH at which these experiments were conducted, essentially all of the 
surfactant is adsorbed onto the oxide, hence the surfactant concentration in 
solution is much smaller than CMC. As shown in Figure 4, organic carbon 
normalized partition coefficients between organo-oxide and dissolved phase is 
about the same as the octanol-water partition coefficient (Kow) of carbon 
tetrachloride, which is 2.64. The magnitude of the partition coefficient and the 
linearity of the sorption isotherm indicate that the uptake of carbon tetrachloride by 
the organo-oxide used here is a partitioning process rather than an adsorption 
process. This is also in agreement with the results reported by Smith et al. (4) and 
Smith & Jaffé (12) who showed that organo-clays formed with long-carbon chain 
surfactants, similar in size to Emcol CNP-60, provide a partitioning media. A 
stronger uptake could be achieved through an adsorption process, for which one 
should select smaller surfactant molecules. 

To obtain Km values, an adsorption isotherm of the surfactant onto the 
aluminum oxide and a series of sorption isotherms of carbon tetrachloride onto the 
organo-oxide were conducted at a pH of 13.8. (Figure 2 and 5). The pH was set to 
13.8 because the regeneration of the column was performed at that pH. Five sets 
of sorption isotherms of the solute onto the sorbent were conducted for different 
quantities of excess surfactant added to the oxide. To each sample sufficient 
surfactant was added to form micelles in the aqueous phase after the oxide was 
fully coated with the surfactant Two of these sorption isotherms of the solute onto 
the sorbent for the lowest and the highest of the five micellar concentrations are 
shown in Figure 5. The micellar concentration is defined here as the dissolved 
surfactant concentration in excess of CMC, or Mis/volume of the solution. The 
results show that as the micellar concentration of the surfactant becomes larger, the 
mass of the solute sorbed onto the sorbent (Sc) gets smaller. This is because more 
mass of the solute is sorbed into micelles (Ml0) rather than onto die organo-oxide. 
Since only the total mass of the solute in the aqueous phase, which is the sum of 
mass of the solute sorbed into the micelles in the aqueous phase (Ml0) and mass of 
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Figure 1. Column experiment setup. 
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3 

2H 

foe (organic carbon content) 
Figure 4. Kp(L/Kg) and organic carbon normalized Kp for carbon 
tetrachloride vs. organic carbon content of the sorbent. 
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the solute dissolved in water (0e), could be determined with the analytical 
technique described above, the concentration of the solute dissolved in water (Ce) 
had to be estimated indirectly. The dissolved concentration (Ce) was estimated 
using eqn. (4), for which the concentration of the solute sorbed onto the organo-
oxide (Cp) could be determined directly from these batch experiments. The 
corresponding Kp was estimated as follows: The mass of surfactant sorbed onto 
the oxide at a pH of 13.8, and therefore the oxide's organic carbon content, was 
determined from the results shown in Figure 2. Kp could be estimated for that 
specific organic carbon content from the results shown in Figure 4. Once the 
concentration of the solute dissolved in water (Ce) was obtained, the concentration 
of the solute in micellar phase (Cm) was determined by subtracting the mass of the 
solute dissolved in water (Ce) from the measured total mass of the solute in the 
aqueous phase. Knowing Ce and Cm» K m could be estimated for each one of the 
five sorption isotherms of the solute onto the sorbent, using eqn. (5). The result is 
shown in Figure 6, where the logarithm of K m is plotted as a function of the 
micellar concentrations. If Kp is normalized with respect to the mass of sorbed 
surfactant, one obtains Km for the hemimicelles on the oxide. The results 
presented in Figure 6 show that Km values of micelles in the aqueous phase and 
calculated K m values of hemimicelles on the oxide are quite similar, suggesting 
that the sorption characteristics of the monomers do not change much whether they 
exist as micelles or hemimicelles. 

The results presented in Figures 4 and 6 were used to quantify Kp and Km, 
based on which the results of the column experiments described in the next section 
were simulated. 

b) Column Experiments A solution of Emcol CNP-60 was pumped into the 
laboratory-scale water treatment system described above. The results are shown in 
Figure 7, where Ci is the concentration of surfactant in the influent, C is the 
concentration of surfactant in the effluent, T 0 is the hydraulic residence time, and 
Τ is the time since pumping was started. Run 1 and Run 2 are replicate 
experiments. 

Subsequendy, water containing carbon tetrachloride was pumped into the 
column until die concentration of die contaminant in die effluent was about 50 % 
of that in the influent. The results are shown in Figure 8, where Ci is the 
concentration of carbon tetrachloride in the influent and C is the concentration of 
the contaminant in the effluent 

Finally the regeneration of the column using a solution with a pH of 13.8 
was done. As described above, the purpose was first to remove the anionic 
surfactant and the contaminant from the aluminum oxide, in order to regenerate the 
column with new surfactant monomers. The desorbed fractions of surfactant and 
carbon tetrachloride in each pore volume of flushing solution are shown in Figure 
9 and 10. Run 1 and Run 2 represent the results from actual column experiments, 
while Run 1-theo. and Run 2-theo. represent the predicted results from the mass 
balance models described earlier and using the partition coefficients from two 
standard curves from the batch experiments (Figure 4 and 6). The values of Run 
1-theo. and Run-2 theo. are calculated for each pore volume using the actual 
remaining mass of surfactant and carbon tetrachloride after the previous pore 
volume. As indicated in Figure 9 and 10, the results from the actual experiments 
and the predicted results from the mass balance models were matched welL 
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β 3.831 g/L • 18.5l6g/L 
CMC = 59 mg/L 

3000 

aqueous (mg/L) 
Figure 5. Sorption isotherm of carbon tetrachloride onto the organo-oxide at 
pH 13.8. 

micelles in the aqueous phase (g/L) 
Figure 6. Km(L/Kg) and K m of hemimicelles in the sorbent for carbon 
tetrachloride vs. micelle concentration in the aqueous phase. 
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0.5 

0.4 

Runl Runl-theo. Run2 Run2-theo. 
Figure 10. Recovery of carbon tetrachloride during the regeneration of the 
column. 
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Summary and Conclusions 

Sorption of an anionic surfactant (Emcol CNP-60) onto aluminum oxide and the 
subsequent partitioning of (a nonionic organic substance) carbon tetrachloride was 
studied. Sorption of the anionic surfactant onto the oxide is strongly pH-
dependent, and decreases as the pH increases. The partitioning of the nonionic 
organic pollutant onto this synthetic sorbent is linearly dependent on the 
concentration of the pollutant and is proportional to the adsorbed mass of the 
surfactant 

Treatment of water contaminated with carbon tetrachloride was 
investigated. For this purpose a column was first loaded with aluminum oxide , 
then the surfactant solution was pumped through the column to prepare the 
synthetic sorbent Hie contaminated water was then pumped through the column 
until about 50 % of the concentration of carbon tetrachloride in the influent was 
observed in the effluent In order to regenerate the column, a sodium hydroxide 
solution was pumped through the column to desorb the surfactant and the organic 
pollutant. The results from the actual regeneration process could be predicted well 
using mass balance models for the surfactant and for the solute, using partition 
coefficients determined from the batch experiments. Therefore, the methodology 
presented here can be used for die design and evaluation of such water treatment 
systems. 

The concentration factor obtained in this work (volume of contaminated 
water treated/volume of regenerated solution) of carbon tetrachloride was 7 to 5. If 
more hydrophobic contaminants are present, a higher treatment efficiency will be 
accomplished, because the values for Kp will be significantly larger, which 
increases the volume of water that can be treated while the volume of water used in 
the regeneration is fairly constant Furthermore, as discussed earlier, the selection 
of smaller surfactant molecules used in producing the organo-oxide may increase 
the sorption efficiency by orders of magnitude (4). 

It is interesting to note that die mixing that was provided during the 
regeneration had a significant effect on increasing the desorption efficiency 
compared to that obtained previously (6). For this reason, the regeneration of a 
larger-scale column should be conducted in an upflow mode and the water should 
be pumped at a velocity mat allows for an expansion of the bed and, therefore, 
better mixing. 

Even though this organo-oxide column might not be as efficient as an 
activated carbon column in terms of bulk treatment of water, it has several 
advantages that might be of interest in specific applications: (1) it can be 
regenerated in-situ, (2) selective removal of a certain contaminant may be achieved 
if a specific surfactant that sorbs the contaminant selectively is used (13), and (3) 
the solute that is removed from water by the organo-oxide can be recovered if this 
is desired. 
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Chapter 12 

Kinetic Modeling of Trichloroethylene 
and Carbon Tetrachloride Removal 

from Water by Electron-Beam Irradiation 

L. A. Rosocha, D. A. Seeker, and J. D. Smith 

University of California, Los Alamos National Laboratory, P.O. Box 1663, 
MS J564, Los Alamos, NM 87545 

High energy electron-beam irradiation is a promising technology for 
removing hazardous organic contaminants in water. To explore the 
effectiveness of particular accelerator systems, we have formulated a 
simple chemical kinetics model for removing TCE (trichloroethyl
ene) and CCl4 in aqueous solutions. The production, recombina
tion, and reaction of free radicals has been examined for various 
parameters (dose rate, pulse duration, and pulse repetition rate). 
Simulations show that low pulse intensities are more efficient than 
higher intensities in producing radicals because radical-radical 
recombination is dominant at higher dose rates. However, a train of 
short, high-dose, repetitive pulses (e.g., 100 ns, 10 kHz) can 
approach the removal efficiency of a continuous dose profile. Con
sequently, repetitively pulsed accelerators should be considered for 
future applications because of other specific machine advantages. 

Increased sensitivity to environmental issues and the promulgation of new regula
tions have increased demands to reduce the amount of hazardous chemicals released 
to the environment through liquid waste streams and related sources. Present 
methods for treating aqueous-based hazardous organic wastes are constrained in 
scope and utility because their applicability, effectiveness, and costs are highly 
sensitive to the particular targeted species, water chemistry, and water quality, 
including solids content. In contrast to present technologies, through both labora
tory and pilot-plant studies, high energy electron-beam (e-beam) irradiation has 
been shown to be effective and economical for the removal of hazardous organic 
contaminants in water (7, 2). 

Conventional electrostatic electron accelerator equipment has generally been 
employed for high average power irradiation applications, while single-pulse accel
erators have been utilized for high dose rate research. Recent technology develop
ments have lead to a new generation of pulsed linear induction accelerators driven 
by solid-state electrical power conditioning elements. These are considered to be 
less expensive per unit delivered e-beam dose, physically smaller, modular, and 
more reliable than conventional electrostatic accelerators (5, 4, 5). It is speculated 
that these repetitively pulsed accelerators will produce better chemical destruction as 
well, although this remains to demonstrated. At present, we have found no data 

0097-6156/94/0554-0184$08.00/0 
© 1994 American Chemical Society 
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comparing waste destruction by repetitively pulsed accelerators with that of 
conventional electrostatic accelerators. 

Resolving questions about how one chooses a particular accelerator system 
architecture for overall maximum effectiveness requires an understanding of the 
basic removal processes and a combination of experimental testing and kinetic 
modeling. At Los Alamos, we have set up an e-beam laboratory to study the irra
diation process using short (-65 ns), high current pulses (6). To better understand 
the waste removal process and e-beam machine scaling, we have also employed a 
computer-based chemical kinetics model to relate destruction effectiveness to 
electron-beam dose profiles and electron-beam machine parameters, and to make 
comparisons with experimental data. In this paper, we will discuss the water-
radiolysis model, simple models for TCE (C2HCI3) and CCI4 removal, and the 
experimental apparatus. 

A pure-water model is being used to investigate the behavior of free radicals in 
irradiated solutions. We are looking at the production and recombination of these 
transient species as a function of dose parameters. Our goal is to maximize the 
average free radical concentrations over a given period of time, for a given dose, by 
varying dose rate, pulse duration, and pulse repetition rate, thus providing greatest 
destruction potential. Our preliminary simulation results show that low dose rates 
have advantages over higher dose rates for the efficient production of radicals. This 
is apparently due to nonlinearities within the water model that favor radical recom
bination over radical production at higher dose rates. 

With TCE or other pollutants present, it has been postulated (although not 
demonstrated) that the formation of radical adducts and their subsequent reactions 
will produce favorable nonlinear effects that possibly make the pulsed case more 
advantageous in terms of chemical efficiency. We will eventually explore this 
mechanism through more complete models. 

Computer Simulation of Kinetics 

The process of e-beam irradiation is best understood in aqueous solutions, in which 
sizable quantities of the free radicals e~aq, H, and OH, as well as the more stable 
oxidant H2O2, are produced. These highly reactive species react with organic con
taminants to produce CO2, H2O, salts, and other compounds which are no longer 
hazardous. Our simulation effort is divided into two parts: a pure-water model and 
a simple model for TCE and CCI2 removal. 

The chemical kinetics code that we employ is zero-dimensional and therefore 
assumes that the electron-beam energy is uniformly deposited in space. From 
accepted track theories of water radiolysis, we know that e-beam energy deposition 
is not uniform; however, this does not necessarily imply that the code will not have 
predictive capability once benchmarked against experiments. The computer code, 
called MAKSIM (7), will accommodate 200 chemical reactions and 60 different 
reacting species. Because in most cases only a few of the species actually react 
with each other, sparse matrix inversion techniques are utilized by the code. Also, 
because such chemical systems usually involve a wide range of reaction rates, stiff 
differential-equation-solving techniques must be employed. MAKSIM uses the 
Gear (8) integration algorithm to handle a stiff equation set. 

Pure-Water Model 

The predominant radical reactions that take place within the pure-water model are 
listed in Table I below. The radicals are created by the first extremely fast reaction 
and the radical concentrations are determined by known yields. These yields 
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186 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

(G-values) for radical production by beam electrons are 2.7,2.7,0.55, and 0.71 
molec/lOOeV for e~aq, OH, H, and H2O2, respectively. 

Table I. Predominant Radical Production and Loss Reactions 
Reaction Rate Constant 

(L-moI^s1) 
e + H 2 0 -> e-aq + OH + H + H2O2 + H+ (extremely rapid) 
e-aq + H202 -» OH + OH" 1.2 x 1010 

e-aq + H+ -> H 2.2 χ 101ϋ 

e"aq + OH -> ΟΠ 3.0 χ 10,ϋ 

Η* OH -» H 2 0 2.0 χ 101ϋ 

OH + OH -> H2O2 5.5 χ 10 * 
e"aq + H -> H 2 + OH" 2.5 χ 10Ιϋ 

e"aq + e~aq -> OH" + OH" + H2 5.0 χ ΙΟ9 

This pure water model is based upon reactions and rate constants described in 
similar models found in the literature (9). The referenced paper also contains exper
imental data that supports the validity of the model quite well. In our calculations, 
we are interested in relating radical production and recombination to the dose profile 
and, therefore, comparing different types of accelerators. We are particularly inter
ested in radical recombination since the primary production of radicals is assumed 
to be linear with dose rate (determined by the G-value), and the secondary produc
tion of radicals from the water reactions appears to be negligible. Note in Table I 
that two of the recombination reactions are bi-linear in nature, while the remaining 
loss reactions are nonlinear because, in each case, both reactants are produced 
linearly with dose. 

To examine the effect of dose rate on the efficiency of radical production 
(yield), we have applied the pure-water model to a fixed duration e-beam pulse 
(65 ns) and varied the total dose applied during the pulse from 1 to 8 Mrad. In this 
way, the average dose rate is varied from about 15 χ 1012 rad/s to 123 χ 1012 rad/s. 
In this set of calculations, the radical yields are described by the equation 

_ ΙΟΟΝΛΡΚΟ] 

° R ( T ) " p. D(t) ' ( 1 ) 

where GR(0 is the yield of a particular radical (radicals per lOOeV of deposited e-
beam energy) as a function of time t, NA is Avogadro's number, ρ is the density of 
water, [R(t)j is the radical concentration in moles/L, as a function of time t, and D(t) 
is the dose delivered as a function of time t, in eV/kg of water. Figures 1 to 3 show 
plots of the calculated GR(0 versus time t. 

Two significant results were obtained from these calculations: for the lower 
dose rate (1-Mrad total dose), the radical yields fall to less than 50% of their initial 
values by the end of the pulse, which is caused solely by the rate of radical recom
bination; for the higher dose rate case (8-Mrad total dose) the yields fall even further 
(to about 10% of their initial values), which indicates that the lower dose rate is 
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200 100 
Time (ns) 

eaq 
Figure 1. Aqueous electron radical yield plotted vs time for a single 65-ns pulse. 
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7 

100 200 

Time (ns) 
H 

Figure 3. Hydrogen radical yield plotted vs time for a single 65-ns pulse. 

more efficient for radical production and subsequent waste destruction. The radical 
yields decrease at a faster rate as the dose rate increases, which reflects the presence 
of the nonlinear radical recombination processes. If there were no recombination 
effects, the radical yields would not change with dose rate. Note that for all three 
radical species, the yields drop off most rapidly at 65 ns; the time at which there is a 
total loss of excitation to the system by the e-beam. In the case of the hydrogen 
radical, the G value rises slightly during the first half of the irradiation pulse. This 
is caused by the production of H in the water reactions, which are scavenging the 
eaq and OH radicals and producing H. Lastly and importantly, these calculations 
show that the rate of radical decay is much slower for the H and OH radicals than 
the e"aq radicals, which possibly makes them more effective for waste destruction. 

Figures 4 and 5 show mrining averages of radical yields for a DC dose profile 
and a 10-kHz repetition rate pulsed dose of duration 100 ns, respectively. In these 
simulations, the average dose rate was held constant at 1 Mrad/s, which increases 
the peak dose for the 10-kHz case. The running averages are given by the 
following equation: 

where [&(τ)] is the concentration of a particular radical in moles/L averaged over 
time τ and [R(t)] is the radical concentration in moles/L, as a function of time t. 

From the figures, it can be seen that the 10-kHz pulsed profile produces average 
radical concentrations almost as large as those for the DC dose profile. This implies 

(2) 
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12. R O S O C H A E T A L CjtlQ^ and CCl4 Removal from Water 189 

that suitably applied repetitively pulsed dose profiles can produce removal 
efficiencies similar to those of a DC dose profile. 

It should also be noted that in the case of DC dose, the average e~aq, H, and 
OH concentrations rise at a constant rate at times less than a few tenths of 1 ms, and 
drop off thereafter. Therefore, because the dose is also increasing at a constant 
rate, the yields at times less than a few tenths of 1 ms are constant. After 1 ms, the 
yields of all three species drop significantly. This might imply that a residence time 
or pulse duration of a few tenths of 1 ms is optimum for destroying waste when a 
dose rate of 1 Mrad/s is used. The trend of average e"aq, H, and OH concentra
tions falling off before the time of 1 ms is also apparent m the 10-kHz case. 

TCE and CC14 Removal Models 

TCE and CCI4 removal are being modeled by one-step reactions with the aqueous 
electron, the hydroxyl radical, and the hydrogen radical: 

e-aq + TCE, CCI4 -> products, 

OH + TCE -> products, 

H + CCI4 -> products. 

„ DC Dose Profile 
a 

Time, log(s) 
Figure 4. Plot of mnning average of aqueous electron, hydroxyl, and 
hydrogen radical concentrations vs time for a DC dose profile. 
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_ 100-ns, 10-kHz 
£ Pulse Train Dose Profile 
*g ΙΟ"6 ι 1 1 1 1 r 

cd 
c 

'Ξ lo-io I 1 1 1 1 1 1 
§ ΙΟ"6 ΙΟ"5 ΙΟ"4 ΙΟ"3 ΙΟ"2 10"1 10° 
04 

Time, log(s) 
Figure 5. Plot of running average of aqueous electron, hydroxyl, 
and hydrogen radical concentrations vs time for a 100-ns, 10-kHz 
repetitive pulse train dose profile. 

These reactions simplify the destruction mechanisms of TCE and CCI4 that involve 
more than a dozen reactions for each case. Reaction products such as the Ο are 
not incorporated into the models, and therefore, one would expect to obtain better 
destruction efficiencies with the simplified models due to the absence of radical 
scavenging by reaction products (e.g., aldahydes, formic acid). Simulation 
parameters are chosen to match our accelerator's dose profile as well as the initial 
TCE and CCI4 concentrations used in our destruction experiments, and those at the 
Florida International University - University of Miami (FIU-UM) facility (7). 

In Figure 6, the fractional destruction of TCE and CCI4 are plotted as functions 
of initial concentration and dose. The dose is applied over a constant 65-ns pulse 
duration, which simulates our LANL accelerator dose profile. As expected, as 
more chemical is removed, more dose is required to achieve greater and greater 
fractional removal. Also, at low doses, for TCE, the fractional destruction depends 
greatly upon initial concentration; but as the dose increases, this dependency 
decreases to almost zero. For CCI4 the dependency on initial concentration is much 
less pronounced. 

Figures 7 and 8 show the destruction of TCE and CCI4 versus time for a 
4-Mrad dose applied over 65 ns. Note how the e~aq concentrations die away 
almost immediately, while the Η and OH radicals have a greater lifetime, and there
fore can destroy waste for a greater period of time. Ninety-two per cent of the 
TCE, and 70% of the CCI4 is eventually destroyed. The 92% value agrees fairly 
well with our measured value of 87% in pulsed-accelerator experiments at Los 
Alamos. 
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Figure 7. Single-pulse modeling results for TCE removal. 
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CC14 Removal 
1.5 
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~i 1 1 Γ" -i 1 1 r 

100 x [CCI4] 

0.0 V...I I I 1 1 r l — d » . 

250 
Time (ns) 

500 

Figure 8. Single-pulse modeling results for CCI4 removal. 

Tables Π and HI show TCE and CCI4 destruction vs dose and method of 
application of the dose. The initial concentrations and applied doses are chosen in 
an attempt to reproduce results from the FIU-UM facility (/). Four cases are 
examined for both compounds: 

• Single 100-ns pulse 
• 100-ns, 1-kHz repetition rate pulse train 
• 100-ns, 10-kHz repetition rate pulse train 
• DC irradiation. 

Table II. TCE Destruction Calculated for Different Doses 
and Methods of Application 

Dose Method Fractional Destruction (%) 
100-krad dose 150-krad dose 

100-ns pulse 37.5 46.1 
1-kHz pulse train 68.0 92.2 
10-kHz pulse train 68.8 95.9 
DC 69.4 96.8 

Notes: initial TCE concentration is 100 ppm; residence time is 0.1 sec. 
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Table ΠΙ. CCI4 Destruction Calculated for Different Doses 
and Methods of Application 

Dose Method Fractional Destruction (%) 
50-krad dose 100-krad dose 

100-ns pulse 29.3 34.1 
1-kHz pulse train 77.9 91.2 
10-kHz pulse train 81.2 94.1 
DC 81.8 94.9 

Notes: initial CCI4 concentration is 10 ppm; residence time is 0.1 sec. 

The following results are derived from the tables: (1) both the 1-kHz and 
10-kHz pulse trains approach the DC case in destruction effectiveness; (2) a single 
pulse is not nearly as effective as the DC or repetitively pulsed cases (this is also 
supported by Figures 4 and 5); (3) to reproduce the results from the FIU-UM 
facility, our initial concentrations had to be increased by a factor of 50. 

Potable water or natural water normally contains radical scavengers (e.g., car
bonates) that decrease the average radical concentrations and consequently decrease 
the destruction efficiency. Because our model presently does not account for radi
cal scavengers, the required increase in concentration in our calculations is in the 
right direction. Also, our model does not include the whole destruction mecha
nisms for TCE and CCI4. These mechanisms involve some scavenging that would 
further decrease radical populations. It is impossible to deterrnine the extent of this 
scavenging because most of the reaction rates are unknown at present. Future work 
will be directed at refining the model. 
Experimental Apparatus 

We are currently testing a high-dose/high-dose rate electron accelerator for the irra
diation of aqueous-based organics. Table IV lists the accelerator specifications and 
Figure 9 shows an equipment schematic diagram. The accelerator consists of three 
major parts: a high-voltage pulse generator (Marx generator), an electrical pulse-
forming line (triaxial oil-insulated Blumlein transmission line), and electron gun 
(cold-cathode relativistic electron-beam diode). A reaction chamber, which contains 
the aqueous-based organic sample to be treated, is attached to the output section of 
the electron gun. Diagnostic ports and windows are also provided for chemical 
sampling and laser-based diagnostics. This accelerator differs from existing com
mercial continuous-duty electron accelerators in that its dose is pulsed rather than 
continuous. The pulsed cold-cathode electron accelerator is well suited for a 
research application because it permits separate transient measurements of the pro
duction of free radicals and the subsequent destruction of organics in the water and 
provides a high dose. Using this setup, we envision routine delivery of electron-
beam doses of 1 to 10 Mrads in water samples. Additionally, the development of 
analytical techniques for real-time, in situ identification and quantification of reac-
tants, products, reaction rates, and e-beam dose are extremely desirable. In our 
experiments, we are initially concentrating on measuring the aqueous electron con
centration because of its importance in understanding the waste removal process 
and in providing time-dependent data to verify the pure-water and TCE models. 
The aqueous electron absorption spectrum is well known and, as shown in 
Figure 9, its measurement is accomplished with the red laser beam (near 700 nm). 
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Reaction chamber 
(containing water 
and organic hazardous 
waste sample) 

High-
voltage 
generator 

Electrical 
pulse 
forming 
line 

Electron 
beam 
generator 

Probe laser 

- Wet chemistry 
sampling port 

Optical 
detectors 

Data recorders/analyzers 
Figure 9. Schematic diagram of experimental equipment setup, including 
accelerator, sample chamber, and laser-based diagnostics. 

Table IV. Specifications for Los Alamos High-Dose 
E-beam Facility 

Parameter Value 
Electron energy (voltage) l-4MeV 
E-beam current density 2kA/cm2 

E-beam cross section 3x10 cm2 

Electrical pulse duration 60 - 70 ns 
Electron penetration depth 0.5 - 1.0 cm 
Transport efficiency for e-beam -50% 
Electron dose in water samples ~1 - lOMrad 

Future Electron-Beam Systems 

Although the computer modeling shows that a continuously applied dosage is more 
efficient in destroying waste than the same amount of pulsed dosage, the modeling 
does show that a repetitively pulsed machine can approach the efficiency of a DC 
machine when pulsed at high pulsed repetition rates (e.g., 10 kHz). Consequently, 
repetitively pulsed accelerators should be considered for future applications involv
ing the destruction of hazardous organic wastes by e-beams. 

The advantages of DC electrostatic accelerators are mature technology, simple 
architecture for moderate voltages (1 to 3 MV), demonstrated industrial service, and 
reasonable power efficiency. The advantages of RF electrostatic accelerators are 
mature technology, relatively simple architecture, a compact and efficient trans
former, demonstrated industrial service, and reasonable power efficiency. The 
disadvantages of DC and RF electrostatic accelerators are limited current (due 
mermionic-emission cathodes), full, high-voltage hold-off insulation requirements, 
a considerable parts count in the high-voltage section, production of exit foil 
window hot spots with a scanned beam, and scanner duty-factor losses. 
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In comparison, the advantages of pulsed linear induction accelerators are mature 
technology, simpler and less stringent high voltage isolation, ease of scaling to high 
power and high voltage (due to its modularity), smaller size (large, high-voltage 
transformer not required), and wide power control using variable pulse frequency. 
The main disadvantages of this technology are that it has not fully been demon
strated for industrial service, and requires more knowledgeable servicers. 

The advantages of pulsed cold cathode accelerators are mature technology for 
single-shot, very high peak powers and doses for research applications, simple 
high-voltage hold-off, and scalability to large beam areas (square meters). This 
style of accelerator is best used for research purposes because it is not well suited 
for rep-rate service. 

Conclusions 

A pure-water model was used to investigate the behavior of free radicals in irradi
ated solutions by calculating the production and recombination of free radicals as a 
function of dose parameters. Our goal was to provide the greatest destruction 
potential by maximizing the free radical concentrations and yields for a given dose 
by varying dose rate, pulse duration, and pulse repetition rate. Our preliminary 
simulation results show that low dose rates have advantages over higher dose rates 
for the efficient production of radicals. This is apparently due to nonlinearities 
within the water model that favor radical recombination over radical production at 
higher dose rates. 

Also, we have found that a suitable application of a train of repetitive short-
duration pulses (e.g., 100 ns) gives radical concentrations and fractional removals 
similar to a DC applied dose. 

Additionally, we have discussed the relative power-conditioning and architec
ture advantages that pulsed linear induction accelerators hold compared to conven
tional electrostatic electron accelerators. These are primarily high-voltage isolation, 
ease of scaling to high power and high voltage, modularity, smaller size (large, 
high-voltage transformer not required), and wide dynamic range of power control 
using a variable pulse frequency. 
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Chapter 13 

Enhancement of Pentachlorophenol 
Biodegradation by Fenton's Reagent 

Partial Oxidation 

Judith Bower Carberry1 and Sang Ho Lee2 

1Department of Civil and Environmental Engineering, 
University of Delaware, Newark, DE 19716 

2Star Environmental Consulting Company, Taegu, Korea 

PCP, the most highly chlorinated phenol, has been widely used as a 
wood preservative and is often present at toxic levels at production 
sites and at treatment sites. Fenton's Reagent, a hydrogen peroxide 
solution containing ferrous iron as a catalyst to produce the strong 
oxidizing agent, hydroxyl radical, was used in this study to partially 
oxidize PCP. Partial oxidation products were then subjected to 
biodegradation by a selected microbial consortium from PCP 
contaminated soil. The parent PCP and partially oxidized PCP systems 
were compared with respect to levels of destruction and rates of 
biodegradation. PCP was chemically oxidized to a level of only 3%, 
and the subsequent biodegradation was enhanced to a level almost three 
times that of the untreated control and at a rate approximately twenty 
times faster. Data modeling using the Haldane Equation indicated that 
the Haldane Constant, a toxicity index, was reduced to a level 4 times 
less from the slight chemical oxidation by Fenton's Reagent. 

Pentachlorophenol (PCP) is the second most widely-used pesticide in the United 
States. PCP and its sodium salt (Na-PCP) are biocides since they are lethal to a 
variety of living organisms including plants and animals. PCP is registered by the 
U.S. Environmental Protection Agency (7) for use as a bactericide, insecticide, 
fungicide, herbicide and algicide. Also a large amount of PCP is used to control 
algae and fungi in cooling towers at power plants and manufacturing factories. 
Although PCP and its derivatives have many applications, PCP is mostly used in the 
wood preservation industry. Worldwide production of PCP in 1983 was estimated at 
50,000 metric tons, of which about 2300 metric tons was produced in the United 
States (2). Approximately 80% of U.S. PCP production is used for commercial wood 
treatment, and there are approximately 600 treatment plants in the United States (3). 
Accidental spillage and improper disposal of PCP at production plants and at wood-
preserving facilities have resulted in extensive contamination of soil, surface water, 
and ground water aquifers (4). 

