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Abstract

This paper develops a generalized kinetic model for two-phase systems involving reactions in
one phase with product partitioning into a second phase, and applies it to the reductive
dehalogenation of trichloroethylene using two systems. The generalized approach can be used for
a variety of catalyst choices, including zero-valent metals. With vitamin B , the model includes12

specific reaction pathways for the reductive dehalogenation of TCE combined with the partition-
ing of reactants, intermediates, and products between the gas and liquid phases. The model has
been used to study the effect of various parameters on the process effectiveness, which otherwise
are very difficult to conceive through experimental analysis. In the case of zero-headspace system
with zero-valent iron, sorption effects are included to incorporate the partitioning onto the solid
surface. A new parameter, ‘fractional active site concentration’ is introduced to incorporate the
differences in reactive and nonreactive sites on the iron surface, which affects the degradation
performance. The generalized model has important implications for kinetic modeling, monitoring
of VOCs and their degradation products, and design and selection of remediation technologies for
such materials. The model predictions have been verified with our experimental data and the
results from the literature. q 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Remediation of trichloroethylene TCE contaminated soils and groundwater is an
Žissue of importance because of the potentially carcinogenic nature of TCE and the

.products of degradation , and its resistance to natural attenuation in the environment.
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Conventional wastewater treatment processes are unable to bring down the TCE levels
Ž . w xto drinking water standard 5 ppb 40 CFR, Part 141 . Various ex-situ processes like
w x w xactivated carbon adsorption 1 and air stripping 2 are effective in achieving drinking

water standards, but in these, the contaminant still must be removed from the solid or
vapor medium. The use of advanced oxidation processes such as UVrO rH O has3 2 2

w xalso been reported in the literature 3 . These processes are limited to ex-situ treatment.
For in-situ treatment, one of the emerging technologies is reductive dehalogenation

using zero-valent metals. Various metals such as Fe, Sn, and Zn have been found
effective in degrading halogenated hydrocarbons, and the rates of these processes are

w xmuch faster compared to those of biodegradation or natural attenuation 4–11 . At room
temperature, the degradation is faster than the natural attenuation, but still can take days
when zero-valent iron is used. In case of trichloroethylene, the mechanism involved is

w xbelieved to be direct electrolytic reduction at the metal surface 12 . Researchers have
identified different metals for the process, but have paid little attention to the kinetics of
reductive dehalogenation. The mechanism and product distribution for reductive dehalo-

w xgenation varies for different metals and catalysts 5 and often includes very low rates of
decomposition for volatile intermediates. The rate of degradation of intermediate species
is slower than that of TCE. The design of monitoring and remediation systems for
groundwater contaminated with TCE would require detailed kinetic analysis of the
degradation since most of the possible products have highly stringent regulations.

2. Reaction mechanism and product distribution

Several researchers have studied the reductive dehalogenation of trichloroethylene
using different systems. Various mechanisms have been proposed. TCE appears to

w xdegrade via a pseudo-first order process. Matheson and Tratnyek 12 suggest that
electrons transfer to TCE to form ethene as the primary product. Others have observed

w x w xincomplete dechlorination 13,14 . Gillham and O’Hannesin 15 observed less than 10%
of the parent TCE in terms of various intermediates at the end of the reaction. Not all

Ž .intermediates cis-1,2-DCE in particular appear to degrade completely over the same
w xtime scale as TCE. Roberts et al. 16 , have shown that over 150 h, though most of

trans-1,2-DCE gets degraded, cis-1,2-DCE remains persistent. They observed complete
dechlorination of trans-1,2-DCE, but found only 65–70% degradation of the cis-1,2-
DCE. The cis-1,2-DCE concentration profile vs. time appeared to reach a limiting value.