0097-6156/94/0554-0197$09.08/0 
© 1994 American Chemical Society 
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The toxicity of chlorinated phenols tends to increase with the degree of 
chlorination. PCP, the most highly chlorinated phenol, is recalcitrant to degradation 
by microorganisms and therefore accumulates in the environment (J). PCP has been 
detected in human and mammal tissues, and in fishes and birds. PCP is acutely toxic 
to a variety of organisms and mammals as an inhibitor of oxidative phosphorylation 
(5-5), and PCP is a well known fat-soluble chemical accumulating in fish directly 
through the skin or through the food chain (9). Thompson and Kaiser (5) examined 
the toxicity effect of several chlorophenols, including PCP, with Bacillus subtilis 
isolated from activated sludge. They demonstrated that the more highly chlorinated 
the phenol, the greater the toxicity to microorganisms. 

PCP is presumed to be very resistant to microbial degradation due to its highly 
chlorinated organic nature; the feasibility of PCP biological treatment, however, has 
been the subject of several research papers (10-11) in which a number of researchers 
studied the biodégradation of PCP with a variety of microorganisms. PCP 
biodégradation in soils was examined by several researcher (12-17) and in aquatic 
environments by Melcer and Bedford (77) and Godsy (3). These studies were 
supplemented by studies using consortia (18) and pure cultures of bacteria (19, 20, 7). 
Further evidence of PCP biodégradation was provided by documenting the production 
of inorganic chloride ions (21, 22) and 14C02 formation from radiolabeled PCP (23-
25, 7). Later, Volskay and Grady (26) tested the toxicity of 33 priority pollutants to 
activated sludge and found PCP to be the most toxic and resistant of those toxic 
chemicals tested. 

Crawford and Mohn (27) reported that within one week a PCP-degrading 
Flavobacterium removed less than 100 ppm PCP from a soil sample containing 10 -
20% water but could not effectively remove PCP at a concentration of 500 ppm. 
Steiert and Crawford (28) reported that microorganisms degrading PCP remove at 
least one chlorine atom prior to ring cleavage since, in general, a variety of 
chlorophenols must be di-hydroxylated by oxygenases for aerobic microbial 
catabolism. Halogen atom substituents on the aromatic ring hinder the electrophilic 
attack on the ring by withdrawing electrons from the ring. Rochkind-Dubinsky et al. 
(29) corroborated die same mechanism and sequence of these degradation reactions 
using P. putida. 

Enhanced levels of xenobiotic biodégradations have been observed in the 
presence of mixed substrates, and, often, co-substrates are required to support the 
growth of degrading microorganisms. The co-substrates may take part directly in the 
catabolism of xenobiotic compounds by supplying co-factors for the enzyme pathway 
or supplying energy for the transport of the xenobiotic compounds (30). Therefore, 
the simultaneous utilization of mixed substrates results in enhanced removal 
efficiencies, compared to the removal efficiency of an individual xenobiotic compound 
as a sole carbon and energy source. Enhanced removal of mixed substrates generally 
produces a higher level of biomass concentration. 

Alexander (57) defined the co-metabolism mechanism as "the fortuitous 
degradation of one compound by an enzyme which routinely acts on primary 
substrate." Overall biodégradation of halogenated compounds can be enhanced by 
supplemental addition of co-substrate (32-34). Co-metabolism studies of PCP uptake 
have been conducted by Klecka and Maier, (35), Thompson and Strachen (36), and 
Hendricksen et al. (37). Results of these studies demonstrated both an increase in 
PCP uptake and an increase in microbial growth. 

Since regulatory agencies would be reluctant to approve the addition of co-
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13. CARBERRY AND L E E Pentachlorophenol Biodégradation 199 

substrates to a contaminated waste site, this study was undertaken to determine 
biodégradation enhancement effects and mechanisms from the generation of co-
substrates due to oxidation of PCP by Fenton's Reagent. 

Fenton proposed that hydrogen peroxide and ferrous salts, known as "Fenton's 
Reagent," could produce the powerful inorganic oxidant, hydroxyl radical (38). 
Later, Haber and Weiss (39) demonstrated that hydroxyl radical was a strong oxidant 
in their reaction systems containing a wide variety of organic compounds. They 
proposed the following reaction mechanism of ferrous ion and hydrogen peroxide 
reaction: 

Fe2+ + H202 » Fe3+ + -OH 4- OH' (1) 

where · OH is the hydroxyl radical, a very strong oxidizing agent. In the presence 
of organic compounds, the hydroxyl radical, ·ΟΗ, may react via mechanisms 
involving addition of ·ΟΗ or extraction of a hydrogen atom, as shown in the 
following reactions; 

•OH + R > -ROH (2) 

•OH + RH2 > -RH + H20 (3) 

In both reactions, organic free radicals react further with Fe3*, oxygen, hydrogen 
peroxide, ·ΟΗ or with other organic radicals (40). 

Schumb (41) demonstrated the reaction of Fenton's Reagent with substituted 
halophenols and found that the greater the degree of halogen substitution, the slower 
the reaction rate. With one mole of ferrous ammonium sulfate per mole of phenol and 
various concentrations of hydrogen peroxide at 50 °C and pH of 4, the initial 
concentration of phenol decreased quickly within two minutes of initial reaction time 
and then remained unchanged thereafter, presumably because the total amount of 
hydrogen peroxide had been consumed. 

Barbeni et al. (42) examined the chemical oxidation of chlorophenols 
(monochlorophenol, dichlorophenol, and trichlorophenols) using Fenton's Reagent in 
aqueous solution. They found that the oxidation rate of 3,4-dichlorophenol increased 
with increasing ferrous ion concentration at a fixed concentration of H202. In 
addition, they illustrated the efficiency of phenol oxidation at high concentrations, 
such as the 1000 ppm concentration in wastes produced by the pulp and paper 
industry. Watts and his co-workers (43) investigated the Fenton's Reagent oxidation 
of pentachlorophenol in contaminated soil. They demonstrated that the chemical 
oxidation of PCP released chloride ions, and that Fenton's Reagent oxidation was 
maximized due to enhanced hydroxyl radical generation in a pH range of 2 to 4. 

These previous studies demonstrated the efficacy of using Fenton's Reagent 
for its ability to generate the strong oxidizing agent, hydroxyl radical, to treat high 
concentrations of PCP. The complete chemical oxidation of PCP, however, is very 
expensive, and its increased demand in soils contaminated with PCP has been 
demonstrated. The purpose of this study, therefore, was to demonstrate the benefit 
of reducing toxic PCP concentrations and generating co-substrates by partial chemical 
oxidation in order to enhance PCP removal by a selected microbial consortium (SMC) 
and increase its growth. 
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Methods and Analyses 

Reagent grade PCP (99 + % purity; Fluka AG, Fluka, Switzerland) was used as a 
sole carbon source for the PCP-degrading microorganisms and activated sludge. A 
stock solution of PCP was prepared at an elevated pH of 11 with 1 Ν NaOH to 
increase the solubility of PCP in the aqueous phase. 

For the partial chemical oxidation pretreatment by Fenton's Reagent, the 
ferrous sulfate solution (FeS04«7H20, Fisher Scientific Co., Fair Lawn, NJ) was 
prepared at a concentration of 1 g/L as Fe. Hydrogen peroxide as 35 % H202 was 
purchased from Fisher Scientific Co. Solutions of 1, 5 and 10 Mm Η 2 θ2 in distilled 
water were prepared for chemical oxidation. The ferrous ion concentration was in 
excess of the optimum ferrous ion versus hydrogen peroxide ratio determined by 
Barbeni et al. (42). Three different initial hydrogen peroxide concentrations were 
added to each set of triplicate reactor vessels at the following molar ratios of H ^ to 
PCP: 0.1:1, 0.5:1 and 1:1, designated as FR(0.1:1), FR(0.5:1), and FR(1.0:1). A 
stepwise 25 ml aliquot of hydrogen peroxide solution was added into each reactor at 
a pH of 3.5 and at 20±1 °C as deterrnined by Bishop, et al. (44), and at one-hour 
intervals over a four hour period as described by Bowers et al. (45). 

A selected microbial consortium (SMC) of PCP-degrading microorganisms 
was prepared and maintained as previously described by Lee and Carberry (46). The 
two microbial strains isolated and identified by the Hewlett Packard model 5898A 
MIS System following long-term culture maintenance were Pseudomonas putida and 
Pseudomonas aeruginosa. 

All biodégradation experiments with or without partial oxidation pretreatment 
were carried out using an electrolytic respirometer system (Bioscience Management, 
Inc., Bethlehem, PA) to provide oxygen and to determine accumulated oxygen uptake 
in each 1 liter reactor. The system consisted of a main control module (Model ER-
101) and a water bath controlled at a temperature of 20 °C mounted on a gang 
magnetic stirrer so that the 1 titer flasks contained therein could be mixed 
continuously. 

Biodégradation of lmM PCP solutions, untreated by Fenton's Reagent, were 
designated CONTROL for the SMC microbial system. For biodégradation 
experiments following chemical oxidation, the solutions in the reactors were adjusted 
to a pH of 7 to 7.2 with 1 Ν NaOH or 2 Ν H2S04, any ferric hydroxide precipitate 
carefully removed by décantation, and a uniform 120 mg/L titer of microorganisms 
introduced into each reactor for the subsequent biodégradation. The subsequent 
biodégradation rates were measured for 12 days by monitoring differences in several 
parameter concentrations, as described below. These experiments were designated as 
FRSMC, according to the dose of Fenton's Reagent used. 

For PCP analysis, a high performance liquid chromatograph was used during 
both the chemical oxidation and biodégradation processes. A Varian HPLC (Varian 
Instrument Group, Walnut Creek, CA) system was used, consisting of dual pumps to 
mix mobile phases, a Model 2550 UV detector at a wave length of 280 nm, and a 
Varian model 4290 Integrator. Following the partial chemical oxidation reactions, 
samples were adjusted to Ph 11 to optimize PCP solubility and filtered through 0.22 
Mm membrane filters (Millipore, Bedford, MA) before each injection. Samples 
removed from the CONTROL or FRSMC systems required no pH adjustment. All 
aqueous filtrates were injected using a Rheodyne 7175 a 20 μ\ injector loop onto a 
reverse-phase column (a 250 mm Nucleosil C-18 packed column). The isocratic 
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elution was pumped through the column at a rate of 1 ml/min and was composed of 
88% methanol with 1 % acetic acid and of 12% deionized water with 1 % acetic acid. 
The calibration curve for several PCP concentrations versus integrator peak area was 
characterized by an R2 factor, the coefficient of determination, equal to 0.999. For 
each PCP experiment, the HPLC instrument was calibrated each sampling day, and 
samples were prepared for analysis and injected immediately. Statistical description 
of HPLC and observed values precision are presented in Table 1. These results were 
determined by measuring a series of 15 PCP injections into the HPLC, and they 
illustrate the extent of scatter. The standard deviations of PCP concentrations were 
also calculated with respect to the average and shown in Table 1. 

Table 1. Statistical Analysis of HPLC Precision of Observed PCP Concentration 

nominal concentration (mg/L) 100.00 300.00 
mean from 15 observations (mg/L) 99.7 299.37 
standard deviation 0.6 1.87 

The potassium iodide-sodium thiosulfate titration method was used to determine 
residual concentrations of hydrogen peroxide in each chemical oxidation system (47). 
Also a peroxide test strip (EM Science, Gibbstown, NJ) was used to ensure the total 
disappearance of hydrogen peroxide before the application of microorganisms. 

Inorganic chloride ion concentrations were determined with a Fisher 825 MP 
digital Ph meter equipped with an Orion model 94-17B chloride electrode (25, 22) for 
both the chemical oxidation and biodégradation processes. Inorganic chloride ion 
concentration was determined using a calibration curve plotted from the molarity of 
a series of KC1 standards. The R2 factor from this determination was 0.999. 

Each concentration of PCP-degrading microorganisms was determined by 
optical density measurements using a spectrophotometer (Spectronic 21, Bausch & 
Lomb Inc., Rochester, NY). For the calibration curve of selected PCP-degrading 
microorganisms, 50 ml of each suspension was diluted and filtered through a tared 
0.22 μπι membrane filter (Millipore, Bedford, MA). The dry weight of 
microorganisms at different dilutions was measured according to the procedure 
described by Karns et al. (33). Optical density readings and the dry weight of 
microorganisms were correlated at each dilution to develop the calibration 
formulation. Since these calibration curves were developed by sequential dilution of 
this microbial suspension, any error between the microbial mass and microbial 
viability was proportional to the microbial concentration. The R2 factor for this 
calibration was 0.999. 

Oxidation products from the PCP chemical oxidation were analyzed as 
acetylated derivatives by GC/MS. Those acetylated compounds were identified by 
GC/MS according to the following modified procedure developed by Haggblom et al. 
(48). A 7 ml aqueous sample was acetylated by adding 0.7 ml of 1 M K2C03 and 0.2 
ml of acetic anhydride. The acetylated compounds were extracted using a Mixxor 
(Genex Corporation, Gaitherburg, MD) two times with 7 ml of HPLC-grade n-
pentane; the extract was then concentrated to 100 μ\ and analyzed by GC/MS (HP 
5890 Hewlett Packard Co., Palo Alto, CA) using a HP-1 (Hewlett Packard) capillary 
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column with chromatograph grade helium carrier gas and a mass selective detector 
(HP 5970 Hewlett Packard Co., Palo Alto, CA). The temperature program consisted 
of 80 °C for 1 minute, followed by a temperature gradient period at 8 °C/min up to 
260 °C. 

The specific substrate uptake rates at each initial substrate concentration were 
determined by integrating the left hand side of Equation 4 and plotting S versus Xt. 

1 dS_ v 

The results were then equated to the Michaelis-Menten function, shown on the right 
hand side of Equation 5. 

1 dS kS 
X dt K+S (5) 

where, (\/X)(dS/dt)=specific substrate uptake rate, (time*1) 
X=average biomass concentration during biological reaction 

X=(X0 + -JQ/2, Xof Xt\ the biomass concentration 
at the time t=0 and t=t, respectively (mass)/(volume) 

k=maximum substrate uptake rate constant, (time1) 
Km=tht Michaelis-Menten constant; the substrate concentration at 

which the specific uptake rate is half the maximum rate, 
(mass substrate)/(volume) 

S=substrate concentration (mass substrate)/(volume) 

The characteristic Michaelis-Menten constants were determined using a curve 
fitting software program which employed a cubic spline interpolation routine and a 
corresponding evaluation of the best fit y-parameter for the Michaelis-Menten 
function. The routine used a trial and error fitting procedure until the resulting error 
reached a minimum and, then, values for the two constants, k and Km were provided. 
These results were subjected to a t-test to determine whether the resulting constants 
characteristic of each environmental condition were the same or significantly different 
at a probability level equal to 0.05 using a Sigmaplot* software program (Jandel 
Scientific, Corte Madera, CA). 

Specific microbial growth rate was similarly evaluated for experimental growth 
phases by integrating Equation 6 and plotting In X/X0 vs t. 
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(6) 

The specific growth rate of microorganisms on non-inhibitory substrates is given by 
the Monod Equation. 

where, is the maximum specific growth rate constant and K% is the substrate 
concentration at which the specific growth rate is the half the maximum rate. For 
toxic or inhibitory organic chemicals, the Haldane equation can be utilized to 
demonstrate the relationship between S and μ. An increase in the initial concentration 
of toxic organic chemical results in higher specific growth rates until a peak growth 
rate, μ*, at the critical substrate concentration, 5* is observed. Any increase in the 
substrate concentration above St* results in a decreasing growth rate. The Haldane 
function is presented in Equation 8. 

Ki is the Haldane inhibitory constant which describes the depression of growth rate 
due to substrate inhibition. As inhibition is decreased, Kt increases and the formula 
approaches the Monod Equation. When inhibitory concentrations of PCP are 
introduced to microorganisms, a much longer lag time is observed prior to the onset 
of exponential growth. The lower the value of the longer the time required for 
the onset of exponential growth. While Ks characterizes the slope of the ascending 
leg of the specific PCP uptake rate with increasing PCP concentration curve, Kt 

characterizes the slope of the descending leg of the curve at PCP concentrations 
greater than 5". 

The critical substrate concentration, 5*, can be calculated by taking the 
derivative of Equation 8 with respect to 5, setting the derivative equal to zero, and 
solving for ST. This result is given by Equation 9. 

μ = (7) 

μ = 
(8) 

(9) 

The peak growth rate, μ* can be determined by substituting Equation 9 into 
Equation 8, yielding Equation 10. 
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(10) 
1 + 2 

The biokinetic constants of the Haldane equation, therefore, provide S* and μ* values 
to compare the CONTROL and the pretreated systems. These Haldane constants were 
determined using a non-linear curve fitting software program which employed an 
interpolation routine and corresponding evaluation of the best fit y-parameter for the 
Haldane equation. By using a trial and error fitting procedure until the resulting error 
reached a minimum, the routine returned three biokinetic constants, μ^, KSf and KL 

These results were analyzed by a t-test using a SigmaplotR software program (Jandel 
Scientific, Corte Madera, CA) to deterrnine whether the resulting constants 
characteristic of each environmental condition were the same or significantly different 
at a probability level of 0.05. 5̂  and μ* values were calculated from these constants 
using Equations 9 and 10, respectively. 

In order to examine the co-metabolic mechanism for enhanced PCP uptake, 
experiments were carried out in which the PCP solutions were supplemented with the 
single chemical oxidation product identified by GC/MS, tetrachlorocatechol (TeCC) 
and, subsequently, with aliquots of oxidized PCP solution. At the beginning of the 
experiment (PHASE I), 5 ppm or 15 ppm of the oxidation product, 
tetrachlorocatechol (TeCC) was added to each reactor. SYSTEM 1 received 15 ppm 
of TeCC, and SYSTEM 2 received 5 ppm of TeCC. Composition of the two systems 
are summarized in Table 2. After 15 days, PHASE Π was initiated for each system 
by adding 150 ml of ImM PCP solution oxidized by Fenton's Reagent to each reactor, 
and after another eight days PHASE ΙΠ began by adding another 100 ml of PCP 
solution oxidized by Fenton's Reagent. These procedures documented the effects of 
sequential additions of single and multiple co-substrates on biodégradation. 

Table 2· PHASE I solution compositions in for enhancement mechanism study 

SYSTEM 1 (15 ppm TeCC) SYSTEM 2 (5 ppm TeCC) 

volume (ml) concentration volume (ml) concentration 

PCP solution 
microorganisms 
TeCC solution 

450 135 ppm 
100 850 mg/L 
260 50 ppm 

450 135 ppm 
100 1130 mg/L 
60 50 ppm 

Results and Discussion 

Partial Chemical Oxidation of PCP. Sequential Fenton's Reagent addition to 1 Mm 
PCP solutions caused stepwise reductions in PCP and gradual chloride ion production. 
These results are presented in Figures 1 and 2, respectively. Fenton's Reagent 
reactivity in the dosing sequence is shown in Figure 3. These results indicate that the 
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FIGURE 1. PCP Concentration Profiles during Fenton's Reagent Sequential Dosing 
at 20 °C 

Time (hrs.) 

FIGURE 2. Production of Chloride Ions due to Fenton's Reagent Doses at 20 °C 
and pH=3.5. 
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chemical oxidation pretreatment with the Fenton's Reagent doses tested in this study 
did not induce the complete chemical oxidation of PCP. Instead, at the low 
concentration doses tested, calculations revealed that approximately one chloride ion 
per PCP molecule was produced. This result provided evidence that hydroxyl radical 
was produced as shown in Equation 2, and reacted subsequently with PCP as proposed 
in Equations 11 and 12. 

OH OH 
PCP + -OH > or (11) 

Cl 

OH OH 

(THQ) (TeCC) 

Confirmation of these observations was carried out by solvent extraction, 
acetylation and GC/MS analysis. Two peaks, A and Β were identified as acetylated 
components, one the residual PCP, and the other, tetrachlorocatechol. This result 
agreed with the ortho mechanism of PCP chemical oxidation shown in Equations 11 
and 12. The production of TeCC dominated the Fenton's Reagent reactions, and 
alternative side reactions shown in Equations 13 through 16 could not be detected. 

Fe*+ + H202 > Fe2+ + Η0 2· + H + (13) 

Fe2+ + -OH » Fe34 + OH" (14) 

Fe3* + Η0 2· » Fe?+ + Oa + H + (15) 

•OH + H202 * H20 4- H02- (16) 

Overall results of the partial chemical oxidation experiments using Fenton's 
Reagent demonstrated that sequential chain reactions shown in Equations 2, 11, and 
12 were successfully carried out to the extent intended, and the undesirable parallel 
reaction shown in Equations 13 -16, which dissipate the generated hydroxyl radical, 
had been minimized. 
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Biodégradation of Untreated PCP CONTROL. Sequential PCP removals by the 
selected microbial consortium are presented in Table 3. Also presented there are the 
specific PCP removal rates calculated from Equation 4 and the corresponding 
measured chloride ion concentrations. These results indicate that acclimated PCP-
degrading SMC removed PCP from an initial 1 Mm concentration very slowly after 
approximately a 4-day time lag. Biological production of chloride ions demonstrated 
that the PCP disappearance was due to microbial degradation, not to biosorption. The 
12 day aerobic biodégradation by PCP-degrading SMC resulted in a concentration 
decrease of only 6.4 ppm (0.024 Mm). Measured cumulative oxygen uptake rates and 
microbial growth rates confirmed the low level of PCP biodégradation in the 
CONTROL system. 

Table 3. Biological PCP removals, specific PCP uptake rates and production of 
chloride ions by PCP-degrading SMC in the CONTROL system 

Time Cumulative PCP Decrease Rate Cumulative CI* Increase 
(day) (Mm) (day1) (Mm) 

2 0.006 0.0067 0.006 
4 0.010 0.0059 0.010 
6 0.019 0.0071 0.023 
8 0.021 0.0058 0.031 
10 0.023 0.0051 0.042 
12 0.024 0.0044 0.048 

PCP Biodégradation Following Fenton's Reagent Partial Oxidation. PCP removals 
and corresponding chloride ion production are presented in Table 4 for the 
CONTROL and the FRSMC systems at all Fenton's Reagent doses tested. Increases 
in chloride ion concentrations demonstrated that the disappearance of PCP was due 
to microbial degradation, not due to biosorption. The microbial production of 
chloride ions in systems pretreated by Fenton's Reagent did not correspond in time 
frame to the decrease in PCP concentration. 

The lack of correspondence was due to the time required to release chloride 
ions by microbial dehalogenases (49). Knackmuss (50) also observed that bacteria 
degrading chlorophenols first opened the dihydroxylated aromatic ring before 
producing chlorides. Chaudhry and Huang (57) observed one chloride ion release 
prior to intradiol ring cleavage; from the resulting chlorinated aliphatic fragment, 
another chloride ion was later removed. Pignatelk) et al. (25) and Lynch and Hobbie 
(30) found similar results supporting the poor correspondence of the decrease in 
aqueous PCP concentration and the production of chloride ions within the same time 
frame. In this research, release of chlorides due to microbial PCP catabolism agreed 
with the above observations of others cited. Production of chloride ions from PCP 
biodégradation was significantly increased after 6 days of microbial activity; therefore, 
total removal of chloride can not be expected immediately at the onset of chlorophenol 
biodégradation. 
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Table 4. Decrease in PCP concentration and production of chloride ion in FRSMC 
and systems 

CONTROL FRSMC(0.1:1) FRSMC(0.5:1) FRSMC(1.0:1) 

Time PCP ci- PCP Cl PCP CI" PCP CI" 
(day) (Mm) (Mm) (Mm) (Mm) (mM) (mM) (mM) (mM) 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.006 0.006 0.018 0.020 0.021 0.030 0.024 0.047 
4 0.010 0.010 0.036 0.020 0.037 0.044 0.044 0.066 
6 0.019 0.023 0.041 0.031 0.043 0.074 0.051 0.011 
8 0.021 0.031 0.046 0.039 0.048 0.100 0.055 0.012 
10 0.023 0.042 0.048 0.060 0.054 0.105 0.058 0.140 
12 0.024 0.048 0.050 0.060 0.056 0.120 0.062 0.141 

The specific substrate uptake rates of aqueous PCP by PCP-degrading SMC 
in the systems pretreated by Fenton's Reagent are presented in Table 5 and in Figure 
4. The highest specific PCP uptake rate by PCP-degrading SMC following partial 
chemical oxidation by Fenton's Reagent, 0.164 day"1, was 23 times greater than that 
of the CONTROL system. 

Table 5. Specific PCP uptake rates (day1) by PCP-degrading SMC for systems 
pretreated by Fenton's Reagent and for the CONTROL 

Time CONTROL FRSMC FRSMC FRSMC 
(day) (0.1:1) (0.5:1) (1.0:1) 

0 0.0 0.0 0.0 0.0 
2 0.0067 0.137 0.155 0.164 
4 0.0059 0.092 0.098 0.105 
6 0.0071 0.059 0.064 0.068 
8 0.0058 0.045 0.048 0.052 
10 0.0051 0.036 0.039 0.042 
12 0.0044 0.030 0.033 0.035 

The maximum specific rate of PCP uptake appeared at the beginning of the 
biodégradation period for systems pretreated by Fenton's Reagent, as presented in 
Figure 4. Miller and co-workers (52) measured the enhancement of biodégradation 
of dichlorophenol (DCP) and trichlorophenol (TCP) by photolyzed hydrogen peroxide 
and reported similar significant biological degradation during the first two days. In 
addition, this study demonstrated that the specific PCP uptake rate was proportional 
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FIGURE 3. Hydrogen Peroxide Profiles during Fenton's Reagent Sequential Dosing 
at 20 °C. 
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to the molar ratio of hydrogen peroxide in Fenton's Reagent to PCP concentration, 
0. 137 day1 for 0.1:1, 0.155 day1 for 0.5:1 and 0.164 day'1 for 1:1. These results of 
FRSMC systems were subjected to a t-test and were significantiy different at a 0.05 
probability level (̂ =2.45 > ^=1.782 for comparison of 0.1:1 with 0.5:1, 
^=2.93 > ^=1.782 for comparison of 0.1:1 with 1.0:1). The highest specific 
PCP uptake rate with PCP-degrading SMC for the non-pretreated system was 0.0071 
day1 between days 4 and 6. Following day 6, the rate decreased to a rate 
approximately 60% of maximum. The maximum specific PCP uptake rates in the 
systems pretreated by Fenton's Reagent were approximately twenty times those in the 
non-pretreated system and were measured between time 0 and day 2. In addition, 
specific PCP uptake rates for the systems pretreated by Fenton's Reagent were still 
approximately one order of magnitude higher at the end of 12 days than the 
comparable values of the non-pretreated system. 

The explanations for enhancement of the biodégradation rate are as follows: 
1. ) that the PCP partial oxidation products were less toxic substrates to the 
microorganisms than was the parent PCP, and these PCP partial oxidation products 
induced enhanced degradation by co-metabolic mechanisms, or 2.) that the 
environment provided was less toxic to the microorganisms due to lowered initial PCP 
concentration. The enhanced biodégradation following Fenton's Reagent pretreatment, 
was not due to the slight reduction in initial PCP concentration from partial chemical 
oxidation pretreatment, only 2.9%. The mechanism for the enhancement of PCP 
biodégradation, therefore, must have been due to co-metabolism, as described above. 
This probability was substantiated by the observation that after four days of enhanced 
PCP uptake, the oxidation products which enhanced the co-metabolic uptake were 
probably decreased to a low concentration, and biodégradation rates decreased from 
a level twenty times greater than the comparable CONTROL system value to a rate 
approximately half the maximum value. The rates of PCP uptake were corroborated 
by rates of chloride ion production, microbial growth and cumulative oxygen uptake. 

The growth of PCP-degrading SMC in the systems pretreated by Fenton's 
Reagent are presented in Figure 5. The microbial growth by PCP-degrading SMC 
following chemical oxidation by Fenton's Reagent was higher than that in the 
CONTROL system and was proportional to the Fenton's Reagent doses. 
Furthermore, the periods of highest growth of PCP-degrading SMC corresponded to 
the period of highest PCP biodégradation. 

The gradual production of chloride ions for the PCP system pretreated by 
Fenton's Reagent is shown in Figure 6. The production of chloride ion also was 
proportional to the Fenton's Reagent dose. The cumulative oxygen uptake by PCP-
degrading SMC in Fenton's Reagent pretreated system is presented in Figure 7. The 
cumulative oxygen uptake by PCP-degrading SMC observed in the system pretreated 
by Fenton's Reagent was proportional to the Fenton's Reagent dose. All results show 
that pretreatment of PCP had an important enhancing effect on the activity of PCP-
degrading SMC. 

Mechanism of Biodégradation Enhancement. The microbial growth response to the 
toxic chemicals was related to the concentration of toxic chemicals. Moreover, die 
individual utilization of toxic chemicals for energy or growth can be determined from 
the comparison of specific substrate uptake rate and growth rate. Specific PCP uptake 
rates, K, were determined in batch experiments with varying initial PCP 
concentrations and fitted to the Michaelis-Menten model as described. 
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FIGURE 5. Micobial Growth of PCP-degrading SMC in FRSMC System. 
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FIGURE 6. PCP-degrading SMC Production of Chloride Ions During 12-day Period. 
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Results are presented graphically in Figure 8 and numerically in Table 6. The 
values of it and Κ„ for the non-pretreated aqueous PCP system were found to be 0.023 
day"1 and 180 mg/L, respectively. And, the corresponding values for the pretreated 

Table 6. Specific PCP uptake rate constants and biokinetic constants for the 
CONTROL and the system pretreated by Fenton's Reagent 

Non-pretreated system Pretreated system 

s. Κ So Κ 
(mg/L) (day1) (mg/L) (day1) 

5.9 9.6 χ 104 3.6 9.0 χ ΙΟ"3 

17.0 9.6 χ 104 11.2 1.0 χ 10"2 

26.4 2.4 χ ΙΟ"3 16.6 1.2 χ ΙΟ"1 

50.4 2.1 χ 10-3 40.7 1.9 χ ισ 2 

104.2 1.9 χ ισ 3 65.2 3.1 χ ισ 2 

141.2 i.2 χ ισ 2 86.0 6.1 χ ΙΟ"2 

154.7 2.2 χ ισ 2 102.0 5.3 χ ισ 2 

243.3 6.7 χ ΙΟ"3 146.0 6.0 χ ΙΟ"2 

190.0 5.ο χ ι σ 2 

Non-pretreated system Pretreated system 

* *m k 
(day-1) (mg/L) (day1) (mg/L) 

•2.3 χ ΙΟ"2 180 *8.5 χ ΙΟ"2 79 

* confidence level < ± 5 % 

system were 0.085 day"1 and 79 mg/L, respectively. The confidence level associated 
with each maximum substrate uptake rate constant in Table 7 is less than 5%, 
significantly less than the acceptable error associated with standard BOD 
determinations. Furthermore, Michaelis-Menten constants were subjected to a t-test 
to determine whether the resulting constants for the non-pretreated and pretreated 
systems were the same or significantly different at a probability level equal to 0.05. 
The values of k and Km from the non-pretreated system, and values of k and Km from 
the pretreated system were significantly different (̂ =2.02 > ^=1.671 at 
a=0.05). 

Michaelis-Menten constants from the non-pretreated and pretreated system 
showed that PCP uptake by PCP-degrading SMC was enhanced when the PCP 
aqueous system was enhanced by Fenton's Reagent partial oxidation. The maximum 
substrate uptake rate for the pretreated system was increased four times greater than 
that of the unpretreated system, from 0.023 day"1 to 0.085 day*1 Furthermore, Km was 
reduced by approximately one half when the PCP system was pretreated by Fenton's 
Reagent, from 180 mg/L for non-pretreated system to 79 mg/L for pretreated system. 
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FIGURE 7. Cumulative Oxygen Uptake by PCP-degrading SMC in FRSMC 
Systems. 
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The values for the Haldane biokinetic growth rate constants AW, Kt and Kt 

were determined in batch experiments by obtaining the specific growth rates, μ, at 
several different initial PCP concentrations and calculated using Equation 6. These 
data were fitted to Equation 8 using the software described and subsequent biokinetic 
constants, 5*, the critical substrate concentration and μ*, the peak growth rate, were 
calculated from Equations 9 and 10, respectively. 

In this study the growth rate for the non-pretreated system and for the 
pretreated system increased with increasing PCP concentration up to the critical 
substrate concentration, 5*. These results are presented in Figure 9 and illustrate the 
critical substrate concentration for the non-pretreated and pretreated systems of 22.2 
mg/L and 29 mg/L, respectively. The growth rate decreased significantiy above this 
concentration in both the non-pretreated and the pretreated systems. Not shown in 
Figure 9 is that the time to reach the maximum specific growth rate for the system 
pretreated by Fenton's Reagent was 1 to 2 days; for the non-pretreated system, 2 to 
4 days were required to reach the maximum specific growth rates. This result was 
corroborated by the increase in Kj due to Fenton's Reagent pretreatment, almost 5 
times greater than the CONTROL system. Calculated biokinetic constants for non-
pretreated and pretreated PCP systems are presented in Table 7. 

Table 7. Biokinetic constants for PCP-degrading SMC in CONTROL and in 
systems pretreated by Fenton's Reagent 

System M m a x K% Kx μ* 5* 
(day1) (mg/L) (mg/L) (day1) (mg/L) 

Non-
pretreated 0.17 26.9 18.4 «0.050 22.2 

Pretreated 0.19 9.7 87.0 Ό.113 29.0 
a : confidence level < ± 5 % 

For the pretreated system, the values of μ,^, Κ,, and Ki9 were 0.19 day1, 9.7 
mg/L and 87.0 mg/L, respectively. For the non-pretreated system, μ^, Ks and Kx 

values were 0.17 day1, 26.9 mg/L and 18.4 mg/L, respectively. All these values 
indicate that the acclimated PCP-degrading SMC benefitted from chemical oxidation 
pretreatment. All of these results indicate that the enhanced growth rate was due to 
the generation of co-substrates by Fenton's Reagent partial oxidation, and the decrease 
in toxicity was" due to the presence of these co-substrates. The decrease in growth 
rate at PCP concentrations greater than S* demonstrated that high concentrations of 
PCP were increasingly toxic to the acclimated PCP-degrading SMC. The fact that the 
growth rate at high PCP concentrations was greater than in the untreated system was 
due not to the slight decrease in PCP concentration at these Fenton's Reagent doses, 
but due to the presence of the oxidation products. At high PCP concentrations, the 
uptake was maintained at a high rate, increasing with increasing PCP concentration. 
Since the Fenton's Reagent dose was administered at a constant molar ratio, at high 
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PCP concentrations, the Fenton's Reagent dose was larger, and the resulting 
concentration of generated oxidation products was larger. The large concentration of 
PCP oxidation products present enhanced the PCP uptake, but the high concentration 
of PCP inside the acclimated cells inhibited the microbial growth at PCP 
concentrations greater than S*. This result demonstrated that the oxidation products 
served as co-substrates which enhanced PCP uptake and microbial growth at low PCP 
concentrations, but at high PCP concentrations, the presence of high concentrations 
of PCP oxidation products increased the PCP uptake to an increasingly inhibitory level 
inside the cell. The PCP oxidation products must, therefore, enhance the membrane 
transport of PCP; the higher the concentration of both PCP and its oxidation 
products, the larger the uptake rate due to enhancement of membrane transport. 

For the pretreated systems, the values of μ* and ST were 0.113 day"1 and 29 
mg/L, respectively, whereas μ* and 5* values for the non-pretreated system were 
0.050 day*1 and 22.2 mg/L, respectively. The critical substrate concentration, 5*, and 
the peak growth rate, μ* were enhanced in the pretreated system. The value of μ* was 
twice as great for the pretreated system than that for the non-pretreated system. The 
confidence level associated with each peak growth rate is presented in Table 7 and is 
less than ±5 %, significantly less than the acceptable error associated with standard 
BOD determinations. Several researchers reported that mixtures of organic 
compounds influenced the biokinetics of microbial growth compared with single 
organic substrate as the sole carbon source (55,-55, 35). Lynch and Hobbie (30) 
claimed that co-substrates are necessary to support the growth of the co-metabolizing 
microorganisms since co-metabolic transformations of xenobiotic compounds are not 
directly linked to their utilization of energy sources. Therefore, the co-substrate may 
take part directly in co-metabolism; the co-substrate may be responsible for the 
expression of the co-metabolic pathway, or it may supply co-factors for the enzymes 
of the pathway or energy for the transport of the xenobiotics. This addition of co-
substrates to enhance the growth of PCP-degrading microorganisms implies that the 
treatability of PCP with microorganisms can be improved by partial oxidation 
pretreatment to produce such co-metabolites. To examine this possibility further, PCP 
uptake experiments were conducted to examine the co-metabolic mechanisms. PCP 
solutions were spiked with TeCC or with solutions resulting from the oxidation 
pretreatment with Fenton's Reagent, as defined in Table 2. In these experiments, 
SYSTEM 1 received 15 ppm TeCC in 75 ppm PCP solution, and SYSTEM 2 received 
5 ppm TeCC in 100 ppm PCP solution for the initial condition of PHASE I. PHASE 
II represents the period following a 150 ml addition of PCP solution pretreated by 
Fenton's Reagent, and PHASE III represents the period following another 100 ml 
addition of PCP solution pretreated by Fenton's Reagent. Results of these sequential 
experiments are shown in Figure 10 and biodégradation rate constants are presented 
in Table 8. 

Biodégradation rate constants from each PHASE in each system were analyzed 
by a t-test to determine how biodégradation rate constants in each PHASE of 
SYSTEM 1 and SYSTEM 2 compared to the CONTROL system. These results are 
presented in Table 9. For SYSTEM 1, receiving 15 ppm of TeCC, the 
biodégradation rate constant of PHASE I was Table 8. Specific PCP uptake rate 
constants (day1) of systems supplemented with TeCC and subsequently with partially 
oxidized PCP solutions and comparable constants of CONTROL system. 
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FIGURE 9. Haldane Plots of Pretreated and Nontreated PCP Systems. 
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FIGURE 10. PCP Concentration Profiles during Mechanistic Spiking Experiments. 
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Table 8. Specific PCP uptake rate Constants (day1) for TeCC Supplemented and 
Partially Oxidized Systems 

SYSTEM 1 SYSTEM 2 CONTROL 

PHASE I (overall) 0.023 0.035 0.030 
DAY 0 - DAY 4 0.049 0.084 0.036 
DAY 6 - DAY 12 0.028 0.026 0.021 

PHASE Π (overall) 0.045 0.189 0.042 
DAY 15 - DAY 17 0.068 0.394 0.039 
DAY 19 - DAY 23 0.023 0.079 0.043 

PHASE m (overall) 0.038 0.072 0.008 
DAY 23 - DAY 26 0.093 0.102 0.020 
DAY 27 - DAY 33 0.011 0.046 0.002 

SYSTEM 1: The system receiving 15 ppm TeCC in 75 ppm PCP solution 
SYSTEM 2: The system receiving 5 ppm TeCC in 100 ppm PCP solution 

For SYSTEM 1 which had an addition of 15 ppm TeCC, the biodégradation rate 
constant was 0.023 day1; this rate constant was less than that for the CONTROL, 
indicating that the high concentration of TeCC was inhibitory. When the PCP 
solution pretreated by Fenton's Reagent was spiked into the same system during phase 
Π, the biodégradation rate was enhanced to 0.045 day1, almost twice the value from 
PHASE I. 

Table 9. The results of t-test for the biodégradation rate constants compared with 
CONTROL system 

SYSTEM 1 
w ttahle 

SYSTEM 2 

PHASE I 2.28" 1.782 1.22* 1.782 

PHASE Π 1.41* 1.782 2.54" 1.782 

PHASE m 3.83" 1.782 3.77" 1.782 

* : Biodégradation rate is not significantly different from the CONTROL. 
K* : Biodégradation rate is significantly different from the CONTROL. 

Supplemental addition of 5 ppm tetrachlorocatechol in PHASE I of SYSTEM 
2 exhibited slight PCP biodégradation enhancement compared to the CONTROL 
system, and the biodégradation rate of PHASE Π in SYSTEM 2 was five times higher 
than that in PHASE I. These results indicate that TeCC was not the major rate-
enhancing PCP oxidation product. The lower biodégradation rate in PHASE HI can 
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be explained by 1.) elevated PCP concentration, and 2.) diluted biomass concentration 
due to spiking with 100 ml of oxidized PCP solution. 

The PCP-degrading SMC community used in this study was comprised of 
Pseudomonas putida and Pseudomonas aeruginosa. Even the acclimated PCP-
degrading SMC needed co-metabolic oxidation products to enhance the transport of 
PCP through the cell membrane. In the pretreated FRSMC systems this enhanced 
uptake was maintained at high initial concentrations when corresponding microbial 
growth was inhibited at PCP concentrations larger than S*. 

Conclusions 

1. Partial chemical oxidation of 1 mM PCP solutions by the highest dose of Fenton's 
Reagent resulted in a 2.9% reduction of PCP concentration. Hydroxyl radical, the 
strong oxidizing agent generated from hydrogen peroxide in the presence of ferrous 
ion catalyst, was efficiently generated and utilized to partially oxidize PCP. The 
hydrogen peroxide present in Fenton's Reagent was very reactive and disappeared 
within the four-hour chemical oxidation period. On a molar basis, the efficiency of 
PCP dechlorination and consequent chloride ion production by Fenton's Reagent was 
approximately equal to the decrease in PCP concentration. The partial oxidation of 
PCP pretreated by Fenton's Reagent doses used in this study resulted in oxidation 
products with fewer chlorine substituents than the parent model chemical, and their 
production in the presence of the residual parent chemical provided appropriate 
conditions for observing subsequent enhancement of microbial biodégradation. 
2. Biodégradation of PCP by acclimated SMC was slow in the CONTROL system. 
The 1 mM concentrations of model chemicals used in this study were inhibitory to 
SMC. The biodégradation rates of PCP in the system pretreated by Fenton's Reagent 
were more rapid and more extensive than those in the CONTROL system. Fenton's 
Reagent partial oxidation pretreatment also diminished time lags observed for SMC 
subsequent biodégradation. The enhanced removal rate of PCP following Fenton's 
Reagent partial oxidation was only temporary and continued until apparently all the 
co-metabolized oxidation products were removed. Then the removal rate reverted 
back to a rate approximately twice the level of the non-pretreated CONTROL system. 
The enhanced biodégradation rates of PCP following Fenton's Reagent partial 
oxidation pretreatment were correlated with enhanced microbial chloride ion 
production due to enzymatic dechlorination and with enhanced microbial growth and 
cumulative oxygen uptake. The decrease in Ks due to Fenton's Reagent pretreatment 
demonstrated a reduction in toxicity provided for acclimated SMC by reducing the 1 
mM initial PCP concentration by only 2.9%. This reduction in toxicity must be due 
to the presence of oxidation products and their apparent enhancement of membrane 
transport. In addition, the specific growth rate of PCP degrading SMC was enhanced 
by pretreatment with Fenton's Reagent, compared to the inhibitory effect exerted on 
the SMC in the non-pretreated CONTROL system. In addition, the maximum growth 
rate, μ^, and μ* were increased for the pretreated systems, and the critical substrate 
concentration, S\ was reduced when the systems were pretreated. In addition, at 
concentrations of PCP higher than ί*, pretreated PCP supported more SMC growth 
than in the non-pretreated system. Selected microbial consortium increases in 
microbial growth rates due to chemical oxidation pretreatment of parent model 
chemicals was due to both reduction in toxicity of PCP in the presence of its partial 
chemical oxidation products, since Haldane inhibitory constants were reduced, and due 
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to co-metabolism, since the substrate uptake rates were enhanced at all substrate 
concentrations examined. 
3. In the case of PCP systems where supplemental chlorinated organic chemical was 
added, the biodegradation rates in systems where a high concentration of TeCC was 
added inhibited biodegradation; whereas the system with a low concentration of TeCC 
supplement demonstrated a slightly enhanced biodegradation rate. Subsequent spiking 
with PCP solution pretreated by Fenton's Reagent enhanced the biodegradation rate 
more than in the system in which specific supplemental chemical was added. The 
tetrachlorocatechol was not the principal enhancing co-substrate produced by partial 
PCP chemical oxidation. 
4. Overall, pretreatment by Fenton's Reagent enhanced the biodegradation rates of 
PCP and the microbial growth rate. The mechanism for the enhancement of PCP 
biodegradation was due to a reduction in toxicity of PCP in the presence of the partial 
chemical oxidation products and due to co-metabolism of the PCP and these oxidation 
products. 
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Chapter 14 

Oxidation of s-Triazine Pesticides 

Cathleen J. Hapeman 

Environmental Chemistry Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Beltsville, MD 20705 

A study of the aqueous ozonation of 2-chloro-s-triazine 
pesticides, atrazine, simazine and propazine, is presented. The 
ozonation process gave rise to a mixture of products whose 
structure and abundance is dependent on the duration of 
ozonation. Structures were determined by chemical methods, 
HPLC, mass and ΝMR spectroscopy. In all the primary and 
secondary ozonation products oxidation of the N-alkyl to the N 
-acetyl and/or removal of the amino substituents occurred and 
the s-triazine ring remained intact. Dechlorination was not 
observed. Reaction of the amide was not found if an alkyl 
functionality was present. A proposed degradation pathway of 
the s-triazines is described as well as a reaction product profile 
of atrazine. The relative ozonation rate of N-ethyl was found to 
be five times greater than the rate of N-isopropyl as determined 
from competitive reactions and the rates of atrazine product 
formation. 

Pesticide rinsate from application equipment typically consists of a variety of 
formulating agents, surfactants, emulsifiers, fertilizers and pesticides at 
concentrations less than 200 ppm (1). In some regions, this material can be 
collected and used in subsequent applications. Environmentally safe disposal 
of unusable equipment rinsate and other pesticide wastes is of great concern 
to pesticide applicators and farmers because improper disposal has been 
directly linked to point source contamination of groundwater and farm wells 
(2,3). Furthermore, effective mineralization of pesticide residues is needed in 
the purification of drinking water at point-of-use in agriculture areas. 

Field work has demonstrated the potential of a binary remediation 
process consisting of oxidation and microbial mineralization, i.e., breakdown 
to C02, H20, NH3 or N03", and inorganic salts. Laboratory and field trials 

This chapter not subject to U.S. copyright 
Published 1994 American Chemical Society 
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have shown the s-triazines, such as atrazine which is the most widely used s-
triazine, to be somewhat more recalcitrant than other common herbicides, 
necessitating further study of both the chemical and biological degradation 
pathways (1). Preliminary tests indicated that 2-cUorô ,6-diamino-
5-triazine (CAAT) was the principle product of atrazine ozonation (4). 
Furthermore, a gram positive rod, DRS-I, was found to mineralize CAAT to 
C02 and to utilize the organic nitrogen of CAAT under simulated field 
conditions (5). 

Most ozonation investigations of dilute solutions of organic compounds 
in water have typically examined loss of parent material or total organic 
carbon (6 - 9) although a few studies have identified products (10, 11). 
Furthermore, ozone is not the only oxidizing species present under most 
aqueous ozonation conditions (12 -15). Understanding the overall process 
and determining the active oxidizing species and their respective roles in the 
degradation of the organic compound requires that the fate of the organic 
species be known. 

Thus, optimization of the first stage of this combined chemical-
biological process requires that the ozonation products be identified, the 
ozonation mechanism elucidated and the limiting parameters defined. In this 
study, comparison of the reaction rates of atrazine and other related $-
triazines, propazine (2-chloro-4,6-few-isopropylamino-5-triazine) and simazine 
(2-chloro-4,6-fcw-ethylamino-5-triazine), was also performed to provide details 
concerning the relative rates of reaction. 

Materials and Methods 

Chemicals. For convenience the nomenclature system used by Cook (16) is 
used here: A = amino, C = chloro, Ε = ethylamino, I = isopropylamino, 
Ο = hydroxy and Τ = triazine ring. Several ozonation products contained an 
acetamido group and in keeping with this nomenclature, D has been added to 
denote this moiety (Table I). Atrazine (2-cMoro-4-ethylamino-6-
isopropylamino-5-triazine), simazine (2-chloro-4,6-diethylamino-5-triazine), 
propazine (2-chloro-4,6-diisopropylamino-5-triazine), 6-amino-2-chloro-4-
isopropylamino-5-triazine, 6-armno-2-chloro-4-ethylammo-5-triazine, and 2-
chloro-4,6-diamino-s-triazine were gifts from CIBA-GEIGY. Ultra pure water 
(Modulab, Type I HPLC, Continental Water System Corp., San Antonio, TX 
78229) of neutral pH was used to prepare solutions of 5-triazines. 

Ozonation Procedure. Ozonation experiments were carried out in one 
of two previously described reactors: (1) Studies involving the isolation of 
intermediates and elucidation of the s-triazine degradation pathway were 
conducted using a custom designed glass reactor where ozone/oxygen gas was 
passed over the top of the solution to decrease the ozone contact time with 
the solution decreasing the rate of reaction (17). (2) A standard 
photoreactor retrofitted with a bottom feed sintered glass frit was used for all 
kinetic experiments (18). Ozone was generated using a PCI Ozone Generator 
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Model GL-1B (PCI Ozone Corporation, West Caldwell, NJ 07006) with 
oxygen feed. Oxygen/ozone was delivered to the reactor at 1 L/min with an 
ozone concentration between 0.2 and 0.4 % as determined using a PCI Ozone 
Monitor Model HC. In pathway elucidation and isolation studies, typical 
initial concentrations of starting material were ca. 150 μπιοί, whereas, kinetic 
studies were generally conducted at initial concentrations of 15 - 20 μπιοί. 

Sample Analysis. Concentrations were determined using response 
factors or concentration standard curves. Samples were taken at appropriate 
time intervals during the reaction and analyzed directly, i.e., no extraction 
procedures were carried out, by HPLC using one of the following: (1) two 
Waters Model 6000 pumps equipped with a Waters Model 990 photodiode 
array detector and accompanying NEC APC-ΠΙ controller and software using 
a 0 to 50% acetonitrile/phosphoric acid buffer (pH 2) gradient (Waters Curve 
No. 8) in 5 min at a flow rate of 2 mL/min on a Waters NOVAPAK 4 μπι 
C-18, 8 mm χ 10 cm radial compression module column; (2) a Gilson Model 
42 HPLC system equipped with a Gilson Model 116 UV detector (210 and 
230 nm monitored), an IBM PC/AT controller and accompanying Gilson 
software using a gradient of 0 to 5% acetonitrile/phosphoric acid buffer (pH 
2) at 2 min, to 20% at 5 min, and to 60% at 7 min (all linear transitions) at a 
flow rate of 1.5 mL/min on a standard Beckman C-18 (ODS, 5 μπι) end-
capped 4.6 mm χ 25 cm steel jacketed column; or (3) two Waters Model 510 
HPLC pumps equipped with a Waters Model 490 UV detector (210, 225 and 
235 nm monitored), NEC APC-IV controller and Maxima 820 software using 
a 15 to 50% acetonitrile/phosphoric acid buffer (pH 2) 10 min gradient 
(Waters Curve No. 10) at a flow rate of 0.4 mL/min. 

Product Isolation. The ozonation reaction was monitored by HPLC as 
described above and carried out until all starting material was depleted or the 
maximum concentration of product was obtained. The reaction mixture was 
extracted with 50 mL ethyl acetate (3X), the extract dried over Na2S04, 
concentrated in vacuo to ca. 5 mL and then to dryness using nitrogen. The 
residue was redissolved in several milliliters of acetonitrile and separation of 
the reaction products achieved by semi-preparative HPLC on the Gilson 
system with a standard Beckman C-18 (ODS, 5 μπι) end-capped 10 mm χ 25 
cm steel jacketed semi-prep column using a 0 to 20% acetonitrile/water linear 
gradient in 8 min at a flow rate of 6 mL/min. 

Results 

Ozonation of Atrazine - Transformation Pathway. Ozonation of atrazine 
afforded a complex mixture consisting of four primary products [6-amino-2-
chloro-4-isopropylamino-5-triazine, 6-amino-2-chloro-4-ethylamino-5-triazine, 4-
acetamido-2-chloro-6-isopropylamino-5-triazine and 4-acetamido-2-chloro-6-
ethylamino-5-triazine] and which were subsequently degraded to three 
secondary products [2-chloro-4,6-diacetamido-5-triazine, 6-amino-4-acetamido-
2-chloro-i-triazine and 2-chloro-4,6-diarmno-s-triazine] (Fig. 1 and Table I). 
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Structural identification of CAAT, CEAT and CIAT was established by 
comparison with authentic samples. Syntheses, NMR and mass spectrometry 
provided structural verification of the remaining products (CDAT, CDDT, 
CDET and CDIT). Incomplete amidization of CAAT using acetic anhydride 
afforded a mixture of CAAT, CDAT, and CDDT in ca. 1:2:1 ratio which were 
separated by HPLC. In a similar fashion CDET and CDIT were synthesized 
by amidization of CEAT and CIAT, respectively (18). 

Table I. 2-Chloro-s-triazines and Ozonation Products 

Abbreviation Chemical Name 

CAAT 2-cWoro-4,6-diamino-5-triazine 
CDAT 6-amino-4-acetarnido-2-chloro-5-triazine 
CDDT 2-cUoro-4,6-diacetarmdo-$-triazine 
CDET 4-acetamido-2-chloro-6-ethylamino-5-triazine 
CDIT 4-acetamido-2-chloro-6-isopropylamino-5-triazine 
CEAT 6-ammo-2-chloro-4-ethylamino-5-triazine 
CEET simazine (2-chloro-4,6-diethylamino-5-triazine) 
CIET atrazine (2-cUoro-4-ethylammo-6-isopropylarnino-i-triazm 
CIAT 6-arnmo-2-cWoro-4-isopropylamino-5-triazine 
CUT propazine (2-cldoro-4,r̂ dnsopropylamino-5-triazine) 

Ozonation of Atrazine Degradation Products. Treatment of CDIT 
with ozone yielded CDAT and CDDT initially which then gave rise to 
formation of CAAT and more CDAT. No CDET, CIAT or CEAT were 
detected during this reaction. Ozonation of CDET gave rise to CDAT and 
CDDT which were subsequently transformed to CAAT and CDAT, 
respectively. No CEAT was formed during this reaction. CEAT and CIAT 
ozonation afforded CAAT and CDAT. The formation of CEAT was not 
observed in the ozonation of CIAT. 

Prolonged ozonation (> 3 hr) of CAAT eventually gave rise to 6-
amino-2-chloro-4-hydroxy-5-triazine and nitrate and then to 6-aminr>2,4-
dihydroxy-5-triazine but no 4,6-diamino-2-hydroxy-5-triazine as determined by 
comparison of the HPLC retention times and the UV spectra (200 - 350 nm) 
with standards. When AAtrex Nine-O (formulated atrazine) was ozonated, a 
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mixture of CDDT, CDAT, and CAAT was formed. Further oxidation beyond 
CAAT did not occur under similar conditions. 

Relative Degradation Rates of Products. The molar concentrations of 
the atrazine ozonation products as function of time are shown in Figure 2. 
The initial ratio of {[CDIT] + [CIAT]} to {[CDET] + [CEAT]} indicates the 
relative reactivity of the ethyl moiety versus the isopropyl group of atrazine, 
respectively, and can also be written as (k3 + kj/ikj + (Table Π). This 
ratio decreases with time because the concentrations of CDET and CEAT 
decrease more rapidly than CDIT and CIAT. 

Propazine and Simazine Ozonation. Aqueous ozonation of simazine 
under neutral conditions, as expected, gave rise to CDET, CEAT, CDDT, 
CDAT and CAAT. In similar fashion, propazine ozonation yielded CDIT, 
CIAT, CDDT, CDAT and CAAT (unpublished results). A solution 
containing the above two j-triazine pesticides was ozonated to determine the 
relative reactivities. First order rate constants were obtained after 
equilibrium was reached (ca. 50 min) (Fig. 3). The ratio of the disappearance 
rates of CIIT to CEET can be written as (k̂  + k16)/(k17 + k18), which 
represents the relative reactivity of the isopropyl and ethyl moieties, and was 
determined to be 0.206. 

Competitive ozonation of CIAT and CEAT. Ozonation of a solution 
containing CIAT and CEAT was carried out and first order rate constants 
obtained after equilibrium was reached (ca. 50 min) (Fig. 4). The ratio of the 
disappearance rate of CIAT to CEAT, which can also be described as (kç + 
k10)/(kn + k12), was determined to be 0.200 and also reflects the relative 
reactivity of the isopropyl and ethyl groups. 

Table Π. Reaction of Ethyl Versus Isopropyl Moieties of Atrazine 

Time [CEAT] + [CDET] [CIAT] + [CDIT] k3 + k. 
(min) μπιοΙ/L μπιοΙ/L kx + k2 

10 2.4 11.2 0.214 
30 4.1 20.7 0.198 
80 4.7 37.5 0.125 
180 3.7 50.8 0.073 
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Figure 3. Degradation of simazine (r2 = 0.985) versus propazine 
(r* = 0.978). 
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Discussion and Conclusions 

Analysis of the aqueous ozonation of atrazine and its degradation products 
demonstrated that amino alkyl groups are the first site of attack. The ΛΓ-alkyl 
group is either removed or converted to the N-acetyl and the j-triazine ring 
remains intact. Furthermore, the isopropyl group is not converted to the ethyl 
group nor are the ethyl or isopropyl moieties converted to an aldehyde (18). 
The ozonation reactions of CDET and CDIT clearly demonstrate that the N-
alkyl group is far more reactive than the N-acetyl moiety. Additionally, 
oxidation of the amino group was shown to occur only after prolonged 
ozonation times giving rise to nitrate and the corresponding hydroxy-5-triazine. 
The chlorine was not removed until it was made somewhat more reactive as it 
is with 6-amino-2-chloro-4-hydroxy-5-triazine. 

Previous ozonation mechanisms of amines in organic solvents cannot 
explain the formation of CDET from atrazine and simazine or the formation 
of CDAT from CEAT, i.e., formation of the acetyl moiety from the ethyl 
group is precluded (19, 20). Furthermore, ozone attack was favored at the 
tertiary hydrogen as demonstrated when diisopropylethylamine was used as a 
substrate (19). In the current study, however, reaction with the ethyl moiety 
was overwhelmingly preferred over the isopropyl. More likely, then, the 
ozonation of 2-chloro-N-alkylatedamino-5-triazines in water does not proceed 
via direct reaction with ozone, rather the reaction probably involves a hydroxy 
radical mechanism. 

If hydroxy radical attack occurred at the primary methyl, then the 
isopropyl group would be expected to react at a rate twice that of the ethyl 
moiety. This was not the case. Alternatively, the carbon-hydrogen bond of 
the isopropyl group, H-C(CH3)2, is a slightly weaker bond (95 kcal/mol) than 
the corresponding ethyl hydrogen (98 kcal/mol) and the C-H bond of the 
methyl group is stronger still (104 kcal/mol) (21). Furthermore, if the 
reaction is electronically controlled, then hydroxy radical attack on the 
hydrogen of the more electron rich carbon (the hydrogen on the carbon α to 
the nitrogen) would be favored with the isopropyl hydrogen favored slightly 
over the ethyl. Yet, if the reaction is actually sterically controlled, then the 
more hindered isopropyl hydrogen would be less reactive. The results 
conclusively showed that reaction was preferred 5:1 on the ethyl over the 
isopropyl moiety suggesting, therefore, that attack occurs at the electron rich 
α-carbon and that the reaction is sterically controlled. 

In summary, these results have demonstrated the fate of the s-triazine 
moiety and the alkyl groups and will provide some of the necessary details to 
proceed in the optimization of j-triazine remediation. Investigations are 
continuing to discern the extent of hydroxy radical involvement and the role 
of other oxidizing species in the ozonation of atrazine, and to quantitate the 
preference of oxidation and/or removal of the ethyl, isopropyl and acetyl 
nitrogen substituents. With the appearance of 5-triazine residues not only in 
agricultural sites but in ground and surface waters as well, these results will 
certainly be useful to waste remediation investigators, and may also be helpful 
to those developing methods for triazine residue removal in water treatment. 
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Chapter 15 

Cyclic Gas Releases in Hanford Site Nuclear 
Waste Tanks 

D. A. Reynolds and H. Babad 

Westinghouse Hanford Company, P.O. Box 1970, MSIN R2-11, 
Richland, WA 99352 

At the Hanford Site, 177 tanks have been constructed for storing 
radioactive waste; 53 tanks have been identified as having potential 
safety issues. This report focuses on tank 241-SY-101, which 
generates hydrogen gas and releases this gas on a cyclic schedule. 
The tank is extensively instrumented to monitor the hydrogen gas, and 
work restrictions minimize the risk of a hydrogen burn. Mitigation 
testing centers on two in-tank test assemblies: (1) a large mixer 
pump; and (2) dilution, heating, and ultrasonic devices. The current 
understanding of what is happening in the tank is presented in 
this paper. 