Vitamin B has also been found to be effective in reductively dehalogenating TCE12
w x Ž .14,15,17,18 . In the presence of a bulk electron donor like titanium III citrate,
nucleophilic substitution is generally thought to be the initial step. Mechanistic aspects
of the degradation of various intermediate chlorocarbon compounds using vitamin B is12

w xdiscussed by Glod et al. 19 . Complete material balances are reported by Burris et al.
w x14 for the reductive dehalogenation of TCE using vitamin B . The reduction is12

Ž .believed to occur via Co I center of vitamin B , which acts as a strong nucleophile in12
Ž .the presence of titanium III citrate. Their results also show the persistence of

Ž .cis-1,2-DCE isomer at long reaction times 300 h , suggesting an apparent incomplete
dechlorination. A kinetic analysis of their data is possible because all the intermediates
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have been reported, and the effects of their partitioning into the gas phase can be
evaluated. The general principles used for the vitamin B case should apply to other12

cases in which the catalyst or reactive agent only appears in the liquid phase. There is a
need to develop a model which predicts the concentration profiles of different reactants
and intermediates in both phases.

The following discussion focuses on the principles used in development of a
generalized model.

3. Theory: generalized model development

In this section, the theory and principles used for two-phase modeling are described
briefly. In the subsequent sections, the guidelines developed here are applied to the case
study of trichloroethylene reductive dehalogenation using two different systems.

Consider a series of irreversible reactions taking place in a closed, two-phase system.
The phases involved are aqueous phase and gas phase. The reaction sequence consists of
both series and parallel reactions. In a simple case, a volatile reactant A undergoes
irreversible reactions in series and parallel manner to give rise to volatile products B and
C, respectively. The intermediate product B may also undergo irreversible reaction to
give final product D. This simple scheme can thus be represented as:

These species will be present in both aqueous and gaseous phase, the respective
amount depends on their volatility. Furthermore, the volatility depends on the magnitude
of the Henry’s law constant, which is the measure of the air–water partitioning. Thus,
the concentrations of each of these species change in both the phases because of the
combined effect of reaction and partitioning. If we further assume that the reaction is
taking place only in aqueous phase, then the changes in gas phase will be entirely due to
the mass transfer of species under the driving force of the concentration gradient created
by the reaction in the aqueous phase. A set of differential equations for each component
needs to be solved simultaneously in order to describe such a system completely. Note
that, due to presence of two phases, we need such equations separately for each phase, in
the absence of any constraint. With this particular example, the equations can be given
as follows:

V dC w C w
mW A A1w w gy sk C V qk C V y k a V C yK 1Ž .Ž . Ž . Ž .1 A w 3 A w g ,A w A H ,Až /d t RT

V dC w C w
nW B B1w w gy syk C V qk C V q k a V C yK 2Ž .Ž . Ž . Ž .1 A w 2 B w g ,B w B H ,Bž /d t RT
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and:
V dC w C w

mW C Bw gy syk C V q k a V C yK 3Ž .Ž . Ž .3 A w g ,B w B H ,Bž /d t RT
where l, m, and n are the orders of respective irreversible reactions. k and K areg, i H, i

Ž .the mass transfer coefficients mrh and dimensionless Henry’s law constants for
compound i. The superscript w and g refer to the aqueous and gas phase, respectively. a

Ž .is the interfacial surface area gasrliquid interface per unit volume of the solution.
ŽAs noted earlier, these differential equations need to be solved simultaneously with

.proper initial conditions , to get the temporal profile of all the compounds. In the
simplest case, when l, m and, n are all equal to 1, i.e. the first order reaction sequence,
the analytical solution is straightforward and we can easily get the concentration
profiles. However, in the cases where analytical solutions do not exist, these equations

Žcan be solved numerically if the mass transfer constants and rate constants are known
.or can be estimated to get the desired profiles. If the exact reaction sequence is known,

and the experimental data for all the product distribution is available, then such model
can also be used to evaluate the values of intrinsic rate constants of individual steps. The
reaction sequence can thus be delineated easily which otherwise could be very difficult
to achieve through trial and error experimental approach. With the help of this model,
we can also study the relative importance of different steps governing the system and
arrive at the rate-limiting step. Finally, such a model can be used to study the effect of
different physical variables on the performance of the system and optimum conditions
for design could be achieved.

In the subsequent sections, we apply this model to the reductive dehalogenation of
trichloroethylene using two examples reported in the literature. Using these examples, it
is shown how such a model can be used to arrive at the intrinsic rate constants, delineate
different steps and find out the rate-limiting step. The model developed is also used to
simulate the effect of various physical variables on the system performance.

4. Example 1: trichloroethylene reduction using vitamin B12

This section describes the application of the model for the degradation of
trichloroethylene using vitamin B . Fig. 1 summarizes the reaction products proposed12

w xfor TCE by several researchers. Burris et al. 14 used excess of titanium citrate as the

Fig. 1. Proposed reaction scheme for reductive dehalogenation of trichloroethylene using vitamin B .12
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reductant, resulting in pseudo-first order behavior for TCE reduction by vitamin B . In12
w xthe recently published study 19 , it has been shown that, in the case of most of these

chlorocarbon compounds, the first step of degradation involves the formation of the
alkylcobalamin complex, which further degrades to give daughter products. For the
purpose of this model, it is assumed that the reactions proceed via first order process
with respect to the parent compound; the effect of vitamin B and pH is not considered.12

However, both these effects can be readily incorporated in the model. The only complex
considered in this particular exercise is Ethynylcobalamin, the intermediate complex

w xformed between TCE and vitamin B . Semadeni et al. 18 observed that some portion12

of TCE undergoes reductive b-elimination to yield chloroacetylene that can further yield
acetylene or vinyl chloride. The chloroacetylene was found to degrade very rapidly
Ž .because of its unstable nature . Vinyl chloride was formed as long as there was free
chloroacetylene in the system and that conversion was believed to occur through free

Ž .radical dichlorovinyl intermediate. Because of such unstable nature of chloroacetylene,
in this modeling exercise, vinyl chloride is assumed to form directly from TCE.
Acetylene on the other hand was thought to be formed through an intermediate complex,
Ethynylcobalamin. The behavior of all the other compounds can also be included in the
similar way. Acetylene formation observed in the study was attributed to the reductive

w xb-elimination mechanism. This was confirmed by Semadeni et al. 18 , who have
reported the reductive transformation of chlorinated ethenes using vitamin B . This12

group of researchers also studied the degradation of cis-1,2-DCE and trans-1,2-DCE
isomers. They found that both these isomers degrade slowly to vinyl chloride, the only
observed product. In case of 1,1-DCE however, ethene was found to be the main
product. Based on all these experimental observations, the following assumptions were
made.

( )4.1. Model assumptions specific to a Õitamin B catalyst12

1. Reactions are assumed to be irreversible.
2. All the reactions are considered to be first order with respect to the starting

compound.
3. The liquid and gas phases are isothermal and well mixed.
4. Chlorocarbon degradation reactions take place only in aqueous phase and not at the

gasrliquid interface.
5. cis-1,2-DCE and trans-1,2-DCE degrade to give vinyl chloride as the major

product.
6. Some of the vinyl chloride is formed directly from TCE because of the unstable

chloroacetylene intermediate.
7. Acetylene is formed from the TCE through intermediate complex Ethynylcobal-

amin.
8. 1,1-DCE is assumed to degrade slowly to ethene.
9. Mass transfer coefficients for all the DCE isomers are assumed to be the same.

10. Formation of acetylene from 1,1-DCE, cis-1,2-DCE and trans-1,2-DCE is ne-
glected.

Based on these assumptions, the reaction scheme for TCE reduction using vitamin
B is shown in Fig. 1.12
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All the compounds under consideration are highly volatile, and owing to their low
solubilities in aqueous phase, the intermediate species will tend to partition into

Ž .headspace if present , as they are formed. The reaction system is closed and well-mixed,
and no apparent losses to the surroundings are assumed. We assumed that the mass
transfer coefficients of various compounds can be related to the 0.6 power of their ratio

w xof molecular weights 20 , and that only one mass transfer coefficient is needed to
characterize the entire set of halocarbon coefficients. For example:

0.6Ma
K sK = 4Ž .a b ž /Mb

where K and K are the mass transfer coefficients and M and M are moleculara b a b

weights of compounds A and B, respectively.