Background. The Hanford Site, located in southeast Washington State (Figure 1), 
comprises about 900 km2 (560 mi2) of land. The Hanford Site was part of the 
Manhattan Project, which started in 1943. As part of this defense effort, towns, 
reactors, chemical separation plants, and waste storage tanks were built in a 
remarkably short period of time; in fact, the Manhattan Project was a larger 
construction effort than the Panama Canal. Within 27 months from start of 
construction, the Hanford Site produced the explosive charge for the first nuclear 
detonation. 

National defense needs for plutonium kept the Hanford Site growing. 
Eventually, nine plutonium production reactors were built, and additional chemical 
separation plants were built as better technology came along. Waste management 
efforts also grew with increased production. 

As national defense needs for plutonium were met, the production reactors were 
shut down. The last plutonium reactor on the Hanford Site was placed in cold 
standby in 1988. The Hanford Site mission has changed from plutonium production 

0097-6156/94/0554-0236S08.00/0 
© 1994 American Chemical Society 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
01

5

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



Figure 1. Hanford Site Map. 
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to environmental restoration. Much of this activity centers around the disposal of 
the approximately 227 ML (60 Mgal) of radioactive waste that is stored in 
177 tanks. 

Tank Design and Capacity. Originally waste tanks were designed with a single 
shell: a concrete tank with a mild steel liner. The single-shell tanks were 22.9 m 
(75 ft) in diameter and varied in height. Three different single-shell tank designs 
had nominal capacities of 1.9, 2.8, and 3.8 ML (500,000 gal, 750,000 gal, and 
1,000,000 gal). Several 190,000 L (50,000 gal) tanks were also constructed. 
Between 1943 and 1965, 149 single-shell tanks were constructed. These tanks 
currendy contain 140 ML (37 Mgal) of waste. In 1980, all single-shell tanks were 
pumped of easily pumped liquid and placed on inactive status. Stabilizing and 
isolating efforts for these tanks have continued since that time. 

Leaks in the older single-shell tanks prompted a design change, and the first 
double-shell tank farm was constructed in 1965. The double-shell tank is a 
22.9-m-dia. (75-ft-dia.) concrete tank with two mild steel liners separated by an 
annulus (Figure 2). Leak detection devices are in the primary tank (surface level), 
the annulus, and under the tank. None of the double-shell tanks have leaked. Since 
1965, 28 double-shell tanks have been built at the Hanford Site and all remain active 
in the waste management program. The double-shell tanks receive waste from plants 
and customers and serve as feed tanks to evaporators and disposal plants. 

Safety assessment reports are written for nuclear facilities in accordance with 
U.S. Department of Energy (DOE) policy. In 1989, certain safety questions came 
up that were beyond the scope of the safety assessments then in use. The concerns 
centered around tanks with high heat, high fuel content (either organic or 
ferrocyanide), and tanks that produced flammable gas. Fifty-three tanks of concern 
were identified, categorized into four different watch lists, and placed under 
operating restrictions. Tanks can be listed in more than one category. 

Twenty-three tanks (5 double-shell tanks and 18 single-shell tanks) have the 
potential for accumulating hydrogen or other flammable gases above the flammability 
limit (Table I). Only the five double-shell tanks are now showing signs of actively 
releasing hydrogen. Tank 241-SY-101 (101-SY), the focus of this report, is the tank 
of greatest concern. 

Cyclic Gas Release Events at Tank 101-SY 

Tank 101-SY was filled between 1976 and 1980 with two different types of wastes: 
double-shell slurry and complexant concentrate. Complexant concentrate is waste 
that has a relatively high level of water-soluble organic complexants. Double-shell 
slurry is the most concentrated product that the evaporators can make. From the 
first addition of waste, tank 101-SY exhibited what is known as slurry growth. 
Slurry growth is an increase in surface level without a corresponding addition of 
waste. Shortly after the last waste was put into the tank in 1980, the slurry growth 
was followed by a sudden drop in surface level. The cycle of slurry growth 
followed by a surface level drop has been occurring on approximately 100-day 
intervals since that time. 
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Table I. Flammable Gas Tanks 
Flammable Gas Tanks Maximum Temperature 

101-A 69 °C (156 °F) 
101-AX 61 °C (142 °F) 
103-AX 46 °C (114 °F) 
102-S1 43 °C (110 °F) 
111-S 35 °C (95 °F) 
112-S 30 °C (86 °F) 

101-SX 61 °C (142 °F) 
102-SX 70 °C (158 °F) 
103-SX 83 °C (181 °F) 
104-SX 79 °C (174 °F) 
105-SX 87 e C (188 °F) 
106-SX1 47 °C (116 °F) 
109-SX2 64 °C (148 °F) 
110-T 17 °C (63 °F) 
103-U 33 °C (91 °F) 
105-U 33 °C (92 eF) 
108-U 33 °C (91 °F) 
109-U 33 °C (91 °F) 

103-AN3 43 °C (110 °F) 
104-AN3 43 °C (110 °F) 
105-AN3 40 eC (104 eF) 
101-SY3 58 °C (136 °F) 
103-SY3 47 °C (117 °F) 

xTank also on Organic Watch List. 
2Tank has potential for flammable gas accumulation only, 
because other SX tanks vent through it. 

3Double-shell tank. 

Figure 3 shows the surface level of tank 101-SY over a 4-yr period; the cyclic 
rise and fall of the tank's contents is shown clearly. The time between major falls 
is a nominal 100 days, and drops are typically 13 to 25 cm (5 to 10 in.). 
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Figure 2· Typical Double-Shell Tank. 

- L 

Surface Level (meters) 
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Figure 3. Surface Level of Tank 101-SY. 
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The double-shell tanks have a ventilation system that keeps the tank dome space 
at a slight vacuum. Tank 101-SY is kept at about -750 Pa gauge (-3 in. water 
gauge). Initial observations noted that the drops in surface level corresponded with 
an increase in pressure. Occasionally, the tank pressurizes for a short period of 
time, which is indicative of a gas release. 

A thermocouple tree in the tank has thermocouples positioned every 0.61 m 
(2 ft). Figure 4, based on data gathered from the thermocouple tree, shows a typical 
temperature profile before and after a drop. Before the drop, there is a parabolic 
temperature profile at the bottom of the tank; this is expected from a self-heating 
solid. The heat in this tank is due to radiodecay of 137Cs. Above this layer there 
is a flat temperature profile. A flat profile is typical of a convective heat transfer 
zone when there is a hot layer below it. Consequently, the two layers are termed 
as the nonconvective layer and the convective layer. Figure 4 shows that the 
temperature profile straightens considerably after a drop with hotter material rising 
to near the surfaces, indicating that the tank became well mixed. 

Figure 5 shows a schematic of what is happening in tank 101-SY. Solids in the 
tank settle to the bottom of the tank and form a nonfluid layer. The gas generated 
in the waste is trapped in this layer. When enough gas is trapped in the 
nonconvective layer, buoyancy forces overcome the static forces and the tank 
contents roll over. The tank contents mix and 200 to 300 m3 (7000 to 10,000 ft3) 
of gas are released to the tank dome during the gas release event. The solids fall to 
the bottom and the cycle begins again. 

The safety concern derives from the gas composition. Gas samples from the 
ventilation system were analyzed using a mass spectroscope or graph. The 
ventilation system sample is primarily air with small portions of gas. The best 
estimate is the composition of the gas coming from the waste, or else generated in 
the waste, as shown in Figure 6. The gas exists in the waste tank as a flammable 
mixture; but, because of the water and small bubbles in the waste, it is not expected 
to be a hazard in the tank. However, concern arises when the gas is mixed with air. 
When this occurs, the hydrogen concentration has exceeded 5 percent for short 
periods of time, and this exceeds the lower flammable limit. 

Work restrictions have been put in place to prevent such things as sparks and 
heat sources in the tank and surrounding area. The tank has had additional 
instruments installed, and surveillance activities have increased. Currently, there are 
three electrochemical hydrogen cells, a metal oxide semiconductor hydrogen 
detector, a thermal conductivity hydrogen meter, a gas chromatograph, an on-line 
mass spectrometer, and flow and pressure meters. Additional instruments are 
planned to be installed for various purposes. 

Data from a typical gas release event are shown Figures 7 and 8. The pressure 
increase and flow increase decay away rapidly. Both pressure and flow have 
reached normal ranges by the time the hydrogen concentration has increased in the 
vent header. The surface level drop has been abrupt, but will continue down for 
several days before starting to increase. The temperature profile shows the warmer 
material from the bottom moves to the top of the tank. A different view shows the 
temperature at location 4, which is the maximum temperature before the gas release 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
01

5

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



i s 1 ο ε 1 ο i 

Fi
gu

re
 4.

 T
em

pe
ra

tu
re

 P
ro

file
 o

f T
an

k 
10

1-
SY

. 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
01

5

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



15. R E Y N O L D S A N D BAB A D Cyclic Gas Releases in Nuclear Waste Tanks 243 

Figure 5. Schematic of Activity Inside Tank 101-SY. 

»2 

29209005.1 

Figure 6. Estimated Gas Composition in Tank 101-SY Waste. 
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Figure 7. Typical Gas Release Event Data. 
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Figure 8. Hydrogen Release Profile, May 1991 Gas Release Event. 
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event, and location 16, which is just below the surface. These curves show that the 
temperature changes in about 1.5 minutes. 

Waste Composition 

Two core samples have been taken from tank 101-SY; twenty-two segments [each 
28 cm (19 in.) long] extend from the surface to the bottom of the tank. These 
segments verify that there are two layers in the tank. Chemically there are few 
differences between the two layers, but physically there is a great difference. 

The primary chemicals are sodium salts of nitrate, nitrite, hydroxide, and 
aluminate. Various other chemicals are present in smaller amounts. Table Π shows 
the chemical composition of the waste. 

Table Π. Chemical Composition of the Waste 
(All Values in Weight Percent) 

Component Convective Nonconvective 
Water 36.0 32.0 
NO; 10.3 10.2 
NOj 11.7 9.1 
TOC 1.25 1.9 
Na+ 20.1 21.2 
Al 3.4 3.5 
Ca+2 0.012 0.036 
Cr 0.088 0.7 
TOC = total organic carbon 

The major radioactive species is 137Cs, a specie with a 30-yr half-life. 
Strontium-90 has a 29-yr half-life, but is present is smaller quantities. The 
transuranic elements, plutonium and americium, are present in large enough 
quantities to classify this waste as transuranic waste. 

The density of the waste shows a difference between the two layers. The liquid 
convective layer has a density of about 1.5, while the nonconvective layer has a 
density of about 1.7. The amount of solids is also much greater in the 
nonconvective layer. The low viscosity of the liquid allows the convective layer to 
move easily. 

One of the types of waste that was put into tank 101-SY was complexant 
concentrate. This waste had large amounts of ethylenediametetraacetic acid (EDTA), 
hydroxy EDTA (HEDTA), and citric acid when the waste was produced. The waste 
is between 1 and 2 weight percent total organic carbon, but very few of the starting 
complexants are present. Most of the organics are most likely degradation products 
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of the EDTA and HEDTA starting compounds. However, the total identified 
complexant fragments represented only about 12 percent of the total organics in the 
waste. The rest of the fragments are water-soluble organics believed to be mosdy 
sodium formate and sodium oxalate, the end product of complexant degradation. 

Steps Taken to Understand the Problem 

Measurements of the tank parameters and core samples gave a good basis for 
understanding the tank contents and mechanisms related to the rollover. However, 
a good understanding of the basic gas-generating mechanism was not available. 

Initially, hydrogen gas was thought to be generated by radiation. Simulated 
waste experiments in the mid-1980s showed that hydrogen gas also could be 
generated without radiation. The simulated waste experiments also generated nitrous 
oxide and nitrogen. The kinetics seemed to indicate that chemical reactions could 
account for the total gas production, but the chemical reactions remained unknown. 

In 1990, studies were started at Argonne National Laboratories (ANL), Georgia 
Institute of Technology (GIT), and Pacific Northwest Laboratories (PNL) to obtain 
better details of important reactions. Argonne focused on radiation reactions, and 
GIT looked at the organic chemical reactions. PNL studied how the gas is retained 
in the waste. 

Argonne established that the nitrate in the tank contents suppressed the 
radiolysis of water. The radiolysis of water is not a viable mechanism for producing 
the amount of hydrogen found in tank 101-SY. Argonne also established the 
following: 

• The organics produced hydrogen in proportion to the amount of organic 
present. 

• Radiation plays a role in producing an intermediate specie. 

• Radiated solution produced more gas than nonirradiated solution, even 
out of the radiation field. 

GIT showed that the starting complexants can degrade, with the hydroxide and 
nitrate, to simpler molecules. Eventually, the formate ion is formed, which can 
react via the Cannizzaro Reaction to produce hydrogen. GIT also established the 
following: 

• The nitrous oxide and nitrogen produced come from the nitrite. 

• Ammonia is produced from the amine groups in the complexants. 

The studies at PNL showed that the tank's high salt content suppressed the 
solubility of nitrous oxide, and that surface tension may be holding the gas bubbles 
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onto solid particles. Occasionally bubbles have been seen inside of solid particle 
clumps. PNL also studied corrosion and iron catalyzed reactions. 

The laboratory tests have added greatly to our understanding of the 
radiochemical reaction taking place in the tank 101-SY. Further work will be done 
in the coming year to further this understanding. 

Steps Taken to Mitigate the Problem 

While the probability of a gas ignition event is extremely low, the level of risk from 
such an event remains unacceptable because of potentially high consequences to 
human health and the environment. Therefore, after initial but detailed 
characterization of the contents of tank 101-SY (and other tanks that undergo cyclic 
venting), steps to mitigate the problem with the flammable tanks will be evaluated 
and ultimately implemented. 

The problem in tank 101-SY is not the total amount of hydrogen produced; 
instead, it is the potential of all the hydrogen being released at once. If the gas were 
released as generated, the hydrogen concentrations would remain below a level of 
concern. 

Mitigation will not prevent or stop the radiochemical reactions, but it will bring 
the tank under control. The hydrogen will be released either continuously or 
frequently, as dictated by the operations. Once that is done, the problem can be 
controlled safely until final disposal of the waste. 

Potential mitigation methods, all aimed at niinimizing or eliminating cycles, 
include heating and/or dilution of the wastes and/or stirring them to allow the gases 
that are formed by the chemicals and radionuclides to vent continuously. Another 
alternative being explored is ultrasonics for forcing continuous release of the gases 
as formed. These alternatives are not mutually exclusive, because both pumping and 
use of ultrasound generate heat in the tank. A two-phase mitigation strategy for 
tank 101-SY has been initiated. After laboratory-scale data collection, a large-scale 
test of the four potential methods will be nm in tank 101-SY. A pumping test will 
be done with a variable-speed liquid jet pump placed directly in the waste. 

The remaining alternatives will be tested in a test chamber that contains 
apparatus for measuring the effects of heating and dilution and/or treatment of the 
waste with ultrasound. This steel test chamber will isolate the test region from the 
rest of the tank, and will provide a more controlled environment for evaluating these 
mitigation techniques. 

The first test will involve mixing. The theory is that the natural rollover mixes 
the waste by bringing the gas-laden material from the bottom of the tank to the 
surface, where the gas can be released. Mixing will simulate the natural 
phenomena. 

The mixing test will be accomplished by putting a jet mixer pump into a riser 
that is off-center of the tank. The 150-horsepower pump is designed to take liquid 
from the convective zone and jet it into the nonconvective zone near the bottom of 
the tank. Two opposing jets will be used, and there are provisions for rotating the 
jets to sweep the entire tank. The jets will sluice the material from the 
nonconvective zone, and will eventually dislodge and mix the solids. 
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The mixing will begin at a very low rate of speed until the magnitude of the jet 
effects are known. The low speed will prevent the perturbation of a large gob of 
waste, which could rise to the surface and release more hydrogen gas than expected. 
The speed of the pump will be increased slowly and the jets will be rotated. 

The surface level and the hydrogen gas in the vapor space will be monitored 
closely. These readings are expected to provide the best understanding of the effect 
of the mitigation test. 

Actual waste shows that shear strength and viscosity are dependent on 
temperature. By heating the tank modestly to about 75 °C the crystals could 
redissolve, and the nonconvective layer could lose strength. If these events occur, 
gas bubbles would be able to rise through the weakened matrix and escape. 

The test chamber will have coil heaters that will heat a captured portion of the 
nonconvective layer. The enclosed headspace will be monitored closely for 
hydrogen. An increase of hydrogen will indicate that hydrogen is escaping from the 
waste due to heating. 

Tanks that hold and episodically release flammable gas all contain concentrated 
waste. The more dilute waste tanks do not exhibit these phenomena. Therefore, 
dilution of the concentrated waste could redissolve solids, decrease viscosity, and 
slow chemical reactions. Only modest dilution is possible in tank 101-SY, however. 
A 30 percent dilution is about the most that can be accommodated in the existing 
tank farm. 

The test chamber will have means of introducing water, dilute hydroxide, or 3 
molar hydroxide solutions to the waste to see if a 30 percent dilution will aid the 
release of gas. Chemical factors important to the success of this technique would 
be the behavior of the aluminum salts during the dilution process. 

Ultrasound has been used successfully in other industries for controlling foam 
and causing gas bubbles to disengage. Some laboratory work showed that, on a 
small scale, bubbles could be concentrated in zones. An ultrasonic device has been 
designed into the chamber to test this method of mitigation. One of the difficulties 
with ultrasonic devices, however, is that energy is adsorbed in a very short distance 
by the solid particles. The attenuation factors of actual waste will be measured in 
the test chamber. 

Conclusions 

The hydrogen generation in the aqueous waste at the Hanford Site has posed some 
difficult scientific problems. The understanding of what is happening in the tank has 
increased greatly over the past two years. The controls placed on the operations in 
the tank farm have been successful in preventing any accidents. Steps are being 
taken rapidly to control and mitigate the hydrogen release cycle. 
RECEIVED January 14,1994 
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Chapter 16 

Mechanistic Studies Related to the Thermal 
Chemistry of Simulated Nuclear Wastes That 

Mimic the Contents of a Hanford Site 
Double-Shell Tank 

E. C. Ashby, E. Kent Barefield, Charles L. Liotta, H. M. Neumann, 
Fabio Doctorovich, A. Konda, K. Zhang, Jeff Hurley, David Boatright, 

Allen Annis, Gary Pansino, Myra Dawson, and Milene Juliao 

School of Chemistry and Biochemistry, Georgia Institute of Technology, 
Atlanta, GA 30332 

Certain aspects of the thermal reactions of organic complexants in 
simulated aqueous nuclear waste mixtures containing NaOH, NaNO2, 
NaNO3 and NaAl(OH)4 have been investigated. Since formaldehyde is 
expected as a degradation product from various complexants, the 
factors affecting the reaction by which H 2 gas is formed from 
formaldehyde and OH- have been studied. A mechanism consistent with 
these results is presented. The source of the nitrogen atoms in the gases 
N2O, N2, and NH3 formed from the degradation of HEDTA has been 
determined using 15N labeling experiments. It was found that the 
nitrogens in N2O and N2 are produced from NaNO2 whereas 88% of 
the nitrogen in NH3 come from NaNO2 and 12% come from HEDTA. 
A number of degradation products formed in series in the long-term 
thermal degradation of HEDTA at 120° C were identified by 13C NMR. 
In the reaction of glycolate in simulated waste, formate and oxalate are 
formed, and nitrite (but not nitrate) decreases in amount. Kinetic 
studies involving glycolate decomposition have resulted in the 
determination that the reaction is first order in each of the reactants: 
glycolate, nitrite, and aluminate. A mechanism is proposed for 
decomposition of glycolate. A scheme for the sequential degradation of 
HEDTA, based on the same mechanistic ideas, is also presented. 
Finally, some observations on the effect that O2 has on the 
decomposition of organics and on the gas generation in simulated waste 
are given. 

Defense nuclear wastes are currently stored by DOE at Hanford, Washington and 
managed by the Westinghouse Hanford Co. At this site are 177 storage tanks: 149 
single shell and 28 double shell tanks. Of these tanks, 23 are suspected of flammable 
gas evolution; 5 of these are double shell tanks and 18 are single shell tanks. One of 
the double shell tanks, labeled 241-SY-101 and which is referred to as Tank 101-SY, 

0097-6156/94/Ό554-0249$10.88Λ) 
© 1994 American Chemical Society 
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is the most troublesome. Tank 101-SY releases, in events approximately 100 days 
apart, usually 7,000-11,000 cu. ft. of gas containing H2, N20, and N2. Other gases 
such as NH3 and CH4 are also released in smaller amounts. The flammability and 
potential explosive nature of this gaseous mixture is cause for concern and a great deal 
of effort is now in motion to deal with this problem. 

It is clear that before one can arrive at a proposed solution to the episodic release 
of gases from storage tanks that contain high level nuclear waste, it would be 
advantageous to determine the chemical origins of the gases and the corresponding 
mechanistic pathways whereby these gases are produced. Understanding the chemistry 
involved in tank 101-SY, which contains a large number of organic and inorganic 
compounds and radionuclides reacting under thermal and radiolytic conditions, 
presents a formidable problem. In this connection, several laboratories (Pacific 
Northwest Laboratories (PNL), Richland, WA; Argonne National Laboratories (ANL), 
Argonne, IL; Westinghouse Hanford (WHC), Hanford, WA and Georgia Institute of 
Technology (GIT), Atlanta, GA), have been involved in a joint effort to understand 
the chemistry involved in Tank 101-SY. The ANL organization has concentrated on 
studying the radiation chemistry related to that in Tank 101-SY, whereas PNL and 
GIT have concentrated on studying the corresponding thermal chemistry. The ANL, 
PNL, and GIT studies have involved a simulated waste which mimics die contents in 
Tank 101-SY. The WHC organization has concentrated on studying the composition 
of both the volatile and non volatile products obtained from Tank 101-SY. The WHC 
studies along with some studies conducted at PNL have involved actual core samples 
from Tank 101-SY. 

Two studies carried out previous to the present study were particularly 
informative. The first study published in 1980 by Delegard (1) provides information 
concerning the thermal behavior of simulated waste. Specifically kinetic studies 
dealing with the thermal decomposition of HEDTA and other organic complexants in 
the presence of NaA102, NaN02, NaN03, NaOH, and Na2C03 were reported as well 
as identification of the gases evolved in the reaction of HEDTA with this simulated 
waste. These studies led to a proposed reaction sequence for the decomposition of 
HEDTA. The second report was published in 1986 by workers at PNL (2). The study 
was directed to determining the organic decomposition products in Tank 107-AN, a 
tank to which organic complexing agents had been added. Over 75 % of all organic 
products were identified. 

All of our studies at GIT were carried out at 120°C on a simulated waste that 
mimics the known composition of Tank 101-SY with respect to NaN02, NaN03, 
NaA102, and Na^O^ In addition, one or more organic complexants were added. All 
reactions were strictly thermal (no radiation producing materials present). The high 
temperature (120° C.) was necessary in order that reactions could be studied in a 
reasonable period of time. For example, the extent of HEDTA reaction is about 70% 
after 1,500 hours (-62 days) in simulated waste at 120° C, whereas the temperature 
in 101-SY is closer to 60° C. Reactions at 60° C would take much too long to provide 
a practical study. 

The composition of the simulated waste (termed SY1-SIM-91B) used in this study 
is presented in Table I. 
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Table I. Composition of Simulated Waste (SY1-SIM-91B) used in this study 

1 Component Molarity 

Organic 0.21 

NaN02 2.24 

NaNOj 2.59 

NaA102 1.54 

NajCOj 0.42 

NaOH 2.00 

We have used a number of names and abbreviations for structures in this paper, 
that may not be familar to all readers, therefore we wish to define these names and 
abbreviations with the proper chemical formulas. 

EDTA - (H02CCH2)2NCH2CH2N(CH2C02H)2 

HEDTA- HOCH2CH2N(CH2C02H)CH2CH2N(CH2C02H)2 

Glycolic Acid - HOCH2C02H 
Glycolate - HOCH2C02 

Formate - HC02 (or HCOO ) 
Oxalate - C204" 
EA- H2NCH2CH2OH 
Glycine - H2NCH2C02H 
ED3A- H02CCH2N(H)CH2CH2N(CH2C02H)2 

U-EDDA - H2NCH2CH2N(CH2C02H)2 

S-EDDA - H02CCH2N(H)CH2CH2NHCH2C02H 
EAMA - HOCH2CH2NHCH2C02H 
IDA - HN(CH2C02H)2 

ED3A Lactam - H02CCH2 Ν NCH2CO2H 

NTA - N(CH2C02H)3 

In this paper answers to the following questions are pursued: 
What is the source of H2? 
What is the source of N20? 
What is the source of N2? 
What is the source of NH3? 
What is the mechanism of degradation of HEDTA and glycolate? 

The current status of investigations motivated by these questions will be presented with 
supporting experimental data. 
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Source of Hydrogen (27) 

A mechanistic explanation for the formation of H2 in nuclear waste tanks has not been 
forthcoming except for the H2 that is produced by the radiolysis of water. It is known 
that under radiolytic conditions, solutions of EDTA (3), NTA (4), and IDA (5) 
decompose to formaldehyde. As a consequence, it is reasonable to assume that 
formaldehyde is formed in nuclear waste tanks containing these and similar 
complexing agents. It is also known that formaldehyde reacts in base to form 
equimolar amounts of formate and methanol (Equation 1). 

Ο Ο 
2 HCH Q H ~ » HCO" + CH3OH (1) 

This is known as the Cannizzaro reaction and it proceeds in high yield for relatively 
high concentrations of formaldehyde. This reaction has been presumed to proceed 
through an intermediate (3) which functions as a hydride ion donor toward 
formaldehyde (Scheme 1) (6). On the other hand, it seems reasonable to assume that 

Ο OH OH 9 
II ^ I O H \ I OH" . _ l 

HCH +H90 = HCH • HCH • HÇH 
ι ι ι 

OH Ο" Ο 

1 2 3 
Ο 

HCO" + CH>0~ 

+ H20 • CH3OH + OH-

Scheme 1. Mechanism of the Cannizzaro Reaction. 

the Cannizzaro intermediate (3), since it is a hydride ion donor, could also react with 
water to form HCCV and H 2 (Equation 2). 

+ H 2 +"OH (2) 

There is a report in the literature that very small amounts of H2 are produced 
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when a solution of formaldehyde in concentrated sodium hydroxide is heated (7). 
Siemer (8) at Westinghouse Idaho Nuclear Co. demonstrated that significant amounts 
of U2 (up to 26 % yield) could be produced by using lower concentrations of 
formaldehyde and higher concentrations of base. In Table Π are shown the results of 
two experiments at low formaldehyde concentration and high concentrations of base. 

Table Π. Product Yields from the Reaction of Formaldehyde with 
NaOH in Water* 

T, °c M, CH20 M, NaOH %H2 %HCOO %CH3OH 

28 4x 104 19 102 97 0 

90 2 χ ΙΟ"2 17 41 71 27 

'All reactions were carried out until hydrogen was no longer produced. Yields 
are based on formaldehyde. 

The data show that, at room temperature and at 4x10̂  M formaldehyde, one molecule 
of formate was produced per molecule of hydrogen evolved and H was produced in 
quantitative yield (Equation 2). When the concentration of formaldehyde was 2x10̂  
M at 90° C, some methanol was produced (Equation 1). When the amount of 
methanol produced (27%) was subtracted from the total yield of formate (71 %), the 
yield of formate produced by the hydrogen-producing reaction was obtained, and is 
approximately equal to the hydrogen yield (41 %). In the second experiment, hydrogen 
formation and the Cannizzaro reaction are competing. 

The kinetic order with respect to formaldehyde for the hydrogen formation 
reaction was determined at 28° C and 90° C from initial rate studies. The data are 
summarized in Table DDL At both temperatures the kinetic order is approximately one, 
indicating that only one molecule of formaldehyde is participating in the rate-
determining step of the reaction in which hydrogen is formed. 

Table ΙΠ. Order in Formaldehyde for the Reaction with NaOH 
at Different Temperatures* 

M, NaOH M, CH20 T, °C order* k, M 1 h"1 

18 0.02 to 1 28 ± 1 1.1 (7.0 ± 0.3) χ ΙΟ"5 

7 0.02 to 0.1 90 ± 1 0.9 (3.0 ± 0.2) χ ι σ 2 

'All reactions were carried out to 5-10% conversion. bThese values were 
calculated from the initial rates of H2 evolution at different concentrations of 
CH20, taking the slope of the line from the plot ln(initial rate) vs. lnflGHjO]). 
H2 was measured by G.C., using a molecular sieve 5À (60/80 mesh) column 
at r.t. 
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The kinetic order with respect to OH' was similarly determined at 90° C from 
initial rate studies. The data are given in Table IV. 

Table IV. Order in Hydroxide and Effect of Base Concentration on the 
Hydrogen Yield 

M, CH20 M, NaOH % H2* order" 

1.5 χ ισ 3 4 31 
1.0 i.5 χ ισ 3 8 57 1.0 

1.5 χ ΙΟ"3 16 98 

1.0 

'All reactions were carried out at 60° C until hydrogen was no longer 
produced. Yields based on formaldehyde. bThis value was calculated from the 
initial rates of H2 evolution at different concentrations of NaOH, taking the 
slope of the line from the plot ln(initial rate) vs. Inactivity OH). H2 was 
measured as stated in Table m. 

The order obtained from the slope of a plot, ln(initial rate) vs. Inactivity OH) 
(9), was found to be 1.0. It is known that the equilibrium between CH20 and 
CH2(OH)2 is strongly in favor of the gem-diol (1) (10). The equilibrium constant 
relating 1 and 2 in eqn. (2) is reported to be 6.0 at 50° C, (11) and can be calculated 
to be 5.4 at 25° C from the reported K, for the diol. (12) Thus, in these experiments, 
formaldehyde is present predominantly (> 96%) as the CB̂ OEOO' ion. It may be 
concluded from the first order dependence on [OH] that CH^ 2" is the form of 
formaldehyde that acts as the hydride donor. 

The rates of hydrogen generation for CH20 and CD20 were investigated at room 
temperature. The initial rate with protio formaldehyde was approximately 5 times 
faster than with deuterated formaldehyde (Figure 1). This isotopic effect suggests that 
the rate-determining step at room temperature involves cleavage of the C-H bond. 
Since OD7D20 is a stronger base system than OH7H20, the concentration of 
Cannizzaro intermediate should be greater in the former system compared to the latter, 
and the observed rate differences between the deutero and protio compounds should 
represent a minimum. 

The effect of the concentration of formaldehyde on hydrogen yield was studied 
at room temperature and at 60° C. The results are summarized in Table V. The 
hydrogen yield increased as the formaldehyde concentration decreased, which is 
consistent with the hydrogen-producing reaction (Equation 2) being unimolecular with 
respect to formaldehyde and thus competing more favorably at low concentrations of 
CH20 with the Cannizzaro (bimolecular) reaction. 

It was determined that as the concentration of base increases, the hydrogen yield 
increases (Table TV). These results are attributed to the fact that when [OH] increases, 
the concentration of free aldehyde (which is necessary for the Cannizzaro reaction) 
decreases (Scheme 1), thus allowing the hydrogen-producing reaction (Equation 2) to 
compete even at high formaldehyde concentration. 
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Figure 1. Hydrogen Evolution: CH20 vs. CD20 (15 M NaOH, 0.05 M 
CH20, Τ = 25 e C; • CH20, • CD20). 

Table V. Yield of Hydrogen at Different Concentrations of CH20* 

M, CHjO 2 χ ΙΟ"1 2x ι σ 2 2x ΙΟ"3 4x ι σ 4 4x ισ 5 

%H2

b 1.4 8.2 34 61 104 

%H2° 6.5 31 76 102 99 

'All reactions were carried out until hydrogen was no longer produced. Yields 
are based on formaldehyde. *T = 60°C, 11M NaOH. °T = r.t., 19 M NaOH. 

The proposed mechanism for the formation of H2, based on these results, involves 
the formation of the Cannizzaro intermediate 3, which reacts as a hydride ion donor 
with a water molecule to produce hydrogen, sodium formate and OH (Equation 2). 
The present data clearly indicate that when CH20 and NaOH are allowed to react 
under conditions normally used in preparative reactions, the Cannizzaro products, 
HCOO" and CH3OH, are formed. Under these conditions only small amounts of Κι 
are produced as was reported earlier (7). However, when the concentration of base 
is high and the concentration of formaldehyde is low, the probability of a bimolecular 
reaction of the Cannizzaro intermediate with a formaldehyde molecule is small. 
Instead, intermediate 3 reacts with water to produce H2. In these experiments 
concentrations of NaOH higher than the 2 M typical of the simulated waste have been 
used to enhance the hydrogen formation reaction, relative to the Cannizzaro reaction, 
so that the factors affecting the former reaction could be more easily established. 
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One of the ways of establishing whether or not the Cannizzaro intermediate 3 will 
react with water to produce hydrogen is to allow formaldehyde (CH^O) to react with 
NaOD in D20 and determine if HD is formed. However, due to exchange (13) of HD 
in D20/OD" to produce D2, this method did not provide reproducible data at the high 
base concentrations used (30). 

It is interesting to note that other aldehydes that do not possess alpha hydrogen 
atoms produce a significant amount of hydrogen in the presence of base (Table VI). 
In each of these cases the yield of hydrogen results from a competition between the 
Cannizzaro reaction and the H2 formation reaction, both reactions involving the same 
hydride donor intermediate. It is interesting to note that although propanal has two 
alpha hydrogens, 1.6% H2 was still produced. 

Table VI. Hydrogen Yields from Aldehydes in the Presence of Base* 

Aldehyde % H2 

Formaldehyde 41, 43b 

Glyoxylate ion 29 
Pivaldehyde 30 
Benzaldehyde 17 
Propanal 1.6 

*T = 90° C. 17 M NaOH, 0.017 M RCHO in all cases. All reactions were 
carried out until hydrogen was no longer produced. Yields are based on the 
amount of the corresponding starting aldehyde. bDuplicate runs. 

Finally, since we have observed a small decrease in the reaction rate when the 
radical inhibitor p-hydroquinone is added, a radical component to the overall 
mechanism must be considered. Therefore, the transfer of hydrogen from the 
Cannizzaro intermediate 3 to H20 might take place as a hydrogen atom (H) transfer 
(Equation 3), as well as a hydride ion (H") transfer. 

Ο 
II 

Î Î - C ^ 0 - + H 2 + O H - (3) 

3 4 
Evidence for the formation of either of the radicals 4 or 5 and conversion to H2 

is found in the reactions of H ^ and of Cu(H) with formaldehyde in base. 

H ^ H + H - O H ^ „ ^ H O H — 
rr Ο 
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ο
ι 

HCH 
I 
o-

OH 
I 

HCH 
I o-

When formaldehyde in base reacts with H202, hydrogen and formate are produced 
rapidly and in quantitative yield (Equation 4) (14). 

2 CH20 + Hj02 + 2 NaOH -* 2 NaHC02 + H 2 + 2 H20 (4) 

The mechanism for this reaction (Scheme 2) was first suggested by Wieland and 
Winglers (15), and has been supported by the work of Wirtz and Bonhoeffer (16), 
Jaillet and Quellet (17), and Abel (18). The intermediate 6 has been prepared 
independently (15,17) and shown to react in base to give formate and hydrogen in a 
2:1 ratio. In this case both hydrogen atoms in H2 come from formaldehyde. 

Ο OH Λ τ τ . OH 
II I OH' I 

HCH +H,0 = ^ HCH . HCH 
2 I I 

OH O" 

OH OH 2 

HÇH +H 20 2 • HCH +ΟΗ- + ΗΟ· 
O" Ô-
2 5 

OH OH 
HCH +ΗΟ· - HCH +OH-

I I 
O" o-

H v ^H 

? H / 0 Q Ç 0 \ +2 0H- "°\ 
2 H Ç H . H - C j H H ^ % + 2 \ 

O- ^ O - O , Ο 

Scheme 2. Proposed Mechanism for the Reaction of Formaldehyde with 
NaOH in the Presence of Hydrogen Peroxide. 

The rapid formation of hydrogen from formaldehyde by reaction with Cu(H) ion 
(Figure 2) can be interpreted in terms of a similar mechanism. These data were 
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obtained using a Teflon vessel connected to a buret with a mercury seal which allowed 
measurement of the amount of gas produced. Into the reaction vessel was placed 300 
mL of 20 M sodium hydroxide which was heated at 90° C with stirring. While 
stirring, 1.4 mL of a solution containing 1.63 mmoles of formaldehyde and 3.0 χ 10"2 

mmoles of CuCl2 were added through a septum by means of a syringe provided with 
a stainless steel needle. The characteristic brown color due to Cu(0) was immediately 
observed. The difference between the amounts of hydrogen produced in the presence 
and absence of Cu(II) is approximately 7 mL (—0.23 mmoles) throughout the 
experiment, indicating an initial rapid formation of hydrogen. 

35-r 

30-

25-

CO 
ϋ 

20-
ο ·*-» c 15-
3 
Ο Am

 

10-

5-

ol 
0 

• 
• 

• 
• 

• 
• 

• 
• 

An 

10 15 20 25 30 
Time (minutes) 

35 
—ι— 
40 45 

Figure 2. Reaction of Formaldehyde with NaOH. Effect of Cu(H) on Gas 
Evolution (• CH20/Cu(II), • CH20). 

A mechanism suggested to explain the initial rapid formation of H2 (Scheme 3) 
involves the formation of the Cannizzaro intermediate 3 which then reduces Cu(H) to 
Cu(0) and forms the intermediate radical 4 which can dimerize to 6. Dimer 6 can then 
collapse to form H2 and formate (7). In this case, as with hydrogen peroxide, both 
hydrogen atoms originate from formaldehyde. This point however, has not been 
established. Copper metal can, depending on its physical state, serve as a 
heterogeneous catalyst for the formation of hydrogen. (7,19) Some contribution to 
hydrogen formation in the initial period can be attributed to this effect. Mechanisms 
involving electron transfer are then suggested for three reactions (with H ^ , Cu(H), 
and H20) of the Cannizzaro intermediate leading to the formation of formate and 
hydrogen. The mechanism of hydrogen formation thus, can be polar in nature, radical 
in nature, or both in competition. 
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Ο OH OH Ο 
II ^ I ΟΗ' I OH" l T 

HCH +H,0 ^ = HCH . HCH . HCH 1 1 λ-OH Ο" Ο 
3 

?" ?" 
2 HCH + Cu(H) • 2 HCH + Cu(0) L I 

o o-

O 
I 

HCH — — H - C p H H C C - H •> H 2 + 2 ^C-H 
o- f O - O i 0 

Scheme 3. Proposed Mechanism for the Reaction of Formaldehyde with 
NaOH in the Presence of Cu(H). 

Regardless of the mechanistic details, the formation of hydrogen by reaction of 
formaldehyde, or other aldehydes, in concentrated NaOH seems well established, as 
well as the factors favoring the occurrence of that reaction. Since it is reasonable to 
assume that formaldehyde is present in some small, steady-state concentration in tank 
101-SY, the reaction may make a significant contribution to hydrogen being formed. 

Source of the Nitrogen in the N20 and N 2 Formed in the Thermal Decomposition 
of HEDTA (27) 

There are other gases in addition to H2 that are produced in significant amounts when 
HEDTA is heated to 120° C in a simulated waste mixture. These gases are N20, N2, 
NH3, CH4 and C02 (C02 reacts with NaOH immediately to form Nâ Oa), and they 
form as a result of a series of reactions. The question concerning the formation of 
N20, N2 and NH3 is, "do the nitrogen in these gases have their sources in N02" and 
N03" or is the source of the nitrogen in HEDTA"? This question was answered by 
isotopically labeling the nitrogen atom in ΝΟ{ and N03' as 15N and determining 
whether or not the N20 and N2 formed contain the 15N label. If the N20 and N2 

formed are doubly-labeled with the 15N label, then these gases must have originated 
from the 15N02" and/or 15N03 ; on the other hand, if the N20 and N2 formed did not 
contain the I5N label, then the N20 and N2 must have come from the unlabeled 
HEDTA. 
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Several reactions of unlabeled HEDTA in SY1-SIM-91B media prepared with 15N-
labeled nitrate and/or nitrite reagents were conducted at 120° C for 49 days under 
atmospheres of air and helium using the apparatus shown in Figure 3. Mass 
spectrometric analyses of the head space gases clearly established that the N20 and N2 

produced in these reactions originated only from the nitrite and not from nitrate or 
HEDTA. For example, when the simulated waste mixture contained both 15N02" and 
15N03~, and the reaction was conducted under either an air or a helium atmosphere, 
only doubly labeled N20 and N2 were formed. 

On the other hand, when HEDTA was allowed to react at 120° C in the simulated 
waste mixture containing 15N03" as the only 15N label, only unlabeled N20 and N2 

were formed. This result indicates that both N20 and N2 originate from N02\ In order 
to verify this conclusion, HEDTA was allowed to react at 12CT C in the simulated 
waste mixture containing 15N02 as the only nitrogen labeled compound. In this case 
both doubly-labeled 15N20 and 1 5N2 were produced. This result shows conclusively that 
both N20 and N2 originate exclusively from N02". 

It would be difficult to prepare 15N-HEDTA in order to check the above results 
that show that N20 and N2 do not originate from the organic portion of the simulated 
waste; however, it is not necessary to do this since, if any N20 and N2 did originate 
from HEDTA, then some 14N - N20 and /or N2 would have been produced in the 
reaction with 15N02", which it was not. 

There are, of course, many organic degradation products produced in the thermal 
decomposition of HEDTA in simulated waste at 120° C; glycine is one of these. Since 
15N-glycine was available, the decomposition of this compound was studied in 
simulated waste at 120° C and a trace of 1 5N2 in the 14N-N20, N2 mixture was found. 
Great significance is not attached to detection of a trace amount of 1 5N2 in this 
experiment and therefore N02" is still considered the major source of N20 and N2 

produced in simulated waste. All these reactions were carried out in the apparatus 
shown in Figure 3. 

Source of Nitrogen in NH3 Formed in the Thermal Decomposition of HEDTA (27) 

Formation of ammonia in these thermal degradation studies arises after a series of 
reactions. When HEDTA was allowed to react at 120° C for 49 days in simulated 
waste, NH3 was formed in 17% yield (based on HEDTA). The NH3 was passed into 
an aqueous solution of HC1 and the ammonia determined as NH4CI. When HEDTA 
was allowed to react at 120° C in simulated waste containing 15N02" and 15N03", both 
15NH3 (90%) and 14NH3 (10%) were formed, as indicated from 14N and 15N NMR 
spectra of the NH4CI solution. When a similar reaction was carried out containing only 
15N03" as the labeled compound, only unlabeled NH3 was formed; however, when only 
15N02- was present, 13NH3 (88%) and 14NH3 (12%) were formed. All of these results 
clearly indicate that approximately 90% of the NH3 produced in the thermal 
decomposition of HEDTA in simulated waste at 120° C over a period of 49 days 
originates from NaN02 and 10% originates from HEDTA and its decomposition 
products. All these reactions were carried out in the apparatus shown in Figure 3. 
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Figure 3. Apparatus for 15N experiments. 
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Kinetic and Mechanistic Studies (26) 

It is very important for the purpose of understanding the chemistry in 101-SY, and for 
remediation, that the rate at which gases are evolved and the mechanisms whereby 
these gases are formed, be well understood. Therefore, an investigation of the 
kinetics, mechanism and reaction products of the thermal degradation of certain 
chelating agents (HEDTA, glycolate) in an aqueous solution containing NaN02, 
NaN03, NaOH, NaA102 and Na2C03 was conducted. An analysis of the rates of 
formation of the volatile and nonvolatile thermal degradation products was conducted 
and the rate of decomposition of each of the reactants was studied. The concentrations 
of reactants employed in all reported studies are given in Table I. The reactions 
components were added to a 125 mL Erlenmeyer flask containing approximately 50 
mL of distilled H20. The mixture was stirred until the solids dissolved. The solution 
was then filtered through a fritted glass funnel to eliminate any residual suspended 
matter and subsequently transferred quantitatively to a 100 mL volumetric flask. The 
solution was brought to the mark with distilled Η,Ο, allowed to stand at room 
temperature overnight, and was then transferred into the reaction vessel. The vessel 
was heated to 120 °C and gas volume measurements were taken. The reaction was 
allowed to continue for periods varying from 300 to 1700 h. 

It should be emphasized that these reactions were carried out under an air 
atmosphere. In addition, production of gas often occurred after an induction period 
of variable length depending on the reaction components. The rates of gas evolution 
were calculated from the slope of the best straight line in the plots of mL of gas vs. 
time. The apparatus used to make the volumetric determinations of gas evolved is 
given in Figure 4. 

VACUUM 

CONDENSER 

OIL BATH 

MAGNETIC 
STIRRER 

100 mL 
BUfifff 

| ήREACTION VESSEL 

0 

o 
LAB JACK 

() 
() 
() 
() 
() 

JNERT GAS 

CALIBRATED 
L*_/STORAGE 

BULBS 

LEVELING 
BULB 

Figure 4. Long Term Gas Kinetics Apparatus. 
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Sodium Glycolate as the Organic Component (28) 

A series of experiments was conducted utilizing glycolate as the organic component 
in which each of the inorganic reagents was sequentially omitted in order to determine 
the effect of the particular inorganic reagent on gas evolution. The results of these 
experiments are summarized in Table Vu. 

The rate of gas evolution with all components present under an air atmosphere or 
a helium atmosphere (utilizing deoxygenated water) was the same (-0.34 mL/hour). 
When glycolate was omitted from the reaction mixture, there was no appreciable gas 
evolution. When NaN02 was omitted from the reaction mixture, there was an 
insignificant amount of gas evolved. 

Table VEL Average Rate of Gas Evolution With Glycolate as the Organic 
Component With an Altered Set of Standard Conditions 

Component Omitted From 
Standard Mixture 

Induction Period 
(hours) 

Rate 
(mL/h) 

none (He atmosphere) 20 0.34 
none (air atmosphere) 50 0.34 

glycolate 0* 0 
NaN02 155 «0.05e 

NaN03 72 0.3 
NaAlOj (f 0 
NaîCOj 150 0.28 

"Experiment run for 437.5 h. bExperiment run for 214 h. 0 » 20-mL of gas 
was evolved over 400 h. 

When NaN03 or Na2C03 was omitted from the reaction mixture, gas evolution 
was approximately the same as in the case when it was present. When NaAlÔ  was 
omitted from the reaction mixture, there was no appreciable gas evolution. This 
investigation showed the importance of NaA102 and NaN02 in the formation of gas, 
relative to the other inorganic components in the mixture. Analysis of the nonvolatile 
thermal degradation products from these reactions showed the disappearance of 
glycolate and nitrite and the formation of formate and oxalate. A quantitative 
investigation of the nonvolatile thermal degradation components of glycolate in the 
standard mixture over time was conducted using ion chromatography (IC). The results 
from the analysis for nitrite, nitrate, oxalate, formate and glycolate are summarized 
in Table Vm. 
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Table Vm. 

EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

Nonvolatile Reaction Components of Glycolate Thermal Degradation 

Time 
(h) 

Nitrite 
(mol χ 102) 

Nitrate 
(mol χ 102) 

Oxalate 
(mol χ 10*) 

Formate 
(mol χ 104) 

Glycolate 
(mol χ 103) 

0 5.60 6.48 0 0 5.41 

77 5.50 6.63 <0.5 1.22 4.78 

197 5.38 6.58 5.89 4.03 3.95 

310 5.35 6.30 4.93 5.22 3.37 

406 5.33 6.55 8.76 5.99 2.93 

514 5.30 6.50 10.5 6.77 2.66 

672 5.30 6.37 15.2 7.16 1.96 

981 5.05 6.37 22.1 8.25 0.459 

1250 5.03 6.47 26.5 8.85 0.243 

1474 5.00 6.33 27.7 9.23 0.269 

1582 4.92 6.65 31.1 9.26 0.111 

The number of moles of nitrate does not appear to change (within experimental error) 
during the course of the experiment. The level of nitrite decreased by 6.8 χ 10"3 moles 
(* 12%). Oxalate (3.11 χ 10"3 moles) and formate (9.26 χ ΙΟ4) were formed over 
this same time period. The level of glycolate decreased by 5.30 χ 10"3 moles (» 
98%). A first order plot for the disappearance of glycolate (ln[glycolate] vs time) is 
shown in Figure 5. From this plot, a rate constant k = 1.5 χ 10"3 h1 and a first order 
half life of 462 hours were calculated. This value was independendy confirmed by 
monitoring the disappearance of 13C labeled glycolate (at both carbons) by 13C NMR. 
The proposed mechanism for the decomposition of glycolate in simulated waste is as 
follows (Equations 5-16): 

Al(OH)4" + N02" Al(OH)3-0-NO" + OH" (5) 
Al(OH)3-0-NO + HO-CH2-C02" Α1(ΟΗ)4' + ON-O-C -̂CC^" (6) 
ON-0-CH2-C02" -» NO" + CH20 + C02 (7) 
ON-0-CH2-C02" +OH- -> NO' + H-(CO)-C02" + H20 (8) 
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100 200 300 
TIME (hours) 

700 

Figure 5. First Order Plot for the Disappearance of Glycolate. 

NO" + N02" N203

2" 
NO- + NO" N202

2" 
N202

2" + H20 **w HN202- + OH 
HN202" N20 + OH-
CH20 + OH" ±? HO-CH2-0-
0-CH2-0- + H20 -> H2 + H-COO" + OH" 

H-(CO)-C02" + OH" ^ 0-CH(OH)-C02- (O)2-CH-C02-
(O)2-CH-C02- + H20 -> H2 + O2C-C02" + OH" 

(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
(16) 

If it is assumed that the decomposition of the nitrite ester of glycolate (Equation 
7) is fast compared to its rate of formation (Equation 6), then all steps following the 
decomposition can be assumed to be fast and therefore can be excluded from the 
kinetic analysis. Based on these assumptions a rate (Equation 17) can be derived: 

Rate = 
k[Gtyr[Al02]m[N02Y 

[OHY 
(17) 

where n=1 and m, ρ and q are to be determined. Since glycolate is present in small 
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quantities compared to aluminate, nitrite and hydroxide, the disappearance of glycolate 
should follow pseudo first-order kinetics (Equation 18). 

ln[Gly]t - ln[Gly]t_0 = kft (18) 

Thus, a plot of In [Glycolate] vs. time should give a straight line with slope equal to 
k7, (Equation 19), 

k , = k[Al02T[N02y ( 1 9 ) 

[ΟΗ-γ 

where this derivation assumes m and ρ order dependence in A1CV and N02, 
respectively. Rearranging the above expression, (Equation 20) produces: 

k k1 

—_ = Ζ (20) 
[ΟΗ-γ [Al02~]m[N02~Y 

A series of experiments was conducted under an air atmosphere in order to ascertain 
the effect of changes in the concentration of AKV, glycolate and N02" in simulated 
waste on k/[OH~]q. In the first series of experiments, the concentration of aluminate 
was reduced by one-third. In the second series of experiments, the concentration of 
glycolate was halved and in the third series, the concentration of nitrite was halved. 
The reaction solutions were pipetted into Teflon lined glass reaction vessels and heated 
at 120° C. Reaction vessels were removed from the heat after 100, 200 and 300 hours 
and their contents were analyzed by ion chromatography. It must be stated that 
although the reactions were conducted in Teflon lined glass vessels, there was still 
some contact with the glass. If it is assumed that the reaction is first-order with respect 
to A1CV and N02\ then the k/tOHT1 values for each series should be identical. From 
the data in Table IX it can be seen that the k/[OH"]q values are very nearly the same, 
from which it can be concluded that the reaction is first order in glycolate, aluminate 
and nitrite. 

Key steps in the proposed reaction scheme involve the generation of an aluminum 
complexed nitrite species and its subsequent reaction with glycolate to generate a 
nitrite ester. The nitrite ester subsequentiy undergoes a fragmentation process 
(Equation 7) to produce C02, NO" and formaldehyde or a ̂ -elimination (Equation 8) 
to produce glyoxylate and NO'. We have already shown that formaldehyde and 
glyoxylate are key intermediates in the formation of formate, oxalate and H2 

(equations 13-16). Equations 9-12 are well known (20). In order to show that the 
nitrite ester does indeed give the postulated fragmentation products suggested in the 
mechanism, the nitrite ester of methyl glycolate was synthesized (Equation 21) based 
on a procedure by Doyle (21). A mixture of methyl glycolate and the nitrite ester of 
methyl glycolate was isolated in a » 4:1 ratio. The isolated mixture of product and 
starting material was then introduced into a simulated waste solution. The nitrite ester 
was found to decompose to H2, N20, C02, N02", formate and oxalate. 
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Table IX· Rate Constants for Thermal Degradation of Glycolate under Air 

Experiment k/[OH F (ĥ M2) 

0.21 M Glycolate 
1.54 M Aluminate 
2.24 M Nitrite 
0.42 M Carbonate 
2.59 M Nitrate 
2.00 M Hydroxide 

(6.5 ± 1.3) χ lOf4 (1.9 ± .4) χ HT1 

0.21 M Glycolate 
LOOM Aluminate 
2.24 M Nitrite 
0.42 M Carbonate 
2.59 M Nitrate 
2.00 M Hydroxide 

(4.5 ± 1.0) χ 10̂  (2.0 ± .4) χ 104 

0.10 M Glycolate 
1.54 M Aluminate 
2.24 M Nitrite 
0.42 M Carbonate 
2.59 M Nitrate 
2.00 M Hydroxide 

(7.0 ± 1.5) χ ΙΟ4 (2.0 ± .4) χ 104 

0.21 M Glycolate 
1.54 M Aluminate 
1.12 M Nitrite 
0.42 M Carbonate 
2.59 M Nitrate 
2.00 M Hydroxide 

(3.7 ± 1.0) χ 104 (2.1 ± .4)x ισ 4 

t-BuONO + HOCH2COOCH3 - t-BuOH + ONOCH2COOCH3 (21) 

All of the kinetic work with glycolate was carried out in glass vessels and is now 
being repeated in Teflon vessels. 

HEDTA as the Organic Component (29) 

The preceding work has provided the basis for further investigations into more 
complex systems. The mechanism which was proposed for glycolate decomposition 
can also be applied to the thermal degradation of HEDTA. A preliminary study of the 
composition of the nonvolatile degradation products over time has been completed 
(Table X). This initial work should provide a foundation for a thorough analysis of the 
nonvolatile thermal degradation products. 
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Table X. Nonvolatile Reaction Components of HEDTA from 
Thermal Degradation 

Time Nitrite Nitrate Formate HEDTA 
(h) (mol χ VP) (mol χ 102) (mol χ 103) (mol χ 103) 

0 5.60 6.65 0 5.30 
112.5 5.48 6.55 0.48 5.08 
191 5.43 6.57 1.01 4.84 
303 5.40 6.50 1.02 4.47 

408.5 5.38 6.74 1.30 4.03 
500.5 5.33 6.64 1.89 3.60 

The trends observed in the thermal degradation of HEDTA are the same as those 
observed in the thermal degradation of glycolate. The level of nitrate does not change 
(within experimental error) during the course of the experiment. The level of nitrite 
decreases by 2.7 χ 10"3 moles (» 4.8%). Formate (1.89 χ 10"3) is formed over this 
same time period. The level of HEDTA decreases by 1.7 χ lfr3 moles (« 32%). 

Figure 6 shows a plot of In [HEDTA] vs time. Unlike the result with glycolate, 
HEDTA does not disappear in a first order fashion, which is not surprising since 
HEDTA can react in several different ways. 

100 200 300 400 
TIME (hours) 

500 600 

Figure 6. Long Term HEDTA Degradation Study. Ln[HEDTA] vs. Time in 
Simulated Waste. 
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Identification of HEDTA Degradation Products using 1 3 C NMR (29) 

Another objective of the Georgia Tech effort has been to utilize the earlier studies 
done at Hanford and Pacific Northwest Laboratories as the basis for further 
development of an understanding of both the stoichiometry and the temporal formation 
of individual degradation products of organic complexants in waste tank 101-SY. The 
13C studies of doubly 13C-labeled glycolic acid and of two forms of labeled HEDTA 
(HEDTA-A and HEDTA-B; asterisks indicate 13C-labeled carbons) described below 
have been especially useful in this regard. The use of compounds that are highly 
enriched with 13C in specific positions allows for the detection of products early in the 
reaction and the spin-spin coupling patterns arising from 1,2-labeled derivatives are 
very useful in assigning the products. 

-o2c / - N ^ N ^ c o 2 - -o2c ^ N " ^ N V ^ c ° 2 -

HEDTA-A HEDTA-B 

HEDTA-A was prepared by the following reaction sequence: 
13CH2

13CH2 + H2NCH2CH2NH2 - H013CH2

13CH2NHCH2CH2NH2 (22) 

H013CH2

13CH2NHCH2CH2NH2 + 3 NatBrCH^OJ HEDTA-A (23) 

The product was purified by fractional crystallization from methanol. HEDTA-B was 
prepared by exhaustive alkylation of unlabeled HOCH2CH2NHCH2CH2NH2 with 
Na[Br13CH2

13C02], i.e., 

HOCH2CH2NHCH2CH2NH2 4- 3 Na[Br13CH2

13C02] -+ HEDTA-B (24) 

To identify the products of complexant degradation it was necessary to establish 
a data base of 13C spectra of authentic samples of HEDTA, EDTA, glycolate, and 
known, or probable, degradation products. Commercial samples were used when 
available, others were synthesized as follows. U-EDDA (22) and EDMA (23) were 
synthesized using reported procedures. N-Methyl-S-EDDA was prepared by the 
methylation of S-EDDA lactam followed by base hydrolysis. N-Methyl-ED3A was 
synthesized by exhaustive alkylation of N-methylemylenediamine using sodium 
bromoacetate. N-Methyl-U-EDDA was isolated from the reaction of N-
methylethylenediarnine and sodium chloroacetate. EAMA was synthesized from the 
reaction of ethanolamine and sodium bromoacetate. Carbon-13 NMR spectra of the 
chelating agents and possible fragments of thermal degradation in simulated waste 
solution were obtained and the chemical shifts were measured with respect to either 
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CeD6 in an external cell or sodium carbonate of the simulated waste solution. N-
Methyl-U-EDDA reacted with simulated waste solution even at room temperature, so 
that the 13C NMR spectrum was measured on a freshly prepared 2M NaOH solution. 
Spectral data for all compounds are given in Table XI. 

The thermal reaction of 13C-labeled HEDTA-A in simulated waste solution was 
carried out at 120° C for a total of 1452 hours in a Teflon container, capped with a 
Teflon disc, that was housed in a brass metal tube with a brass screw cap (Figure 7). 
One mL of solution was used in each experiment. The reaction mixture was 
transferred at regular intervals to a NMR tube using a pipette, and 13C NMR spectra 
were recorded. Then, the solution was returned to the Teflon liner and heating was 
continued. Intensities of all peaks were measured relative to QD6, which was in an 
external cell. The solution was diluted to 1 mL (starting amount) after 60.5 days of 
heating at 120° C and the NMR measured again to estimate the amount of remaining 
HEDTA (50%). 

After 1.5 days the 13C spectrum of the HEDTA-A reaction mixture contained a 
new resonance for formate and a more intense resonance for carbonate, which 
indicates formation of C02. Oxalate was detectable after 18.5 days and labeled 
glycine after 34.5 days. The spectrum recorded after 60.5 days also contained a 
singlet due to unlabeled glycine, indicating that its formation occurs from the 
carboxymethyl groups as well as from the hydroxyethyl group. The relative amounts 
of glycine formed from -N13CH2

13CH2OH and unlabeled -NCH^CO^ after 60.5 days 
was approximately 1:6. Two pairs of doublets centered at 50.51 and 60.28 ppm 
(J=38 Hz) and 43.03 and 63.33 ppm (J=38 Hz) were detected after 13.5 days and 
34.5 days, respectively, and have been assigned as ethanolamine-N-monoacetic acid 
(EAMA) and ethanolamine (EA), respectively, based on a comparison of their 
chemical shifts with those of authentic material. A summary of the appearance of 
products versus time data is given below and the 13C NMR spectrum, obtained after 
60.5 days of reaction, is given in Figure 8. 