4.2. Aqueous phase balance

All the reactions occur in the aqueous phase. Based on these assumptions and
reactions sequence, we can write the component balance for each compound in aqueous
phase and gaseous phase. The symbol C j refers to the concentration of a compound i.i

The superscript j refers to the phase. The mass balance equations in the aqueous phase
can be written as:

dC w
i w wy syÝk C qÝk C qmass transfer term 5Ž .formation j degradation id t

where the first term gives the rate of formation of species i from all routes and, the
second term gives the total disappearance rate of the compound i into its possible
daughter products. The mass transfer term accounts for the transfer of species from gas

Ž .to liquid and vice versa for each component and is given by:

mass transfer termsk a Cg yK C w 6Ž .Ž .g , i i H , i i

Ž .where, k is the mass transfer coefficient for component i mrh and, a is theg, i
Ž . Ž y1 .interfacial surface area gasrliquid per unit volume of the solution m . K is theH, i

dimensionless Henry’s law constant for compound i.
For example, balance for trichloroethylene in the aqueous phase can be written as:

V dC w
W TCE w g wy sk C V y k a V C yK C 7Ž .Ž .Ž .TCE TCE w g ,TCE w TCE H ,TCE TCEd t

and that for 1,1-DCE is:

V dC w
w 1,1- DCE w wy sk C V yk C V y k a VŽ .1,1- DCE 1,1- DCE w TCE -1 ,1- DCE TCE w g ,DCE wd t

= Cg yK C w 8Ž .Ž .1,1- DCE H ,1,1- DCE 1,1- DCE
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Similarly, the balances can be written for all the other compounds in terms of their
formation and degradation rate constants and mass transfer coefficients.

4.3. Mass balances in the gas phase

As there is no reaction in the gas phase, the concentration changes occur only by
mass transfer. Hence the generalized mass balance in the gas phase can be written as
follows:

V dCg
g i g wy s k a V C yK C 9Ž .Ž .Ž .g , i w i H , i id t

The balance is written for all the species.

4.4. Initial conditions

w xWe have verified the model using the study reported in the literature 14 . In this, the
reductions were carried out in 0.160 l serum vials, sealed with Teflon lined septa. The
batch systems included 0.1 l of aqueous phase and 0.06 l of headspace. Thus, the ratio
V rV was 0.6 for the experimental setup. The vial contained vitamin B at ag w 12

concentration of 10 mM. Around 16.6 mmol of TCE in 400 mg of pentane was then
spiked into each vial and was allowed to partition between the gas and water phases.

Ž . Ž .Titanium III citrate was injected into the aqueous phase 15 mM concentration to
initiate the reaction. The initial conditions were:

C w 0 sCŽ .TCE 0
gC 0 sK CŽ .TCE H ,TCE 0
w w w w w wC 0 sC 0 sC 0 sC 0 sC 0 sC 0 s0Ž . Ž . Ž . Ž . Ž . Ž .1,1- DCE ci s - DCE t r an s - DCE VC AC ET
g g g g g gC 0 sC 0 sC 0 sC sC 0 sC 0 s0Ž . Ž . Ž . Ž . Ž . Ž .1,1- DCE ci s - DCE t r an s - DCE VC AC ET

10Ž .

4.5. Results and discussion

Ž . Ž .A set of Eqs. 5 and 9 can be solved simultaneously using the initial conditions,
Ž .Eq. 10 , to predict the component distributions with time. The unknowns under

considerations are the individual rate constants, and one mass transfer coefficient. A
compendium of partition coefficients for different chlorocarbon compounds is given in

w xliterature 21,22 . Different studies report a range of Henry’s law constants for these
species, and often there is wide variation between the reported values for the same
compound. We have made use of the experimentally observed Henry’s law constants in
this study. A commonly used experimental method for measuring air–water partitioning

Ž .for volatile compounds is so called EPICS Equilibrium Partitioning In Close System
w xmethod. Gossett 23 has reported the measured Henry’s law constants for different

chlorinated hydrocarbons. Summary of these dimensionless constants is shown in Table
1. These values were used during model simulation. The Laplace Transform method
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Table 1
w xHenry’s law constants for TCE, DCE isomers and vinyl chloride between air and water 23

Ž .Chlorocarbon compound K dimensionlessH

trans-DCE 0.3011
cis-DCE 0.1216
1,1-DCE 0.8586
TCE 0.2964
Vinyl chloride 0.9014

Ž .Maple V software package, Release 4, Version 4.00, Waterloo Maple was used to get
the analytical expressions in time for each component. The objective function to be
minimized was the sum of the squares of errors between the experimental and predicted
values for each of the species at different times. The selected value of the rate constant
andror mass transfer coefficient was that which minimized this objective function. We
have modeled the total molar values of each component in the reaction system
Ž .gasqaqueous phase .

Ž .As the reactions under consideration are very slow half lives ranging in days , it is
quite possible that the mass transfer can be in equilibrium compared to the reaction in
the liquid phase. To check this hypothesis, only TCE equations were first solved to get
the rate constant and mass transfer coefficient value for this compound. It can be seen

Ž .from Eq. 4 that the mass transfer coefficients for intermediate halocarbon compounds
would be lower than that TCE. Furthermore, as mentioned earlier, the rates of
degradation of these intermediate species are slower than TCE. Hence, it is conservative
to use only TCE balance to check for the hypothesis of gas–liquid equilibrium.

TCE degradation depends only on the degradation rate constant and the mass transfer
w xcoefficient. Fig. 2 shows that the model fits the data of Ref. 14 accurately over its

entire range. The calculated values of the degradation rate constant and mass transfer
coefficient values are:

k s0.0217rhTCE

k as2.698rhg ,TCE

Thus, the mass transfer rate of TCE to the liquid phase is indeed almost two orders of
magnitude higher than the degradation rate for TCE in the aqueous phase. If the rate of
reaction is comparable to the rate of mass transfer, these coefficients would be highly
coupled, and we would need to determine the mass transfer coefficients for all
components simultaneously with the appropriate rate constants. Based on this result, we
simplified the analysis further by neglecting the mass transfer flux, and assuming rapid
equilibrium. This leaves only one set of unknown concentrations—those of the aqueous
phase. Gaseous phase concentrations can be computed from these using partition
coefficients. The generalized balance for aqueous phase concentrations with rapid
equilibrium is:

V dC w
g i w wy 1qK syÝk C qÝk C 11Ž .H , i formation j degradation iž /V d tw
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Fig. 2. Reductive dehalogenation of TCE by vitamin B in homogeneous solution. Symbols: experimental12
w xdata 14 . Line: prediction of model considering liquid–gas mass transfer effect.

Thus, we are left with a system of linear differential equations with constant coeffi-
cients. These can be solved easily by an analytical method using integration factors to
get the product profiles in terms of unknown constants ks, from which the model
parameters can be determined. For example, the analytical expression for a DCE isomer
is:

k CTCEyD i 0w app appC s exp yk t yexp yk t 12Ž .Ž . Ž .D i TCE D iVg app app1qK k ykŽ .H , i D i TCEž /Vw

w Žwhere C is the aqueous phase concentration of DCE isomer i i stands for 1,1-DCE,D i
. appcis-1,2-DCE or trans-1,2-DCE . k is the apparent degradation constant of specie ii

due to partitioning effect and is related to the intrinsic rate constant by following
equation:

kiappk s 13Ž .i Vg
1qK H , i ž /ž /Vw

4.5.1. Reaction rate constants
Ž .Twelve reaction rate constants are needed Fig. 1 . These include seven degradation

rate constants, k , k , k , k , k , k , k , and five forma-TCE 1,1-DCE ci s -DCE t r an s -DCE VC AC complex
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tion rate constants, k , k , k , k , and k .TCE-1,1-DCE TCE- ci s -DCE TCE- t r an s -DCE TCE-VC TCE-complex

We have one constraint on the formation rate constants: their sum has to equal the total
degradation rate constant for TCE. Thus:

k sk qk qk qk qkTCE TCE -1,1- DCE TCE - ci s - DCE TCE - t r an s - DCE TCE -VC TCE - complex

14Ž .
The summary of the rate constants used to fit the model to the data is given in Table 2.