After 36h HC02, C02 

60h HC02, C02 

108h HC02, C02 

156h HC02, C02 

204h HC02, C02, EAMA (traces) 
444h HC02, C02, EAMA, C204

= 

564h HC02, C02, EAMA, CA" 
828h HC02, C02, EAMA, C204

=, EA, Glycine (labeled) 
1452h HC02, C02, EAMA, C204

=, EA, Glycine (labeled and unlabeled) 

The 13C NMR studies involving the thermal decomposition of HEDTA-B in 
simulated waste at 120°C were carried out in a similar fashion to that described for 
HEDTA-A. Resonances in the 13C NMR spectrum obtained after 1808 h (Figure 9) 
have been assigned to ED3A, U-EDDA, S-EDDA, IDA, glycine, formate, oxalate and 
carbonate. The assignment of resonances to ED3A is not straightforward as they 
overlap with resonances due to unreacted U-EDDA and S-EDDA. However, the 
spectrum also contained five doublets of low intensity at 50.86,55.67,169.93,176.62 
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Brass screw cap 

Teflon disc 

Groove for O-ring 

Teflon liner 

Threads 

Brass tube 

Figure 7. Reaction vessel used for thermal decomposition of 13C-labeled 
compounds. 
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Table XI. 13C Chemical Shifts (ppm) in Simulated Waste Solution* 

EDTA 51.95 59.13 180.81 
HEDTA 51.47 52.09 56.75 58.45 59.11 59.39 180.71 180.99 

ED3Ab 45.71 52.50 54.99 59.92 180.62 180.99 
NTA 59.37 180.48 
IDA 52.19 180.61 
S-EDDAb 47.63 52.43 180.62 
U-EDDA 37.81 58.20 59.92 180.60 
N-MES-
EDDAb 

42.31 45.63 52.57 56.31 61.89 179.56 180.56 

N-ME ED3Ab 42.60 52.65 54.43 59.88 62.15 180.53 180.80 

HTDA 57.49 58.89 59.89 180.64 
DMGb 44.73 63.31 179.48 
GLYb 45.05 182.68 
GLYCOLATE 61.86 183.07 
N-ME GLYb 34.83 54.29 180.65 
N-ME IDAb 42.86 61.79 180.23 
ED 43.49 
N-ME ED 34.90 39.93 53.03 
HED 40.28 50.79 50.96 60.23 
EDMAb 40.06 50.73 52.30 180.56 
N-ME U-
EDDAC 

34.99 40.18 44.34 53.03 175.50 

EA 43.25 63.29 
EAMA 50.68 52.41 60.36 180.74 

•Chemical shifts are measured relative to an external C ^ standard unless otherwise 
indicated. Abbreviations used in this table that were not included on page 3 are: N-ME 
S-EDDA,H02CŒ2N(Œ3)CT2CH2NŒ2C02H;N-ME-ED3A,H02CŒ2N(CH3)CH2-
CH2N(CH2C02H)2; HIDA, HOCH2CH2N(CH2C02H)2; DMG, (CH^NO^CO^; N-
ME GLY, CH3NHCH2C02H; N-ME IDA, C H ^ C H ^ O ^ ; ED, HjNO^CHjNH^ 
N-ME ED, CH3NHCH2CH2NH2; HED, HOCH2CH2NHCH2CH2NH2; EDMA, H2NCH2. 
CH2NHCH2C02H; N-ME U-EDDA, CH3NHCH2CH2N(CH2C02H)2. bChemical shifts 
for these compounds were measured with respect to sodium carbonate in simulated 
waste solution and converted to the C ^ external standard scale. cSpectrum recorded 
in 2 M NaOH due to the sensitivity of N-ME U-EDDA to simulated waste solution. 
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and 178.25 ppm, which are most likely due to ED3A lactam (δ=50.86, 55.66, 60.50, 
169.99, 176.53 and 178.15, for authentic material). The doublet at 60.50 ppm, 
observed for the authentic lactam, could not be seen as it lies under more intense 
resonances of HEDTA and U-EDDA. ED3A has been reported to cyclize to give the 
lactam under acidic conditions and to revert back to ED3A in basic medium (24). 
Because of the strongly basic nature of the simulated waste solution, ED3A, if present, 
should be largely in the uncyclized form; therefore the presence of minor amounts of 
the lactam indicates the presence of substantial amounts of the uncyclized material. 
We therefore believe that the intense doublets at 59.96 ppm and 52.46 ppm must be 
partially due to ED3A, as well as U-EDDA, and S-EDDA. Further support for the 
assignment of these resonances is provided by the lowest field carboxylate resonance, 
observed at 181.08 ppm (J=52.6 Hz) in the 1808 hr spectrum. Only two compounds, 
HEDTA (0=180.71 and 180.99) and ED3A (0=180.62 and 180.99) have carboxylate 
resonances with chemical shifts > 180.90 ppm. The larger coupling constant of 
HEDTA (55.2 Hz) suggests that this doublet is substantially due to ED3A. It is worth 
noting that the intensity of the doublet at 52.43 ppm that is assigned to S-EDDA 
increased relative to the doublet at 52.50 assigned to ED3A during the course of the 
reaction. A summary of the assignments is give below and the 13C NMR is given in 
Figure 9. 

After 14h little reaction 
37h little reaction 

135h HC02, C02, CA", ED3A &/or U-
232h HC02, C02, C 20 4

=, ED3A &/or U-
399h HC02, C02, C204

=, ED3A &/or U-
562h HC02, C02, C A = , ED3A &/or U 
732h HC02, C02, C204=, ED3A &/or U-

IDA, 13C-Glycine, ED3A Lactam 
1232h HC02, C02, CA=, ED3A &/or U-

IDA, 13C-Glycine, ED3A Lactam 
1808h HC02-, C02, C204

=, ED3A &/or U-
IDA, 13C-Glycine, ED3A Lactam 

EDDA, 
EDDA, 
EDDA, 
EDDA, 
EDDA, 

S-EDDA 
S-EDDA 
S-EDDA 
S-EDDA 
S-EDDA 

EDDA, S-EDDA 

EDDA, S-EDDA 

Identification of Irradiated HEDTA Degradation Products Using 1 3C NMR 
Spectroscopy. 

Samples of HEDTA-A and HEDTA-B were irradiated in simulated waste solution (50-
60 mg in 5 mL solution contained in steel tubes) at doses of 19.6 Mrad and 20.82 
Mrad, respectively at Argonne National Laboratory (D. Meisel) and were returned to 
Georgia Tech for 13C NMR spectral analysis. As reported previously, HEDTA reacts 
significantly upon irradiation, as indicated by the low intensity of the resonances for 
HEDTA in these samples (Figures 10 and 11). Tentative assignments of resonances 
are shown in the spectra of the irradiated samples. 

Because time dependent irradiation studies are not available it is not possible to 
draw definitive conclusions concerning differences in products or their distributions 
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between the thermal and irradiative degradation pathways. One obvious difference 
however, is that a substantial amount IDA is formed as one of the products derived 
from irradiation of HEDTA-B, whereas IDA has not been observed as a significant 
product from thermal reactions. However, it must be noted that much more HEDTA 
has been consumed in the irradiation of HEDTA-B than in the corresponding thermal 
reaction. Large amounts of IDA were detected by Lokken, et al, in Tank-107AN;(2) 
thus it could be conjectured that radiolytic decomposition of HEDTA could be a major 
pathway for the generation of IDA in the waste storage tank. 

Glycine is formed in substantial amounts in radiolytic degradation as it is from 
the thermal reaction. The 13C spectrum of HEDTA-A contained a significant 
carboxylate resonance for unlabeled glycine which indicates that a substantial amount 
of glycine is produced from the carboxymethyl groups (Figure 11). This observation 
is confirmed by the detection of intense doublets at 45.09 and 182.77 ppm (J=52.6 
Hz) in the spectrum of the carboxymethyl labeled compound that are due to glycine. 
The low intensity of the 13C-glycine signals in the spectrum of the hydroxyethyl 
labeled compound indicates that only a small amount of glycine is produced from the 
hydroxyethyl part of the molecule. Similar observations were made in the thermal 
decomposition of these labeled materials. 

Doublets are present in the spectrum of HEDTA-B at 52.45 ppm (J=52.7 Hz) 
and 59.97 ppm (J=55.6 Hz) that are most likely due to S-EDDA and U-EDDA, 
respectively. ED3A has resonances at comparable chemical shifts but the absence of 
a low field doublet at ca. 180.99 ppm or resonances for the lactam suggest that there 
is little of this compound present. 

The spectrum of HEDTA-B also contains a low intensity doublet at 61.94 ppm, 
which may be due to glycolate. The intensity of resonances for carbonate, formate 
and oxalate in the spectrum of HEDTA-B were very intense compared to those for 
HEDTA-A. This indicates that the carboxymethyl groups are also major sources of 
these products. Ion chromatographic analyses of the HEDTA-B product mixture also 
indicated the presence of formate (111%), oxalate (22%) and glycolate (27%). 
Workers at PNL earlier reported (25) the formation of formate and glycolate in an 
irradiated sample containing sodium citrate, sodium EDTA, sodium HEDTA and 
inorganics. 

The Mechanism of HEDTA Degradation in Simulated Waste (29) 

Kinetic data, evidence for formaldehyde as an intermediate, demonstration of the 
decomposition of the nitrite ester of glycolate to produce the same products as when 
glycolate decomposes in simulated waste solution, and the ability to identify, by 13C-
NMR, at least ten by-products from HEDTA decomposition, provides many clues as 
to the mechanism of decomposition of HEDTA in simulated waste. The mechanism 
proposed in Scheme 4 is consistent with the data currently available. 

The first two reactions of Scheme 4 are key to the understanding of how HEDTA 
decomposition proceeds. In the first reaction nitrite ion (NO2) reacts with aluminate 
(Al(OH)4~) to substitute one of the hydroxide ligands; the coordinated nitrito ligand is 
expected to be much more electrophilic and thus more reactive toward HEDTA, which 
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has several nucleophilic sites. In the second reaction the activated nitrito species acts 
as an NO+ source to react with HEDTA. Two intermediates, one produced by reaction 
of the HEDTA hydroxyl group and the other by reaction of the tertiary nitrogen to 
which the hydroxyethyl group is bonded, and their subsequent reactions are shown. 
In principle the other tertiary nitrogen center could also react with the activated nitrite. 
However, the failure of EDTA to react with nitrite under identical conditions suggests 
that for some reason this may not be a viable pathway. 

Using model compounds we have shown that a -CH2OH group can be converted 
to the -CH2ONO group and that this group collapses to formaldehyde and NO with 
formaldehyde reacting further to generate formate and H2. In the present case, the 
imine that results from fragmentation of the nitrite ester undergoes base hydrolysis to 
form more formaldehyde and ED3A. NMR studies have shown that ED3A is a major 
intermediate in the HEDTA decomposition. 

That there is some reaction at the tertiary nitrogen is strongly suggested by the 
identification of EAMA. Formation of this product requires cleavage of the ethylene 
diamine backbone of the HEDTA molecule while the hydroxyethyl group remains 
intact. Production of ethanol amine is shown as arising from further reaction of 
EAMA with the nitrito aluminate species latter in the Scheme. 

Further reaction of ED3A, by a similar series of steps to that of HEDTA, can 
result in the formation of IDA, S-EDDA, U-EDDA and glycine, all of which were 
identified by 13C NMR as products of HEDTA decomposition. We have shown attack 
of ED3A by NO+ at the tertiary center, whereas as mentioned above this may not be 
a viable pathway for HEDTA (or EDTA). Such a process is necessary to account for 
the formation of S-EDDA, which is clearly present in the product mixture from 
HEDTA and which we know from independent experiments is produced from ED3A. 
We believe that the answer to this apparent inconsistency lies in the fact that ED3A 
can form a lactam which results in a substantial increase in the acidity of the protons 
of one of the cyclized carboxymethyl groups. This would make the following process 
feasible. 

Κ Κ , N O 
- O Î C ^ N N ^ C 0 2 - Α1(ΟΗ>3θΝΟ' - Q 2 C ^ N ΝC^CO," + 0 H ' . 

\ / \ -H2O 

O H -
O i C ^ N N^C0 2 " + N 0 " S-EDDA + OHCC02" 

Alternatively, attack of [NO]+ on the secondary amine followed by intramolecular 
transfer to the tertiary center to give the intermediate shown might also be possible. 
For the sake of simplicity neither of these modifications have been incorporated into 
Scheme 4. Further degradation of these products generates formate, oxalate, C02 and 
H2. 

Scheme 4 does not incorporate the formation of N20, N2 and NH3. As described 
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16. A S H B Y E T A L . Thermal Chemistry of Simulated Nuclear Wastes 281 

earlier in this paper, these species arise predominantly from the inorganic constituents 
of the waste mixture. We are continuing to pursue die details of their formation and 
expect to present a detailed reaction sequence for their formation in a subsequent 
report. 

Effect of Oxygen on the Reactions of HEDTA and Related Compounds in 
Simulated Waste 

Table ΧΠ shows the reactivities for EDTA, Glycolate, HEDTA and its fragments, 
under argon and oxygen atmospheres. All these reactions were carried out in the 
apparatus shown in Figure 4 provided with the Teflon cap shown in Figure 12. In all 
cases the reactivities are enhanced under oxygen atmosphere. Very little or no reaction 
is observed under argon atmosphere for all compounds that do not contain a 
hydroxyethyl function, an exception being ED3A-lactam. Although ED3A-lactam 
undergoes rapid ring opening in simulated waste solution at 12(f C, it is possible that 
some kind of chain reaction is initiated prior to the ring opening. Preliminary results 
indicate that S-EDDA lactam (which also undergoes rapid ring opening under the 
conditions mentioned above) reacts much faster than S-EDDA. These results could 
explain why ED3A is observed as a major product in the reaction of HEDTA in 
simulated waste solution although its lactam reacts rapidly; the open form reacts much 
slower than the lactam, and therefore its concentration builds up. Based on the 
amounts of starting material recovered, an order of reactivities could be established: 

Glycolate > HEDTA, ED3A(lactam) > > U-EDDA, S-EDDA > EDTA, glycine, IDA, NTA 

Sodium glycolate is by far the best hydrogen producer, and is also the best N2 + N20 
producer, sharing this property with HEDTA. It is clear from the observed reactivities 
that those compounds with hydroxyethyl groups are much more reactive than those 
without hydroxyethyl units (except the lactams). With respect to gas generation, in 
practically all cases, the amount of hydrogen produced is substantially larger under 
oxygen than under argon atmosphere. This result should be considered in evaluating 
possible mitigation procedures. Procedures which introduce 02 into the waste mixture 
should increase the rate of Ĥ  formation. 

TEFLON C A P -

TEFLON LINER 

Figure 12. Teflon Liner with Cap. 
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Table ΧΠ. Reaction of EDTA, Glycolate, HEDTA, and HEDTA Fragments 
in Simulated Waste Solution (120° C, 1000 h)â 

Trial Name Atm.d % Starting 
Material 

%HCOO %C,0 4° %H2 %0,b %Na

e %CH 4 %NaO 

EDTA-5A Ar 102 <1 <2 1.3 - - 4 <0.1 <0.1 

Glycolate- 14A AT 27.4 29.8 43.5 21.2 - - 7 0.3 14.6 

HEDTA-22A AT 34.8 73.4 10.0 2.7 - 20 0.1 5.9 

ED3A-1A4 AT 43 6.4 5.1 1.1 - - 5 0.1 l . l 

Glycine-1A AT 97 1.4 6.2 1.5 - - 4 <0.1 0.4 

u-EDDA-1A AT 9(y 7.0 <2 0.5 - ~7 0.1 0.5 

S-EDDA-2A Ar 86 1.9 <2 2.0 - -10 0.8 0.5 

IDA-1A AT 100 <1 <2 0.9 - - 3 <0.1 <0.1 

NTA-2A AT 95 1.9 5.0 2.5 - -11 0.2 <0.1 

1 EDTA-6A o2 93 3.0 9.7 6.7 17 - 3 0.1 <0.1 

Glycolate-12A o2 7.8 34.4 48.3 26.8 25 - 5 0.3 9.5 

i HEDTA-21A o2 30.4 79.9 10.5 2.6 24 -11 0.3 8.6 

I ED3A-2A* o, 24 13.3 10 8.1 31 - 5 0.3 1.3 

1 Glycine-1A o2 81 2.0 16.5 8.5 15 - 3 <0.1 0.1 

U-EDDA-2A o2 8(X 17.8 4.8 2.2 23 13 <0.1 0.1 

s-EDDA-1A o2 79 7 15.3 9.3 25 - 6 0.1 0.3 

1 IDA-2A 0, 93 2.3 4.9 4.1 15 - 8 <0.1 0.1 

I NTA-1A 0, 92 3.3 11.6 6.7 22 - 2 0.1 <0.1 

'Unless otherwise stated, all percentages represent moles of product per 100 moles of organic starting 
material. bAmount of oxygen consumed per 100 moles of starting organic material. °A considerable 
deviation (-40% when % N 2 is < 10) can be expected for these values, due to air containination. *The 
gas pressure above the solution was - 350mm. The compound was added in the forms of its lactam, 
which under those conditions undergoes rapid ring opening. 'Estimated values. 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
01

6

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



16. A S H B Y E T A L . Thermal Chemistry of Simulated 283 

Acknowledgment: We are indebted to the Westinghouse Hanford Company for 
support of this work. 

Legal Disclaimer: This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States Government nor 
any agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party's use or the results of such use of any information, apparatus, product, or 
process disclosed, or represent that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply 
its endorsement, recommendation, or favoring by the United States Government or 
any agency thereof or its contractors or subcontractors. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 

Literature Cited 

(1) Delegard, C. RHO-LD-125, Dec. 1980; Avail. IMS, NTIS. 
(2) Lokken, R. O; Scheele, R. D; Strachan, D. M; Toste, A. P. PNL-7687, Sept. 

1986; Avail. INIS, NTIS. 
(3) Bhattacharyya, S. N; Kundu, K. P. Int. J. Radiat. Phys. Chem., 1972, 4, 31. 
(4) Bhattacharyya, S. N; Srisankar, Ε. V. Int. J. Radiat. Phys. Chem., 1976, 8, 

667. 
(5) Bhattacharyya, S. N; Saha, N. C. Radiation Res., 1976, 68, 234. 
(6) Hammett, L. P. Physical Organic Chemistry, McGraw-Hill, New York, 1940, 

p. 350. 
(7) Loew, O. Ber., 1887, 20, 144. 
(8) Siemer, D. D., reported by Strachan, D. M., in Minutes of the Tank Waste 

Science Panel Meeting, Feb. 7-8, 1991, PNL-7709. 
(9) Activities were calculated from data in Akerlof, G; Kegeles, G. J. Am. Chem. 

Soc., 1940, 62, 620. 
(10) Gruen, L. C; Mc Tigue, P. T. J. Chem. Soc., 1963, 5217. 
(11) Von Euler, H; Lovgren, T. Z. Anorg. Allgem. Chem., 1925, 147, 123. 
(12) Bell, R. P; Onwood, D. P. Trans. Faraday Soc., 1962, 58, 1557. 
(13) Wilmarth, W. K; Dayton, J. C; Flournoy, J. M. J. Am. Chem. Soc., 1953, 75, 

4549; Flournoy, J. M; Wilmarth, W. K. J. Am. Chem. Soc., 1969, 83, 227. 
(14) Walker, J. F. Formaldehyde. Reinhold Publishing Corp., 2nd ed., 1953, 187. 
(15) Wieland, H.; Wingler, A. Ann. 1923, 431, 301. 
(16) Wirtz, K; Bonhoeffer, K. F. Z. Physik. Chem., 1936, B32, 108. 
(17) Jaillet, J. B.; Quellet, C. Can. J. Chem., 1951, 29, 1046. 
(18) Abel, Ε. Z. Physik. Chem. N. F., 1956, 7, 101. 
(19) Hartwagner, F. Z. Anal. Chem., 1913, 52, 17. 
(20) Bonner, F. T.; Hughes, M. N. Comments Inorg. Chem., 1988, 7, 215, and 

references therein. 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
01

6

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



284 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

(21) Doyle, M. P; Terpstra, J. W; Pickering, R. A; Le Poire, D. M. J. Org. Chem., 
1983, 48, 3379. 

(22) McLendon, G; Motekaitis, R. J; Martell, A. E. Inorg, Chem., 1975, 14, 1993. 
(23) Rowley, G. L.; Greenleaf, A. L.; Kenyon, G. L. J. Am. Chem. Soc., 1971, 93, 

5542. 
(24) Genik-Sas Berezowsky, R. M; Spinner, I. H. Can. J. Chem., 1970, 48, 163. 
(25) Campbell, J. A; Pool, K. H; Melethil, P. K. PNL-8041, March 1992. 
(26) Initial disclosure of this work can be found in, Strachan, D. M., Hanford Tank 

Safety Project, Minutes of the Tank Waste Science Panel Meeting, February 7-8, 
1991 (PNL-7709, AD-940, June 1991). 

(27) Initial disclosure of this work can be found in, Strachan, D. M., Hanford Tank 
Safety Project, Minutes of the Tank Waste Science Panel Meeting, July 9-11, 
1991 (PNL-8048, April 1992). 

(28) Initial disclosure of this work can be found in, Strachan, D. M., Hanford Tank 
Safety Project, Minutes of the Tank Waste Science Panel Meeting, November 11-
13, 1991 (PNL-8047, April 1992). 

(29) Initial disclosure of this work can be found in, Strachan, D. M., Hanford Tank 
Safety Project, Minutes of the Tank Waste Science Panel Meeting, March 25-27, 
1992 (PNL-8278, AD-940, August 1992). 

(30) Since this symposium presentation, Dr. Dan Meisel of Argonne National 
Laboratory has indicated (personal communication) that deuterium labeling 
experiments of formaldehyde and water show that, under their experimental 
conditions (0.13 M CH2O, 2.3 M NaOH, 23 C), a large fraction of the H2 
produced comes from the hydrogen atoms on formaldehyde. Our results indicate 
that at these conditions, the maximum H2 yield, formed in competition with the 
Cannizzaro reaction, would be about 0.1 %. 

R E C E I V E D December 1, 1993 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
01

6

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



Chapter 17 

Factors Affecting the Rate of Hydrolysis 
of Phenylboronic Acid in Laboratory-Scale 

Precipitate Reactor Studies 

Christopher J. Bannochie, James C. Marek, 
Russell E. Eibling, and Mark A. Baich 

Westinghouse Savannah River Company, Savannah River Technology 
Center, Aiken, SC 29802 

Removing aromatic carbon from an aqueous slurry of cesium-137 
and other alkali tetraphenylborates by acid hydrolysis will be an 
important step in preparing high-level radioactive waste for 
vitrification at the Savannah River Site's Defense Waste Processing 
Facility (DWPF). Kinetic data obtained in bench-scale precipitate 
hydrolysis reactors suggest changes in operating parameters to 
improve product quality in the future plant-scale radioactive 
operation. The rate-determining step is the removal of the fourth 
phenyl group, i.e. hydrolysis of phenylboronic acid. Efforts to 
maximize this rate have established the importance of several factors 
in the system, including the ratio of copper(II) catalyst to formic acid, 
the presence of nitrite ion, reactions of diphenylmercury, and the 
purge gas employed in the system. 

The Defense Waste Processing Facility (DWPF) at the Savannah River Site is a waste 
vitrification facility designed to immobilize high-level radioactive isotopes in 
borosilicate glass. The radionuclides are composed primarily of cesium-137 but 
include strontium-90, uranium and plutonium, as well as other trace fission products, 
currently stored as salt-cake and sludge in underground tanks. The facility is 
composed of three main processing elements: a Salt Cell, a Chemical Cell, and a Glass 
Melter Cell This paper will deal with laboratory-scale work performed in support of 
operation of the Salt Processing Cell. 

Sodium tetraphenylborate is used to precipitate cesium-137 from the tank farm 
salt waste while monosodium titanate is added to adsorb the strontium-90 and isotopes 
of uranium and plutonium. An insoluble tetraphenylborate salt is formed with cesium-
137, as well as with potassium and ammonium ions also present in the waste. The 
insoluble tetraphenylborate salts will be fed to the DWPF Salt Processing Cell for 
hydrolysis and removal of aromatic carbon. Removal of aromatic carbon is essential 
to facilitate the melter operation and assure glass quality. The resulting aqueous 
product (PHA) is then transferred to the Chemical Processing Cell for concentration 
and combination with sludge and frit prior to transfer to the glass melter for 
vitrification. 

Bench-scale precipitate hydrolysis reactors in conjunction with both 
unirradiated and irradiated, simulated waste, have been utilized to study the processing 
of this material for future plant-scale radioactive operation. The hydrolysis is carried 

0097-6156/94/0554-0285$08.00/0 
© 1994 American Chemical Society 
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out with formic acid and copper(II) as catalyst to yield primarily benzene and boric 
acid. 

( C ^ B X + H+-

Η+.Οι(Π) 

-> CM + ( C ^ B + X+ 

H 2 0 
-> CgHe + (CgHsfeBCOH) 

(1) 

(2) 

(Ο^ΒίΟΗ) 

(Ο^ΒίΟΗ^ 

Η ,Οι(Π) 

H 2 0 

+ 
Η ,Οι(Π) 

H 2 0 
-> C ^ + B(OH)3 

(3) 

(4) 

The reactions shown in equations 1-4 are believed to proceed by way of a free-radical 
mechanism by analogy with aromatic diazonium chemistry. The Sandmeyer (Cu(I) 
catalyzed) and Gattermann (Cu(0) catalyzed) reactions which yield arylhalides from 
aryldiazo compounds as well as the Gomberg reaction which gives substituted biaryls 
from diazohydroxides and neutral aromatic compounds in aqueous systems (equation 
5) have been shown to proceed by way of free-radical mechanism {1,2). 

ArN2OH + C5H5R > ArC^R +N2 + H20 (5) 

The by-products of these reactions include biphenyl and phenol which are also seen in 
our system. Kuivila and co-workers (3-5) did not attribute a free-radical nature of 
this reaction in their kinetic studies on areneboronic acids. However, they did 
recognize the unique role of copper(n) in the catalysis of these reactions (5). Kinetic 
data obtained here suggested changes in operating parameters to improve the quality of 
the final products. Several factors have been identified which affect the rate of 
hydrolysis of phenylboronic acid (PB A). These factors include the ratio of copper(II) 
to formic acid, the presence of nitrite ion, diphenylmercury, and complexing anions, 
as well as the nature of the purge gas. 

Experimental 

Materials. All Metal salts used in the preparation of precipitate feeds were reagent 
grade. The sodium tetraphenylborate solution was obtained from Optima Chemicals 
(Tank #730-A). Analysis of this material is shown in Table I. Copper(II) formate 
was purchased from Sheppard Chemical (Lot B49860) and was found to have 33.1 ± 
0.2 wt% Cu (essentially Cu(HC02)2 · 2H20, which is 33.5 wt% Cu). 
Formaldehyde solutions were 90 wt% reagent grade obtained from Fisher Chemical. 
Deionized water was used to prepare all solutions. 

Two types of non-radioactive precipitate slurries were studied: 1) an 
unirradiated precipitate slurry that simulates the projected composition of the plant's 
radioactive precipitate after two years of storage and 2) an irradiated precipitate slurry 
that was prepared to simulate the Savannah River Site's (SRS) freshly prepared 
radioactive slurry and was subsequently exposed to gamma radiation from a cobalt-60 
source. The irradiated slurries were given an absorbed dose of 1.9E+08 rads by 
exposing them to a gamma dose rate of 3.5E+06 rads/hr for 55 hours. 
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TABLE I 
Analysis of Sodium Tetraphenylborate Solution 

Component Amount Detected 

TPB- 16.76 wt% 
OH- 0.18M 
phenylboronic acid 552 ppm 
N-phenylformamide 
aniline 19 ppm 
phenol 173 ppm 
nitrobenzene 
nitrosobenzene — 
4-phenylphenol 
2-phenylphenol 7 ppm 
diphenylamine 22 ppm 
biphenyl 126 ppm 
o-terphenyl 
m-terphenyl — 
p-terphenyl 

Both types of precipitate slurries were prepared by adding the vendor-supplied 
solution of sodium tetraphenylborate to a solution of potassium salts containing the 
monosodium titanate and sodium nitrite ( and diphenylmercury, when appropriate). 
The unirradiated precipitate simulant was prepared and sampled for analysis of 
composition prior to each experiment The salts were added based on the average 
blend of salts from the material balance for SRS salt waste. Table Π shows the 
composition of the unirradiated precipitate simulant and the composition of the second 
precipitate simulant before irradiation. The slurry for irradiation contained 
diphenylmercury at three times the nominal flowsheet level and initially, about 0.25M 
nitrite. The irradiated slurry, after removal from the cobalt well, was analyzed for 
organics and inorganics. It was then adjusted to 0.08M nitrite and washed in a 
continuous washing operation to reduce the nitrite concentration to 0.01M. The 
washing was performed by pumping the irradiated slurry through a sintered-metal 
crossflow filter and adding wash water to the agitated slurry at the same rate at which 
filter permeate was withdrawn. 

Equipment and Hydrolysis Conditions. Hydrolysis experiments were 
performed in a 2 L cylindrical glass vessel with a tapered flat bottom fitted with a 
temperature probe, stainless steel dual 4-blade mechanical stirrer, stainless steel feed 
tube, glass sampling tube, and insulated glass vapor line connected to a condenser 
followed by a glass decanter. Aqueous condensate returned from the decanter to the 
reactor vessel. Experiments were also conducted in a 1 L Hastelloy C-276 vessel to 
simulate the plant reactor vessel (no difference was noted in the PB A kinetics from 
that observed with the glass reactor vessel). A Cole-Palmer Instruments Masterflex 
pump (Model 7550-90) was employed to feed the precipitate slurry into the reactor 
vessel below the heel level over a two-hour period. The 100 grams of deionized water 
used to rinse the feed lines was approximately equivalent to the decanter aqueous 
holdup. Temperature was maintained at 90°C with a Cole-Palmer Dyna-Sense 
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Electronic Temperature Controller (model 2155) during the feed period and for an 
additional five hours post-feed. During this period, 20 g samples were withdrawn 
every hour, but occasionally more frequendy as required to monitor the PB A, copper, 

TABLE Π 

Composition of Unirradiated Precipitate Simulant and Irradiated Precipitate Simulant 
Prior to Irradiation 

Component Unirradiated (wt %) Irradiated (wt %) 

H20 89.2 87.8 
KBPh4 8.10 8.86 
CsBPh4 0.113 0.111 
NaBPh4 0 0.537 
NaN03 0.0212 0.171 
NaN02 * 1.56 
Na2S04 0.0203 0.0205 
Na2CC>3 1.87 0.0189 
NaOH 0.15 0.363 
Na2Si03 0.000474 0.000481 
NaCl 0.00270 0.00135 
NaF 0.000756 0.000646 
Na^rOj 0.000543 0.000552 
K2C03 0.164 0 
CsOH 0 1.55 X 10-10 
Na2B407 0.0402 0.0224 
CeHsONa 0.151 
0.000459 
Hg(C6H5)2 0 0.315 
NaTî sH 0.200 0.200 

* Added into simulant at levels anticipated after processing, see text 

and diphenylmercury (when present) levels. Following the reaction period at 90°C, 
the temperature was increased to 102°C for an additional five hours for aqueous 
stripping of the high-boiling organic by-products. In the decanter, the condensed 
aqueous phase drops through the benzene organic phase, which collected during the 
90°C reaction cycle, transferring the dissolved organic by-products such as biphenyl 
and diphenylamine. During the entire reaction period the system is kept under a 
carbon dioxide purge at a flow rate of 2.8 std. cm3/min. 

The reaction heel is 412.5 g and is scaled to duplicate the one necessary to 
cover the steam and cooling coils in the pilot-scale facility. The heel contains formic 
acid, copper formate, and deionized water. It is charged to the reactor vessel and 
brought to 90°C prior to the addition of the precipitate slurry. 

Analytical Measurements. All samples were analyzed by reverse phase, gradient 
liquid chromatography using a water/acetonitrile solvent system. The analytical 
column was a 25 cm, 4.6 mm ID Chemcosorb 5-ODS-UH (30% carbon load, bonded 
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phase C-18). The samples were run in a Hewlett Packard 1090 with a diode array 
detector. Phenylboronic acid was analyzed at 217 nm while diphenylmercury was 
analyzed using 225 nm. 

Standards were prepared from reagent grade chemicals without further 
purification. Quantitation was based upon external standards. Sample preparation 
consisted of dilution with "HPLC Grade" acetonitrile and filtration through a 0.2 
micron nylon filter. Samples with pH greater than 8 were adjusted with reagent grade 
potassium dihydrogen phosphate prior to dilution to prevent damage to the silica based 
C-18 column. 

A Varian SpectrAA 3400 Atomic Absorption Spectrophotometer was 
employed in the determination of Cu(II). Standardization was by dilute (2,4, and 6 
ppm) NBS standards. Aqueous samples were prepared with 0.3M HNO3 to insure 
sufficient acidity upon dilution. 

Results and Discussion 

In order to examine the effects of the coppenacid ratio, nitrite, purge gas, and 
complexones, the unirradiated, precipitate simulant was employed. The desired level 
of nitrite was added and a corresponding change in the amount of water was made. 
This precipitate slurry simulated certain features of the radiolyzed slurry (sodium, 
carbonate, phenol) but many of the radiolysis products (benzene, biphenyl, 
phenylboronic acid, phenylphenols, terphenyls, formate, oxalate) were left out of die 
basic recipe to determine whether these materials are produced by hydrolysis 
reactions. Radiolysis will decompose some of the potassium and cesium 
tetraphenylborate during storage. The precipitate produced during the first 5 years of 
waste processing is projected to have an average activity level of 24 Ci/gal cesium-
137. Over the life of the facility, the activity level is projected to average 36 Ci/gal 
cesium-137. During two years of storage, the precipitate will absorb doses of 
1.9E408 and 2.9E+08 rads, respectively, at 24 Ci/gal and 36 Ci/gal cesium-137. The 
effect of diphenylmercury was examined by utilizing the washed, irradiated precipitate 
slurry described above. 

Ratio of Copper(H) to Total Acid. In a series of experiments, unirradiated 
simulant was hydrolyzed under a series of total acid concentrations at each of three 
copper(II) formate catalyst levels: 475, 950, and 1425 ppm. In each of these 
experiments only the amount of initial formic acid in the pre-reaction heel was varied. 
The level of phenylboronic acid (PBA) was followed by HPLC in samples taken at 
one hour intervals throughout the five-hour reaction period at 90°C and aqueous boil 
period at 102°C. Additional samples were drawn during the first hour of aqueous boil 
when necessitated by the rate of loss of PBA. Since loss of the final phenyl ring is 
rate-determining in die hydrolysis of tetraphenylborate, the PBA levels allowed us to 
judge the degree of completion of the reaction. A plot of the natural logarithm of 
[PBA] versus time gave a straight line consistent with a first order loss of PBA. The 
slope of this line is reported here as an observed first order rate constant Figure 1 
provides an example of the type of correlations observed in the data. At 475 ppm 
Cu(II), it was not possible to eliminate the PBA during the reaction period at any of 
the acid levels examined. Figure 2 indicates the levels of PBA remaining in the reactor 
solution at the end of the five-hour reaction period at 90°C. The reaction temperature 
of 90°C was chosen after consideration of the effect of diphenylmercury on the 
reaction system (to be discussed below). In fact, at 475 ppm Cu(II) it was not 
possible to eliminate the PBA, even after five additional hours at 102°C. Currendy, 
the process limit for PBA in the final aqueous product is 53 ppm. When the level of 
Cu(II) was increased to 950 ppm there was a significant increase in the rate of PBA 
hydrolysis, and the levels after five hours of reaction at 90°C ranged from 300 - 500 
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10 

^ 4 H 

• 90°C 
y = 8.8696 - 0.55823x RA2 = 0.991 

A 102°C 
y = 5.9469 - 0.93074x R*2 = 0.992 

2 3 
Time (hrs) 

Figure 1. Plot of the ln[PBA] versus time (hrs) for an unirradiated, 
tetraphenylborate precipitate slurry without nitrite ion with 950 ppm Cu(H) and 
0.3M total acid at 90°C followed by five additional hours at 102<Κ?. 

ουυυ 

50001 

4000 

*3 
£, 3000H 

< 
sa 

2000 

1000 

• 475 ppm Cu 
Ξ 950 ppm Cu 
• 1425 ppm Cu 

0.14 0.3 0.47 0.63 

Total Acid (M) 

0.8 0.96 1.13 

Figure 2. Phenylboronic acid levels (mg/L) after five hours of hydrolysis of an 
unirradiated, tetraphenylborate precipitate without nitrite ion at various level of 
Cu(H) as a function of total acid (M) at 90°C. 
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ppm with complete hydrolysis achieved by the completion of the aqueous stripping 
period. At 1425 ppm Cu(H) the levels were reduced even further, to between 125 -
400 ppm, during the initial five hours at 90°C. 

The most striking observation concerned the relationship between the 
copper(II) formate catalyst and the amount of total acid necessary to maximize the rate 
of hydrolysis of PBA. At each successive catalyst level, additional formic acid was 
necessary to maximize the rate of hydrolysis. Even more striking was the parabolic 
relationship between the CuÇH) and the total titratable acid in the system. Figure 3 
shows this relationship for systems both with and without nitrite ion (to be discussed 
below). With either too little or too much acid, there was a decrease in the observed 
rate constant for hydrolysis of PBA. It was also noted that there was a correlation 
between the maximum observed rate constants for each Cu(H) level. 

Effect of Nitrite Ion. Sodium nitrite is added to the waste tanks to inhibit pitting 
of the carbon steel. The level of nitrite added depends on the amount of nitrate and 
hydroxide present, as well as on the temperature of the tank waste. The irradiation 
process reacted over 90% of the nitrate and nitrite ions in the simulant, converting the 
nitrite ions to primarily nitrous oxide (some of the nitrite ions also form ammonia 
and/or ammonium ions, as well as nitroso and nitro aromatics). In SRS waste 
processing, periodic nitrite ion additions will be required to replace nitrite ions 
radiolytically destroyed. Our simulant contained sufficient nitrite ion that 300-400 
ppm remained after die irradiation process. The amount of nitrite ion expected in the 
DWPF Salt Processing Cell will depend on the final upstream processing of the 
precipitate slurry. The anticipated amount was simulated with nitrite ion adjustment 
and slurry washing. 

In this work, the effect of 0.01M nitrite ion under the conditions identified to 
give the maximum rate of PBA hydrolysis for each Cu(H) level were examined. This 
is the level of nitrite ion expected if the precipitate slurry is washed. Again there was a 
correlation between the observed rate constants for the three levels of catalyst 
examined. When various levels of formic acid were utililized to affect a change in the 
total acid level of the 950 ppm Cu(II) system, there was more flexibility in the ratio of 
acid in the presence of nitrite ions. The acid level could be reduced from 0.6 M to 0.3 
M and maintain essentially the same observed rate of hydrolysis of PBA. However, 
below 0.3 M total acid there was a significant decrease in the observed rate constant 
(Figure 3). 

To further examine the effect of nitrite ion on the PBA kinetics, the starting 
feed level in one experiment was increased to 0.02M and decreased to 0.005M in 
another. The results of these changes on the rate constant for PBA hydrolysis are 
shown in Figure 4. As anticipated, the changes in the rate constant were directly 
proportional to the nitrite ion level in the feed. Nitrite ion may be involved in the 
catalytic cycle of the copper catalyst, possibly serving to oxidize CuÇl) back to Cu(H) 
in much the same manner that occurs in the conversion of nitrous acid to nitric oxide 
by Fe(II) (6). Nitrous acid with a pKa of 3.0 (25°C, / = 1.0) (7) is readily formed in 
this buffered system, pH 3.5 - 4.0. 

Fe(II) + HNO2 + H+ > Fe(m) + NO + H20 (6) 

Cu(I) + HNO2 + H+ > Cu(II) + NO + H20 (7) 

Equation 7 has an even more positive standard cell potential (E° = 0.83 V) than 
equation 6, E° = 0.23V, and thus would also be expected to occur spontaneously. It 
has been shown that PBA when refluxed with cupric chloride produces cuprous 
choride (8). 
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Total Acid (M) 

Figure 3. Observed rate constant (hrs"1) for hydrolysis of phenylboronic acid 
versus total acid (M) for varying levels of Cu(II) at 90°C both with (0.01 M) and 
without nitrite ion in an unirradiated, tetraphenylborate precipitate. 

0.4 J ' 1 ' 1 ' 1 1 ' 
0.000 0.005 0.010 0.015 0.020 

Nitrite (M) 

Figure 4. Variation in the observed rate constant (hrs-1) for hydrolysis of 
phenylboronic acid as a function of the initial sodium nitrite level (M) in an 
unirradiated, tetraphenylborate precipitate. 
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While the nitrite ion has a positive effect on the hydrolysis of PBA, it has a 
detrimental effect on the levels of by-products produced through reactions of phenyl 
radicals with nitrous acid. These by-products include mphenylamine, aniline, N-
phenylformamide, nitrobenzene, nitrosobenzene, and possibly other nitrogen 
containing byproducts not yet identified Amine containing compounds such as 
aniline result from reduction of nitrosobenzene. As a free-radical trap, nitrosobenzene 
can react with phenyl radicals to produce diphenylnitroxide which can undergo 
reduction to diphenylamine. The aqueous boiling period is designed to steam strip die 
high-boiling organic compounds which result from both radiolysis of the stored 
precipitate slurry as well as from by-products of precipitate hydrolysis. Since the 
level of diphenylamine is directly related to the starting nitrite ion level of the feed 
(Figure 5) and die difficulty of steam stripping this material from the aqueous product 
due to its low vapor pressure (b.p. 302°C), it is preferable to minimize the level of 
nitrite ion in the tetraphenylborate slurry prior to precipitate hydrolysis. 

Effect of Purge Gas. The DWPF Salt Processing Cell employs CO2 as the 
inertant gas. The fact that nitrite ion contributes to an increase in the rate of PBA 
hydrolysis lead us to look at the effect of substituting air, and hence oxygen, into the 
system. In an experiment where nitrite ion was left out of the simulant feed and air 
was used as the purge gas over the system, though it was not sparged through the 
reaction solution, an increase in the PBA hydrolysis rate constant was obtained which 
matched that observed in the presence of nitrite ion (Table ΙΠ). These observations 
support the belief that factors which can influence the catalytic cycle of the copper 
catalyst affect the rate of hydrolysis of PBA. 

4Cu(I) + O2 + 4H+ > 4Cu(II) + 2H20 (8) 

At pH 3.5 and 90°C, assuming unit activity for oxygen and equal amounts of Cu(I) 
and Cu(H) in the system, the Nernst Eqn. gives an Eceu = 0.30 V for equation 8, 
indicating a spontaneous reaction is possible. 

TABLE ΙΠ 

Influence of Nitrite Ion and Purge Gas on the Observed Rate Constant for Hydrolysis 
of Phenylboronic Acid 

Purge Gas [NO2-] [Οι(Π)]ω ώ α Total Acid Obs. Rate Const 
(M) (ppm) (M) (hrs-l) 

OO2 0 475 0.30 0.38 
CO2 0.01 475 0.32 0.67 
air 0 475 0.32 0.68 

Complexation of Catalyst. Several anionic species are anticipated in the DWPF 
feed, either from the initial waste stream or as a result of radiolysis, including 
phosphate and oxalate. Radiolysis produces currendy unidentified ionic species 
which, as previously noted, are probably one or more organic acids. These species 
have been shown to inhibit the catalyst when not removed by washing from the 
irradiated simulant prior to hydrolysis. To further examine the effect of complexones 
an experiment was run wherein the Cu(H) was complexed in the pre-reaction heel with 
N̂ '-emylenediammetetraacetic acid (EDTA). All other variables were constant, i.e. 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ch
01

7

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



294 EMERGING TECHNOLOGIES FOR HAZARDOUS WASTE MANAGEMENT 

5000 

U.00 0.01 0.02 0.03 0.04 
Nitrite (M) 

Figure 5. Variation in the level of diphenylamine remaining in the aqueous 
product from an unirradiated, tetraphenylborate precipitate after five hours of 
aqueous stripping at 102°C as a function of initial sodium nitrite level (M). 
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total acid 0.3M, 950 ppm Cu(II), 0.01M NO .̂ The PBA levels were monitored as in 
previous runs and varied from 15,500 mg/L, at the start of the 90°C reaction period, 
to 14,900 mg/L after five hours. At the end of the five hours of aqueous stripping the 
PBA levels had only fallen to 13,200 mg/L. It is apparent that EDTA is able to 
prevent the Cu(H) catalyst from successfully initiating the free-radical mechanism. 

When phosphate was added into an unirradiated precipitate slurry at a level 
corresponding to 1.1 wt%, there was an approximately 20% decrease in the PBA 
hydrolysis rate constant from 1.1 hrs-1 to 0.91 hrs"1. A layer of blue solids was also 
formed in the reactor vessel. These solids were identified by Scanning Electron 
Microscopy (SEM) to contain primarily Q13PO4, a highly insoluble copper(H) salt 
By precipitating copper from the system, phosphate had a detrimental impact on the 
hydrolysis of PBA. Hence it appears that strong complexing agents with an affinity 
for Cu(H) can interfere in the mechanism of hydrolysis of PBA. 

Effect of Mercury. Diphenylmercury is formed during the precipitation of cesium-
137 through reaction of mercury present in the waste tanks with tetraphenylborate. 
Hu and Chang (9) proposed the following reaction between mercury and NaBPti4 in 
base: 

Hg + [Β(ΟΪΗ5)4]- + OH" > HgiQFsh + ( C ^ B O H +2e" (9) 

While Heyrovsky (70) showed that PhHg+ forms completely prior to the separation 
of any KBPI14. 

The five hour reaction time at 90°C was brought about initially by an 
examination of the effect of Ph2Hg on precipitate hydrolysis. When precipitate slurry 
was fed to the reactor vessel over the standard two hour period at 90°C and followed 
immediately by aqueous stripping at 102°C, Ph2Hg levels in the decanter organic 
product were in the range 1000-1500 mg/L. The current disposal limit on mercury in 
the organic product is 260 ppm. In an attempt to hydrolyze the Ph2Hg more rapidly to 
Hg(II), which is readily reduced to Hg(0) by formic acid and does not collect in the 
organic phase, 98°C feeding was initiated. Unfortunately, the Ph2Hg levels in the 
organic product increased to 2000-3000 mg/L. Figure 6 presents a semilogarithmic 
plot of vapor pressure (P) versus \Fl for various mercuric halides. Assuming that the 
slope for the ln(P) versus 1/T for diphenylmercury is similar to these compounds, an 
estimate can be made for the vapor pressure of Ph2Hg using the data (11) for Hgl2. 

in (P)ph2Hg « m (P)HgI2 = 23.38 - 1.007E4 / Τ (10) 

The estimate indicates an increase by a factor of two on going from 90°C to 98°C. So 
in order to hydrolyze the Ph2Hg and prevent it from steam stripping into the organic 
product, the Ph2Hg levels were examined in the organic product after 90°C reaction 
periods of two, four and five hours. At five hours, three times the nominal anticipated 
feed level of Ph2Hg was hydrolyzed successfully resulting in no Ph2Hg in the organic 
product 

When the washed, irradiated, precipitate simulant was sampled and analyzed 
for Ph2Hg during measurement of PBA levels some interesting observations were 
made (Figure 7). When Ph2Hg was present in the slurry there was no longer a first-
order loss of PBA. Additionally the level of Ph2Hg remained essentially constant 
until the level of PBA dropped to zero. Only upon complete hydrolysis of PBA was it 
possible to begin to hydrolyze the Ph2Hg. These observations lead us to speculate 
that any phenylmercurate ion produced, reacted with PBA to regenerate Ph2Hg, thus 
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0.0018 0.0020 0.0022 0.0024 0.0026 
1/T (1/K) 

Figure 6. Variation in vapor pressure, ln(P) (mmHg), of various mercuric 
halides as a function of temperature, 1/T (1/K), Also shown is the single datum 
point for diphenylmercury [10.5 mmHg at 204°C]. 

0 1 2 3 4 
Time (hrs) 

Figure 7. Effect of diphenylmercury (Pl̂ Hg) on the phenylboronic acid (PBA) 
hydrolysis kinetics at 90°C with 950 ppm Cu(II), 0.3M total acid, and 0.01M 
sodium nitrite. The change in Ph2Hg concentration in shown by the unconnected 
solid circles. 
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maintaining a constant level of Pî Hg while providing a second catalytic mechanism 
for hydrolysis of PBA. 

Conclusions. The rate of hydrolysis of phenylboronic acid (PBA) is influenced by 
several factors. Maximization of the rate is achieved by balancing the ratio of Cu(JB) 
and total acid (formic acid) in the system. This ratio is significantly affected by the 
presence or absence of nitrite ion in die initial tetraphenylborate precipitate, with nitrite 
ion serving to increase the observed rate and make it less dependent on the level of 
acid in the system. The presence of oxygen in the system also increases the observed 
rate of hydrolysis. Complexing agents which interfere with the catalytic cycle of the 
Cu(H) or which reduce the level of soluble copper, reduce the rate of hydrolysis of 
PBA. The first order kinetics observed are altered by the presence of 
diphenylmercury which appears to be a co-catalyst in the hydrolysis of PBA. 
Hydrolysis of diphenylmercury is achieved only after the elimination of PBA. 
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Chapter 18 

Sulfur Polymer Cement as a Final Waste 
Form for Radioactive Hazardous Wastes 

G. Ross Darnell 

Idaho National Engineering Laboratory, Transuranic Waste Programs, 
EG&G Idaho, Inc., Idaho Falls, ID 83415 

With ever-increasing emphasis on high-temperature treatment of 
radioactive and hazardous wastes, the unusual ability of sulfur 
polymer cement (SPC) to stabilize high loadings of the most 
troublesome volatilized toxic metals is exciting. SPC is a sulfur 
polymer composite material that begins melting between 110 and 
120°C. Upon cooling it achieves an average compressive strength 
of 27.6 MPa (4,000 psi), and can triple that strength in 2 years. 
SPC resists attack by most acids and salts, and its structure 
suggests long life. We are only on the threshold of developing 
different formulations of SPC that can accommodate even higher 
loadings of difficult-to-stabilize wastes. Ongoing SPC tests include 
stabilizing toxic metals, establishing expected longevity, and 
evaluating (in nonradioactive full-scale tests) SPC ladened with 
incinerator ash. 

Since there are no known perfect solidification and stabilization agents for 
radioactive or hazardous wastes, the search continues for individual agents for 
specific wastes. The U.S. Department of Energy (DOE) began in the early 1980s 
to test SPC as a radioactive and hazardous waste solidification and stabilization 
agent because of its unusual properties. 

Perhaps SPCs strongest selling point is that it will always melt when 
elevated to the correct temperature. This feature allows hazardous or 
radioactive final waste forms that do not pass required tests to be remelted in a 
low-temperature process and reformulated until the waste forms do pass the 
tests. 

(NOTE: Portland cement has been used for 5 decades as the principal 
radioactive waste solidification agent, and thus it is accepted as the standard of 

0097-6156/94/0554-0299$08.00/0 
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comparison for other waste solidification and stabilization agents [final waste 
forms]. Correct titles for the substance addressed in this paper are "modified 
sulfur cement" and "sulfur polymer cement." For simplicity, the titles are given 
the single acronym "SPC." The acronym for sulfur polymer cement concrete is 
"SPCC." The words cement and concrete refer to the generic family of hydraulic 
cements and concretes, while PCC refers to the specific concrete known as 
Portland cement concrete. Hazardous waste that is also radioactively 
contaminated is called mixed waste.) 

With waste stabilization and minimization being the primary goals in waste 
treatment and disposal, DOE's Defense Low-Level Waste Management Program 
funded tests of SPC ladened with low-level radioactive waste. The research was 
performed at Brookhaven National Laboratory. DOE's Hazardous Waste 
Remedial Action Program added funding later. This paper summarizes these 
and other tests. 

Developing and Testing Commercial SPC and SPCC for Harsh Chemical 
Environs 

Pertinent data provided by commercial tests of SPC and SPCC are vital to 
understanding SPC's potential for stabilizing low-level radioactive, mixed, and 
hazardous wastes. 

Developmental Background. In 1972, the U.S. Bureau of Mines discovered that 
the addition of dicyclopentadiene and oligomers of cyclopentadiene in equal 
quantities totaling 5 wt% of the sulfur phase resulted in a construction concrete 
having advantageous properties not found in other concretes (7,2,5). 
The Bureau of Mines and the Sulphur Institute thereafter joined forces. In 1973, 
the Sulphur Development Institute of Canada also joined the effort (4). 

Properties of SPC and SPCC. SPC is a sulfur polymer composite material that 
begins melting between 110 and 120°C (230 and 248°F), with an optimum pour 
temperature between 127-138°C (260-280°F). While it takes the average PCC 
approximately 28 days to achieve a compressive strength of 27.6 MPa (4,000 psi), 
SPCC reaches that approximate strength upon cooling. In 2 years, its strength 
can increase by a factor of three (J). In remelting SPC, when heat is removed, 
SPCC will regain its original strength very rapidly as it cools. The various 
mechanical strengths of SPCC are approximately double those of routine PCC 
and are not specifically cited herein; however, they are detailed in 
Reference (<5). As a proven construction concrete, SPC has demonstrated the 
ability to survive for years in acids and salts that destroy or severely damage 
hydraulic concretes in months or even weeks. 

In laboratory tests, SPC was found to be impermeable to water (4). While 
both SPC and concrete have approximately the same volume of pores (void 
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space), the pores in SPCC are not connected, whereas the pores in concrete are. 
The Bureau of Mines worked with the U.S. Environmental Protection Agency 
(EPA) to protect miners from radon gas. A spraying concept was developed and 
patented that applied an approximately 7.5-mm (l/4-in.)-thick lining of SPC on 
mine walls. The SPC lining proved impermeable to radon gas (7). 

However, any of the following events will allow both water and gas to 
penetrate solidified SPCC to varying degrees: (a) if the SPCC is cooled too 
quickly, it will contain an excess of voids that will connect with each other, (b) if 
the aggregate in the SPCC contains water, tiny steam vents will develop, or (c) if 
the wrong aggregate or waste is used, SPCC will become more porous. 
Fortunately, cooling of the SPCC mass can be controlled with precision (8), 
water can be routinely eliminated prior to the pour, and the additions of A L ^ 
or Fe203 will improve the impermeability of SPCC while reducing the emissions 
of S02 (5). With a given aggregate, SPCC will be less permeable than concrete. 

Sulfates attack PCC, but have little or no effect on the integrity of 
SPCC (i,2). SPCC is corrosion-resistant, and its impermeability protects steel 
reinforcing materials (and metal waste) from oxidation and subsequent concrete 
rupture. Where strength and fracture resistance are primary goals, glass fibers, 
synthetic fibers, epoxy-coated rebar, steel rebar, or a combination thereof can be 
added (6). Shrinkage, on the average, is 0.1%, slightly greater than PCC. SPCC 
is resistant to damage by freeze-thaw cycling, and has coefficients of expansion 
compatible with those of other construction materials, such as concrete and 
reinforcing steel. Creep in SPC is roughly half that in PCC. Where SPCC and 
PCC are made with the same aggregate, their densities are nearly identical. 
Viscosity of SPC is between 25 and 50 cp at 135°C (275°F). 

SPCC is best used where exposed to high concentrations of mineral acids, 
corrosive electrolytes, salt solutions, or corrosive atmospheres in general (5,9). 
After being exposed to sulfuric acid solutions and copper electrolytic solutions 
for 9 years, SPCC showed no evidence of corrosion or deterioration. In a 6-year 
test in a chemical processing plant, PCC was attacked and completely destroyed 
in some cases, while SPCC showed practically no evidence of strength loss or 
material degradation. After 7 years of exposure to a salt environment in a test 
at a potash chemical storage building, two SPCC structural support piers were 
undamaged, while the PCC pier in the same location was heavily damaged after 
only 2-1/2 years. 

SPCC has its weaknesses in construction applications: it has been shown 
to deteriorate in hot concentrated chromic acid solutions, hot organic solvent 
solutions, sodium chlorate-hyperchlorite copper slimes, and strong alkali 
(over 10%). SPCC is not recommended for placement in areas handling strong 
bases, strong oxidizing agents, or aromatic or chlorinated solvents (2). 
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Testing and Modifying SPC for Solidification and Stabilization of Waste 

In the 1980s, DOE funded Brookhaven National Laboratory to research, test, 
and develop SPC to EPA and U.S. Nuclear Regulatory Commission (NRC) 
requirements. This section discusses those and other efforts. 

Tests Completed to EPA Standards. SPC requires no chemical reaction for 
solidification; it will always solidify when it cools below the melt point and will 
accept a wide range of waste (aggregate) with divergent chemical and physical 
compositions. Because of its low viscosity and low-melt temperature, SPC is 
easier to use than thermoplastics, such as polyethylene (1). 

Mixed waste fly ash with a pH of 3.8 contained the following (expressed in 
weight percentages): zinc 36, lead 7.5, sodium 5.5, potassium 2.8, calcium 0.8, 
copper 0.7, iron 0.5, and cadmium 0.2 (10,11). The ash also contained highly 
soluble metal chloride salts (primarily zinc chloride) that increase the mobility of 
contaminants while interfering with the solidification reaction of conventional 
solidification and stabilization agents. The fly ash was combined with SPC and 
was submitted to the EPA's extraction procedure toxicity (EP Tox) test and to 
the toxicity characteristic leaching procedure (TCLP). With a loading of 40 wt% 
fly ash, both cachnium and lead were still above the concentration limits allowed 
under the Resource Conservation and Recovery Act (RCRA), so additives were 
sought that would further reduce mobility of the toxic metals. Sodium sulfide 
(Na2S) was selected because it reacts preferentially with cadmium and lead (toxic 
metals) to form highly insoluble metal sulfides. The resultant monolith passed 
the EPA's EP Tox test and the TCLP, thus meeting the criteria for a delisting 
petition as hazardous waste. 

The need for incineration/vitrification of troublesome wastes before 
introduction to any solidification agent has long been recognized by the 
EPA (12) and DOE. Toxic metal oxides volatilize in these processes and 
become secondary waste streams that must be captured and stabilized by another 
agent. Based on the preceding successes and the need for high-temperature 
treatment of waste, tests were arranged by the author. Mercury and its 
compounds are the most troublesome, and volatilization rates can approach 
100%. SPC not only serves as an encapsulation material suitable for toxic metal 
oxides, but also causes chemical conversions from the highly leachable metal 
oxide form to the unleachable or leach-resistant forms of metal sulfides and 
sulfates. Heavy loadings (5 wt%) of the eight toxic metals have been combined 
individually with SPC and 7 wt% sodium sulfide nonahydrate (Na2S*9H20). The 
leach rates for mercury, lead, chromium, and silver oxides were reduced by six 
orders of magnitude, while arsenic and barium were reduced by four. Cadmium 
and selenium were less responsive, with reductions of three and two orders of 
magnitude, respectively (13). 
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Tests Completed to NRC Standards. The NRC has established a qualifier list 
of tests under the title "Waste Form Qualification Testing." After the immersion 
test was completed, compressive strengths of waste-impregnated SPCC ranged 
from a low of 13.8 MPa (1,998 psi) for 40 wt% boric acid, to a high of 44.4 MPa 
(6,435 psi) for 40 wt% incinerator ash, with sodium sulfate falling between these 
extremes. Compressive strength tests after freeze-thaw cycling were well above 
the NRC limit, and there were some insignificant increases and decreases in 
strength with different wastes. 

The waste contained Co-60 and Cs-137 and was leached for 90 days in 
compliance with American Nuclear Society, Method 16.1. The leach rate was 
found to be lower for incinerator hearth ash (Method 14.6) than for highly 
soluble sulfate salts (Method 9.7). The leach rates were some four to eight 
orders of magnitude lower than the allowable leach index of 6 established by the 
NRC. The conclusion was that radionuclides in SPC leach very slowly (11). 

The NRC tests for biodégradation of SPCC were completed successfully 
with "no growth" being the result of both the American Society for Testing and 
Materials (ASTM) G-21 and ASTM G-22 tests. The NRC irradiation test to 
108 rad was completed successfully. Initially, some deterioration was detected in 
the SPCC and mixed waste fly ash combination when subjected to the immersion 
test, but that problem was corrected by the addition of 0.5 wt% glass fibers (10). 

SPCC specimens containing 80 wt% loadings of lead oxide were successfully 
subjected to 108 rad at Oregon State University as prescribed in the NRC 
irradiation test. The specimens actually gained 1,000 psi during the irradiation 
test, and were an order of magnitude better than NRC requirements (McBee, 
W., Oregon State University, personal communication, 1991). No gas generation 
was noted. The original intent was to test lead-ladened SPCC as a possible 
shielding for personnel in high-radiation areas. 

In the Netherlands, scientists subjected SPC final waste forms to 108 rad 
and also found that the specimens gained strength. During the irradiation tests, 
no gaseous radiolysis products were detected (5). Inorganic waste and SPC are 
essentially insensitive to radiation. The constituents that cause radiation effects 
in the hydraulic or bitumen waste forms are not present in SPC. 

The Netherlands Energy Research Foundation ECN, and BNL, dried ion-
exchange resins and combined them with SPC. In the worst case, the test 
specimen crumbled in 3 days by absorbing moisture from the air (60 to 80% 
humidity). The Netherlands tried another technique. They combined the resins 
with SPC and raised the temperature 100°C (212°F) to 220-250°C (428-482°F) 
in the presence of asbestos or diatomite for 3 hours. The resultant test specimen 
was immersed in water for 1 year and showed no signs of deterioration (5). 

The author has completed a series of full-scale nonradioactive tests with 
different mixers in an effort to select one that can be used for the NRC's 
full-scale tests with mixed waste, and afterwards as an operational SPC mixer (8). 

Research and development have resulted in a modified SPC that can 
stabilize waste types like dehydrated boric acid salts, incinerator hearth ash, 
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mixed waste fly ash, and dehydrated sodium sulfate salts that have previously 
defied solidification and stabilization in concrete in any significant quantity. The 
modified SPC offers a monolithic waste form that is durable in harsh 
environments (11). 

Comparative test results show that a given volume of waste requires less 
SPC than cement to achieve a stabilized final waste form that will satisfy EPA 
and NRC requirements. The following numerical advantages of SPC over 
cement were calculated: 6.7 times less SPC with sodium sulfate, 3.6 times less 
SPC with boric acid, 1.4 times less SPC with incinerator bottom ash, and 
2.7 times less SPC with incinerator fly ash (11). The average was 3.3 times less 
SPC than cement. 

Since the NRC requires only 500 psi compressive strength, and since the 
SPCC, which contained various wastes, averaged approximately 4,000 psi (1), 
there is a large "window of opportunity" for experimentation to develop the 
optimum SPC mixture for given waste forms. 

Waste Streams That Cannot be Combined with SPC for Stabilization. Combining 
sodium nitrate salts with SPC is not recommended, because, when the two 
compounds are combined, they could cause a "potentially reactive mixture" (11). 
SPC is not compatible with highly soluble compounds or organic materials. 
Expanding clays cannot be used in SPCC for the same reason (2). Chemical 
corrosion of the final waste form occurs when placed in strong alkaline solutions 
(above 10%), strong oxidizing solutions like chromic acid and hypochlorite 
solutions, and some metal slimes like copper. 

Safety and Radiation Exposure Considerations 

Sulfur is the chemical industry's most widely used raw material (14); therefore, 
a great deal of information is available on handling it safely. A safe working 
environment is ensured by following the appropriate procedures provided by the 
National Safety Council (15), National Fire Protection Association (16), U.S. 
Department of Health and Human Services (17), National Institute for 
Occupational Safety and Health, and Manufacturing Chemists' Association, 
Inc. (18). 

Airborne SPC dust can be mildly explosive if all conditions are optimal 
(normal safety precautions are not exercised); therefore, SPC is procured in 
pellet or wafer form, which provides handling capabilities with minimal dust 
creation. SPC and SPCC will emit hydrogen sulfide gas (H2S) and sulfur vapor 
to the off-gas system if excessive temperatures are created. Normal heat control 
systems with backup gas detectors will prevent a safety hazard (15-18). The 
recommended mixing temperature for SPCC is 127-138°C (260-280°F), which 
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will minimize gaseous emissions to the off-gas system and provide optimum 
viscosity. 

SPC and SPCC are nontoxic (19) and do not meet any of the criteria for 
flammability as established by the United Nations or the U.S. Department of 
Transportation. SPCs flash point, as determined by the Cleveland open cup 
method, is 177°C (350°F), and the autoignition is 232-254°C (450-490°F). SPC 
and SPCC will burn if held in a flame, but they will self-extinguish when the heat 
is withdrawn (2,6). Their poor thermal conductivity (0.2 to 0.5 BTU/h ft °F) is 
a strong deterrent to melting. 

Since SPCC accommodates three to four times more waste than PCC, 
handling the containers by treatment and disposal operators is reduced, thus 
reducing the operators' exposure to radiation. SPCC offers self-shielding that 
also reduces the radiation exposure of operators. 

Conclusions 

From the beginning, we sought for problems associated with SPC. Thus far, we 
have been pleasantly surprised at each new promising finding. SPC is a new 
solidification and stabilization agent (the oldest documented specimens are 
15 years old); therefore, continued testing is essential. 

All SPC used in tests to date was formulated for the construction industry. 
The tests discussed, plus many others conducted in countries like Denmark, 
Japan, France, and Germany, indicate that SPC shows great promise for further 
devetopment. The search is just beginning for different formulations of SPC that 
can accommodate higher loadings of various difficult-to-stabilize wastes. 

The principal values of SPC are (a) greater waste-to-agent ratio than 
concrete, (b) the elimination of the need to empty the mixer after a pour, 
(c) SPCs ability to be remelted and reformulated to pass required tests, (d) less 
permeability than concrete, (e) the absence of water in the final waste form, 
(f) SPCs ability to be processed at low temperatures, and (g) less radiation 
exposure to workers. 

With high-temperature processes being the favored treatment for wastes, 
SPC should be the "clean up" agent that will readily accommodate high 
concentrations of toxic metals, most notably lead and mercury, in resulting ash 
and off-gas system residue. 

In determining cost and environmental advantages, the volume-reduction 
factor offered by SPC will be abundantly clear in the ever-increasing high cost of 
waste disposal. Additionally, the absence of water in the SPCC final waste form 
offers less chemical breakdown, biodégradation, leaching, and gas generation 
after disposal. In general, the public stands to benefit significantly both 
environmentally and economically from using SPC. 
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Electrokinetic remediation of unsaturated 
soils 

chromate electromigration, 43-47 
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sulfur sorbents 
pyrite separation, 165-166 
S 0 2 sorbent coagglomeration, 166-168/ 
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analytical procedure, 147 
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serum bottle and column studies, 

analytical procedure, 147 
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terminology, 145 
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treatment with biofilter, 143,144/ 
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mechanism, 286 
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Groundwater remediation modeling, 
comparison to enhanced oil recovery 
modeling, 8-9 
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Hanford nuclear waste site 
episodic release of gases from storage 

tanks, 250 
tanks, cyclic gas releases, 236-249 
thermal chemistry studies of simulated 

wastes, 250-282 
Hazardous chemicals, demands to reduce 

amount released, 184 
Hazardous organic contaminants in water, 

high-energy electron-beam irradiation 
treatment, 184 

Hazardous waste 
emerging management technologies, 1 
generation, 96 
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form, 299-305 
Heavy-metal contamination of soil and 
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remediation for in situ removal, 33 

Heterogeneity parameter model for 
waterflood performance prediction 

application, 24-31 
field example of waterflood, 17-19/ 
petroleum performance, 9-13 
Savannah River in situ air stripping 

test, 23-24 

Heterogeneity parameter model for 
waterflood performance prediction— 
Continued 

vapor extraction, 18-23,27 
waterflood efficiency in heterogeneous 

system, 14-17 
High-energy election-beam irradiation, use 

for waste management, 3 
Hydrate formation, crystallization of 

mechanical pulp mill effluents for 
water recovery, 114—122 

Hydrogen, source in simulated nuclear 
wastes, 252-259 

Hydrogen gas release, Hanford site nuclear 
waste tanks, 236-248 

Hydrolysis of phenylboronic acid, 
influencing factors, 285-297 

Hydrophobic organic compounds, processes 
responsible for nonequilibrium sorption, 56 

In-plant waste minimization strategy 
classification of process information, 

99-102 
representation, 98-99 
structural controllability, 102-103 

Inflow boundary, description, 11 

Κ 

Kinetic modeling of trichloroethylene and 
carbon tetrachloride removal from 
water by electron-beam irradiation 

computer simulation of kinetics, 185 
destruction of CC1 4 

vs. dose and dose method, 192,193/ 
vs. time, 190,192/ 

destruction of trichloroethylene 
vs. dose and dose method, 192/ 
vs. time, 190,191/ 

dose rate vs. efficiency of radical 
production for pure water, 186-188/ 

experimental apparatus, 193,194/*/ 
experimental description, 185 
fractional destruction of trichloroethylene 

and CC1 4 vs. initial concentration and 
dose, 190,191/ 

future electron-beam systems, 194-195 
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Kinetic modeling of trichloroethylene and 
carbon tetrachloride removal from water by 
electron-beam irradiation—Continued 

improvements, 193 
pure water model, 185-190 

radical production and loss reactions, 
185,186/ 

running averages of radical yields for 
dose profile, 188-19Q/ 

trichloroethylene and CC1 4 removal 
reactions, 189-190 

Laboratory-scale precipitin reactor 
studies, factors affecting phenylboronic 
acid hydrolysis rate, 285-297 

Lead, mobilization from soil by using 
bacteria, 78-91 

Liquid-phase agglomeration 
agglomerate combustion, problem with 

S 0 2 emission reduction, 161-162 
comparative sulfur capture efficiencies, 

166,168/,169 
description and application, 161 
fine coal recovery, 165-168/ 
oily waste treatment, 162-167 

Low-S0 2-emitting, carbon-based fuel 
production by coagglomeration of carbon
aceous materials with sulfur sorbents 

comparative sulfur capture 
efficiencies, 166,168/169 

experimental description, 162 
fine coal recovery, 165-168/ 
oily waste treatment, 162-167 

M 

Mass balance of surfactant, 72 
Mass exchanger network synthesis for 

phenol waste minimization 
problem analysis, 105-107/ 
solution and comparison, 108-112/ 

Mechanical pulp mill effluents, 
crystallization through hydrate 
formation for water recovery, 114-122 

Mercury 
role in phenylboronic acid hydrolysis, 

295-297 
waste management technologies, 3 

Mercury contamination, interest, 124 
Mercury extraction from wastewater by using 

microemulsion liquid membranes 
equilibrium extraction and modeling, 

128,130/ 
experimental procedures, 125-126 
future work, 140 
kinetics, 131-134 
kinetics in stirred tank batch reactor, 

modeling, 134-139/ 
mercury stripping from oleic acid, 

129,131,132/ 
microemulsion liquid membrane extraction 

ofHg 2 + , 126,127/ 
modifier effects, 128-13Qf 
nomenclature, 140 
surfactant effects, 129,13Qf 

Mercury recovery from aqueous streams, 
methods, 124 

Metal contaminant(s) in soil, behavior, 
interactions, and migration rates, 79 

Metal contaminant mobilization from soil 
by using bacteria 

cysteine effect, 83-85/87/ 
determination procedure and microorganism 

effect on metal release 
cysteine, 81-82 
glycine, 82 
sodium thioglycolate solution, 82 

experimental description, 79-80 
glycine effect, 89/ 
metal-amended soil preparation, 80-81 
microbe numbers vs. experimental 

conditions, 87-89 
pH effect, 83,86/ 
pure bacteria culture preparation from 

metal-amended soil, 81 
redox potential, 87,88/ 
sodium thioglycolate effect, 90/,91 
soil source and characteristics, 80 
soil washing procedure, 81 
water washing effect, 82,83/ 

Metal recovery from waste waters, current 
methods, 79 

Michaelis-Menten constants, 
determination, 202 

Microbe numbers, role in metal contaminant 
release from soils, 87-89 

Microemulsion, formation and use for 
mercury extraction from wastewater, 125 
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Microemulsion liquid membrane extraction 
o fHg 2 + 

equilibrium extraction and modeling, 
128,130/ 

future work, 140 
kinetics, 131-134 
kinetics in stirred tank batch 

reactor, model, 134-139/* 
mercury stripping from oleic acid, 

129,131,132/ 
modifier effects, 128-13Q/ 
nomenclature, 140 
procedure, 126 
separation kinetics, 126,127/ 
surfactant effect, 129,13Qf 

Mineralization of pesticide residues, 223 
Mixed waste management, technologies, 4-5 
Module-based process synthesis 

connection mode, 103,106/ 
preanalysis module, 103 
stream matching module, 105 
structure evolution module, 104 
structure invention module, 103 
waste minimization enhancement 

module, 104 
Movable oil saturation, description, 10 

Ν 

Nitrite ion, role in phenylboronic acid 
hydrolysis, 291-294/ 

Nitrogen, source in simulated nuclear 
wastes, 259-261/ 

Nonionic organic pollutant removal from 
water by sorption to organooxides 

adsorption isotherms of anionic surfactant 
onto aluminum oxide vs. pH, 175,176/ 

advantages, 182 
batch experiments, 175-179 
breakthrough 

CC1 4 from organooxide column, 178,18Q/* 
surfactant from oxide column, 178,18Qf 

CC1 4 recovery, during column 
regeneration, 178,181/ 

column experiments, 178,180-181/ 
column setup, 174,17ζ/ 
experimental procedure, 172-174 
^determination, 175,178,179/ 

determination, 175,177/ 

Nonionic organic pollutant removal from 
water by sorption to organooxides— 
Continued 

previous studies, 171-172 
sorption isotherm of CC1 4 onto 

organooxide at nonbuffered pH, 175,177/ 
surfactant recovery, during column 

regeneration, 178,181/ 
theory, 172-173 

Nuclear waste(s), simulated, thermal 
chemistry, 249-282 

Nuclear waste tanks, Hanford site, cyclic 
gas releases, 236-248 

Ο 

Oily sludges, production, 160 
Oily waste treatment by coagglomeration 

with sulfur sorbents 
residual oil recovery, 162-164/ 
S 0 2 sorbent coagglomeration, 163-167/ 

Organic aqueous contaminants, waste 
management technologies, 3 

Organic compounds in soil, radiochemical 
techniques for biodégradation 
determination, 63 

Organic pollutant removal, nonionic, See 
Nonionic organic pollutant removal 
from water by sorption to organooxides 

Organic wastes, production, 160 
Organooxides 

description, 171 
nonionic organic pollutant removal from 

water by sorption, 172-182 
use as synthetic sorbent, 171-172 

Outflow boundary, description, 11 
Oxidation of s-triazine pesticides 

atrazine degradation product ozonation, 
227-228 

atrazine ozonation, 225-227/ 
degradation rates of atrazine 

degradation products, 228/,229 
experimental description, 224 
future work, 231 
ozonation mechanism, 231 
ozonation procedure, 224—225 
previous studies, 223-224 
product isolation procedure, 225 
propazine ozonation, 228,229/ 
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Oxidation of s-triazine pesticides—Continued 
sample analytical procedure, 225 
simazine ozonation, 228,229/ 
substituent group vs. degradation rate, 

228,23Qf 
Oxides, surface charges in aqueous 

environment, 171 
Oxygen uptake data analysis, 

biodégradation kinetics of phenol and 
alkylphenols in soils, 64,66f-68/1 

Partition coefficients, definition, 172-173 
Pentachlorophenol biodégradation 

enhancement by Fenton's reagent 
partial oxidation 

biodégradation after Fenton's reagent 
partial oxidation, 207-211,213 

biodégradation of untreated 
pentachlorophenol, 207* 

biodégradation rate constants, 215,217/,218 
biokinetic constants, 212/-214/ 
experimental procedure, 197-204/ 
mechanism, 210-218 
Michaelis-Menten constant determination 

procedure, 202 
partial chemical oxidation of 

pentachlorophenol, 204-206,209/ 
pentachlorophenol concentration profiles 

during mechanistic spiking 
experiments, 215-217/ 

previous studies, 199 
specific microbial growth rate 
determination procedure, 202-204 
pretreated and untreated systems, 

214/-216/ 
specific substrate uptake 
rate constants, 210,212/,213/ 
rate determination procedure, 202 

Permeability distribution, description, 15 
Pesticide(s), environmental and health 

effects, 4 
Pesticide rinsate from application equipment 

composition, 223 
potential of binary remediation process, 

223-224 
Petroleum production 

ideal waterflood performance, 11-13/ 

Petroleum production—Continued 
primary recovery, 9-10 
waste management technologies, 3 
waterflooding, 10,13/ 

pH, role in metal contaminant release from 
soils, 83,86/ 

Phenol in soil, determination of 
bioavailability and biodégradation 
kinetics, 51-75 

Phenol waste minimization, mass exchanger 
network synthesis, 105 

Phenolic compound removal in soil, kinetic 
studies, 54 

Phenylboronic acid hydrolysis in laboratory-
scale precipitate reactor analytical 
measurement procedure, 288-289 

complexone effect, 293,295 
C u ( n ) : total acid ratio effect, 289-292/ 
equipment, 287-288 
experimental procedure, 286-289 
hydrolysis conditions, 287-288 
mercury effect, 295-297 
nitrite ion effect, 291-294/ 
purge gas effect, 293/ 
reactions, 285-286 

Pore tortuosity, definition, 40,42 
Pore water current density, definition, 42 
Pore water resistivity, calculation, 43 
Portland cement, use as radioactive waste 

solidification agent, 299-300 
Preanalysis module, description, 103 
Propazine, oxidation, 223-231 
Pulp and paper industry, pollution of 

water, 114 
Purge gas, role in phenylboronic acid 

hydrolysis, 293/ 
Pyrite, separation, 165-166 

R 

Radioactive waste(s), sulfur polymer cement 
as final waste form, 299-305 

Radioactive waste management 
technologies, 4-5 

Radiochemical techniques for 
biodégradation determination, organic 
substances in soil, 63 

Radioisotopes, biodégradation studies, 53 
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Radiorespirometry, measurement of 1 4 C 0 2 

generation rate, 71,72/ 
Redox potential, role in metal contaminant 

release from soils, 87,88/ 
Remediation of contaminated sediments 

and soils, emerging technologies, 1-2 
Repetitively pulsed electrostatic 

accelerators, 184-185 
Respirometer reactor slurry systems, C 0 2 

generation rate measurement, 67,71 
Respirometric technologies, biodégradation 

kinetics determination, 52-53 
Running averages of radical yields, 

definition, 188 

S 

Sandmeyer reaction, free radical 
mechanism, 286 

Savannah River in situ air stripping test, 
description, 23-24 

Sediments, remediation technologies, 1-2 
Shaker flask slurry systems, C 0 2 generation 

rate measurement, 67,69-7Qf 
Simazine, oxidation, 223-231 
Simulated nuclear waste, thermal 

chemistry, 249-282 
Single-pulse accelerators, 

applications, 184 
Sludge disposal, traditional methods, 160-161 
Slurry growth, description, 238 
Sodium glycolate, role in gas evolution 

from nuclear wastes, 263-267 
Sodium thioglycolate, role in metal 

contaminant release from soils, 90r,91 
Soil 

pore sizes, 54 
remediation technologies, 1-2 
role of bacteria in metal contaminant 

mobilization, 78-91 
unsaturated, electrokinetic remediation, 

33-48 
Soil and sediment remediation, reasons for 

interest, 78-79 
Soil microcosm reactor studies, 

biodégradation kinetics of phenol and 
alkylphenols in soils, 64,65/ 

Solidification, use for hazardous and 
radioactive waste management, 4-5 

Sorption to organooxides, nonionic organic 
pollutant removal from water, 171-182 

Specific microbial growth rate, 
detennination, 202-204 

Specific substrate uptake rates, 
determination, 202 

Stabilization, use for hazardous and 
radioactive waste management, 4-5 

Stream matching module, description, 105 
Structural controllability, evaluation, 102-103 
Structure evolution module, 104 
Structure invention module, 103 
Sulfur dioxide capture agents, use for 

waste management, 3 
Sulfur polymer cement 

final waste form for radioactive 
and hazardous wastes 

developmental background, 300 
experimental description, 300 
properties, 300-301 
radiation exposure considerations, 304-305 
safety considerations, 304 
tests completed to U.S. Environmental 

Protection Agency standards, 302 
tests completed to U.S. Nuclear Regulatory 

Commission standards, 303-304 
waste streams that cannot be combined 

with sulfur polymer cement for 
stabilization, 304 

radioactive and hazardous waste solidifica
tion and stabilization agent, 299 

Sulfur sorbents, use for low-S02-emitting, 
carbon-based fuel production, 160-169 

Surfaces, role in bioavailability of 
chemicals, 55 

Surfactants, classifications, 171 

Τ 

Thermal chemistry of simulated nuclear 
wastes 

C H 2 0 and C D 2 0 effect on Hj generation 
rate, 254,255/ 

ethylenediaminetetraacetic acid 
degradation mechanism, 278-281 
identification of degradation 

products, 269-275 
organic component, 267,26ζ/ί 

experimental description, 249,251 
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Thermal chemistry of simulated nuclear 
wastes—Continued 

formaldehyde concentration effect on Hj 
yield, 254,255r 

hydrogen formation mechanism, 255-259 
hydrogen source, 252-259 
irradiated emylenediarninetetraacetic acid, 

identification of degradation products, 
275-278 

kinetic order of formaldehyde for 
formation, 253f 

kinetic order of OH~ for H 2 formation, 254/ 
kinetics study procedure, 262f 
mechanistic study procedure, 262 
nitrogen source in N 2 0 , N H 3 , and N 2 

formed during thermal decomposition, 
259-261/ 

oxygen effect reactions, 281/,282i 
previous studies, 250 
product yields from formaldehyde-NaOH 

reaction in water, 252,253* 
simulated waste, composition, 250,25 If 
sodium glycolate as organic component, 

263-267 
terminology, 251 

Thioglycolate, role in metal contaminant 
release from soils, 90i,91 

Thorium, mobilization from soil by using 
bacteria, 78-91 

Toluene, sorption and bioavailability in 
organic soils, 55 

Toxic wastes, generation, 96 
j-Triazine pesticides, oxidation, 223-231 
Trichloroethylene, kinetic modeling for 

removal by electron-beam irradiation, 
184-195 

U 

Unsaturated soils, electrokinetic 
remediation, 33-48 

Uranyl ions, mobilization from soil by using 
bacteria, 78-91 

V 

Vadose zone remediation modeling, 
comparison to enhanced oil recovery 
modeling, 8-9 

Vapor extraction 
heterogeneous system, 22-23,27/" 
ideal system, 18,20-21 

Vitrification, application, 4 

W 

Waste minimization and management 
technologies, 2-4 
waste priority hierarchy, 96 

Waste minimization engineering in process 
industry, characteristics, 97 

Waste minimization enhancement module, 
104 

Waste minimization process, artificial 
intelligence approach to synthesis, 96-112 

Waste production from chemical and 
petrochemical processes, process 
design effect, 96-97 

Wastewater, mercury extraction by using 
microemulsion liquid membranes, 124-140 

Water 
kinetic modeling for trichloroethylene 

and CC1 4 removal by electron-beam 
irradiation, 184-195 

nonionic organic pollutant removal by 
sorption to organooxides, 171-182 

recovery by using crystallization of 
mechanical pulp mill effluents 
through hydrate formation, 114-122 

Water washing, role in metal contaminant 
release from soils, 82,83f 

Waterflood 
efficiency, 10,14-17 
field example, 17-19/ 
ideal performance, 11-13/ 

Waterflood movable and residual oil, 10 
Waterflooding, single symmetry element in 

five-spot pattern, 10,13/ 

Y 

Yield of radical, definition, 186 

Ζ 

Zero point charge of oxides, definition, 171 

 S
ep

te
m

be
r 

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
0,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

55
4.

ix
00

2

In Emerging Technologies in Hazardous Waste Management IV; Tedder, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 


	fw001
	Title Page
	Copyright
	1994 Advisory Board
	Foreword

	pr001
	Preface
	Acknowledgments


	1
	Chapter 1 Emerging Technologies for Hazardous Waste Management An Overview
	Remediation Technologies for Soils and Sediments
	Waste Minimization and Management Technologies
	Radioactive and Mixed Waste Management
	Summary
	Literature Cited


	2
	Chapter 2 Heterogeneity and Vapor Extraction Performance
	Petroleum Production
	Waterflood Efficiency in A Heterogeneous System
	A Field Example of a Waterflood
	Vapor Extraction
	Savannah River In-Situ Air Stripping Test
	Application of the Heterogeneity Parameter Model
	Conclusion
	Acknowledgments
	Literature Cited


	3
	Chapter 3 Electrokinetic Remediation of Unsaturated Soils
	Experimental
	Results and Discussion
	Conclusions
	Notation
	Acknowledgments
	Literature Cited


	4
	Chapter 4 Determination of Bioavailability and Biodegradation Kinetics of Phenol and Alkylphenols in Soil
	Background
	Methodology
	Studies on Adsorption/Desorption Equilibria and Kinetics.
	Results and Discussion
	Conclusions
	Literature Cited


	5
	Chapter 5 Mobilization of Bi, Cd, Pb, Th, and U Ions from Contaminated Soil and the Influence of Bacteria on the Process
	Background
	Experimental
	Pure Cultures of Bacteria from Metal-Amended Soil
	Results and Discussion
	Conclusions
	Acknowledgment
	Literature Cited


	6
	Chapter 6 Artificial Intelligence Approach to Synthesis of a Process for Waste Minimization
	Design Philosophy
	In-Plant Waste Minimization Strategy
	Module-Based Synthesis
	Application
	Concluding Remarks
	Literature Cited


	7
	Chapter 7 Crystallization of Mechanical Pulp Mill Effluents through Hydrate Formation for the Recovery of Water
	Background
	Conceptual Clathrate Hydrate Concentration Process
	Effluent Sources
	Selection of Hydrate Formers
	Experimental Apparatus and Procedure
	Results and Discussion
	Conclusions
	Acknowledgments
	Literature Cited


	8
	Chapter 8 Extraction of Mercury from Wastewater Using Microemulsion Liquid Membranes Kinetics of Extraction
	Experimental
	Results and Discussion
	Conclusions
	Nomenclature
	Subscripts

	Literature Cited


	9
	Chapter 9 Removal of Gasoline Vapors from Air Streams by Biofiltration
	Materials and Methods
	Results and Discussion
	Acknowledgments
	Literature Cited


	10
	Chapter 10 Production of Low-SO2-Emitting, Carbon-Based Fuels by Coagglomeration of Carbonaceous Materials with Sulfur Sorbents
	1. Oily Waste Treatment
	2. Fine Coal Recovery
	Comparative Sulphur Capture Efficiencies
	Conclusion
	Literature Cited


	11
	Chapter 11 Removal of Nonionic Organic Pollutants from Water by Sorption to Organo-oxides
	Theoretical Considerations
	Experimental Section
	Results and Discussion
	Summary and Conclusions
	Acknowledgments
	References


	12
	Chapter 12 Kinetic Modeling of Trichloroethylene and Carbon Tetrachloride Removal from Water by Electron-Beam Irradiation
	Computer Simulation of Kinetics
	Pure-Water Model
	TCE and CCl4 Removal Models
	Experimental Apparatus
	Future Electron-Beam Systems
	Conclusions
	Literature Cited


	13
	Chapter 13 Enhancement of Pentachlorophenol Biodegradation by Fenton's Reagent Partial Oxidation
	Methods and Analyses
	Results and Discussion
	Conclusions
	Acknowledgments


	14
	Chapter 14 Oxidation of s-Triazine Pesticides
	Materials and Methods
	Results
	Discussion and Conclusions
	Acknowledgement
	Disclaimer
	Literature Cited


	15
	Chapter 15 Cyclic Gas Releases in Hanford Site Nuclear Waste Tanks
	Cyclic Gas Release Events at Tank 101-SY
	Waste Composition
	Steps Taken to Understand the Problem
	Steps Taken to Mitigate the Problem
	Conclusions


	16
	Chapter 16 Mechanistic Studies Related to the Thermal Chemistry of Simulated Nuclear Wastes That Mimic the Contents of a Hanford Site Double-Shell Tank
	Source of Hydrogen (27)
	Source of the Nitrogen in the N2O and N2 Formed in the Thermal Decomposition of HEDTA (27)
	Source of Nitrogen in NH3 Formed in the Thermal Decomposition of HEDTA (27)
	Kinetic and Mechanistic Studies (26)
	Sodium Glycolate as the Organic Component (28)
	HEDTA as the Organic Component (29)
	Identification of HEDTA Degradation Products using 13C NMR (29)
	Identification of Irradiated HEDTA Degradation Products Using 13C NMR Spectroscopy.
	The Mechanism of HEDTA Degradation in Simulated Waste (29)
	Effect of Oxygen on the Reactions of HEDTA and Related Compounds in Simulated Waste
	Literature Cited


	17
	Chapter 17 Factors Affecting the Rate of Hydrolysis of Phenylboronic Acid in Laboratory-Scale Precipitate Reactor Studies
	Experimental
	Results and Discussion
	Disclaimer
	Acknowledgments
	Literature Cited


	18
	Chapter 18 Sulfur Polymer Cement as a Final Waste Form for Radioactive Hazardous Wastes
	Developing and Testing Commercial SPC and SPCC for Harsh Chemical Environs
	Testing and Modifying SPC for Solidification and Stabilization of Waste
	Safety and Radiation Exposure Considerations
	Conclusions
	Acknowledgments
	Literature Cited


	ix001
	Author Index
	Affiliation Index

	ix002
	Subject Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	K
	L
	M
	N
	O
	P
	R
	S
	T
	U
	V
	W
	Y
	Z



	Cit p_2_1:2: 
	Cit p_19_1:2: 
	Cit p_9_1:1: 
	Cit p_11_1:1: 
	Cit p_14_1:2: 
	Cit p_15_1:1: 
	Cit p_18_1:1: 
	Cit p_18_1:2: 
	Cit p_19_1:1: 
	Cit p_23_1:2: 
	Cit p_2_1:1: 
	Cit p_8_1:1: 
	Cit p_6_1:1: 
	Cit p_13_1:1: 
	Cit p_14_1:1: 
	Cit p_10_1:1: 
	Cit p_12_1:1: 
	Cit p_17_1:1: 
	Cit p_16_1:1: 
	Cit p_22_1:1: 
	Cit p_23_1:1: 
	Cit p_24_1:1: 
	Cit p_28_1:1: 
	Cit p_1_1:1: 
	Cit p_4_1:2: 
	Cit p_7_1:1: 
	Cit p_12_1:2: 
	Cit p_3_1:1: 
	Cit p_4_1:1: 
	Cit p_26_1:1: 
	Cit p_5_1:2: 
	Cit p_6_1:2: 
	Cit p_5_1:1: 
	Cit p_25_1:1: 
	Cit p_21_1:1: 
	Cit p_20_1:1: 
	Cit p_27_1:1: 
	Cit p_10_1:2: 
	Cit p_15_1:2: 
	Cit p_16_1:2: 
	Cit p_9_1:2: 