Ž y1 .The value obtained for TCE degradation constant 0.0217 h , is in good agreement
w xwith the published data 14,18 . We have done experimental studies on TCE reduction

w xusing zero-valent iron in zero-headspace system 13 . Interestingly, the value of rate
constant was also found to be in close agreement with our iron studies. Among the DCE
isomers, 1,1-DCE was found to have the highest degradation constant, which is also

w xconsistent with the findings of Glod et al. 19 . Fig. 3a and b show that with the
exception of 1,1-DCE, the model fits the experimental data accurately over the entire
time range for TCE, cis-DCE, trans-DCE, vinyl chloride, acetylene and ethene. In case
of 1,1-DCE however, there is deviation from the data at short times, with the model
predicted concentrations lower than the measured values. The rate constants used to fit

Ž .the data Table 2 , are the set of constants that best fit the experimental data for all the
intermediates. The experimental data show around 20% unaccounted carbon at long
times. This suggests that there may be unknown pathways that need to be considered in
order to completely model the system. Descriptions of some of these are given by Glod

w xet al. 17,19 , who studied the mechanistic aspects of the reaction. We have accounted
Ž .for one of these in the model by considering the complex formation Fig. 1 . This

complex would not be detected by the analytical method used. Nonetheless, it does show
one of the existing pathways. In the similar manner, there exist other B –substrate12s

w xcomplexes, which we have not accounted for 19 . This further, can cause deviation from
the first order approximation used in this study. These might be some of the reasons for
difference between model predictions and experimental observation for 1,1-DCE. We
are currently in the process of relaxing these assumptions.

In systems like these, where the compounds involved pose lot of analytical difficul-
ties, it is often very difficult to achieve complete material balance. This experimental

Table 2
Summary of rate constants used in Example 1

Chlorocarbon compound Intrinsic rate constant
5 y1Ž .k=10 h

aTCE k s2172.1TCE

1,1-DCE k s779.41,1-DCE

cis-DCE k s1.2ci s

trans-DCE k s78.9t r an s

Vinyl chloride k s69.21VC

Acetylene k s885AC

Ethynylcobalamin complex k s1130complex

k s k q k q k q k q kTCE TCE -1,1- DCE TCE - ci s - DCE TCE - t r an s - DCE TCE -VC TCE - complexa .
y4 y2 y4 y5 y3s1.35=10 q1.17=10 q4.76=10 q6.51=10 q9.33=10
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Fig. 3. Product distribution in the case of reductive dehalogenation of TCE by vitamin B in homogeneous12
Ž . Ž .solution. a cis-1,2-DCE, VC, 1,1-DCE, TCE, b AC, trans-1,2-DCE, and ethene. Symbols: experimental

w xdata 14 . Lines: prediction of model assuming pseudo-equilibrium between liquid and gas phase.
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problem further hinders the delineation of different steps involved, and sound knowledge
of the governing intrinsic constants which are crucial in design of a remediation system.
Following subsections illustrate how such a model can be used to study the system
behavior with variation of different important physical parameters, which can further
shed some light on the future research directions required to achieve the efficient
performance.

4.5.2. Model sensitiÕity to phase equilibria
Varying two different parameters can simulate the partitioning effect: Henry’s law

Ž .constant, K and the ratio of headspace volume to aqueous phase volume V rV .H g w

4.5.2.1. Effect of V rV ratio. Fig. 4 illustrates the effect of V rV ratio on theg w g w

simulated TCE degradation and ethene production. As can be seen from the figure, low
V rV values have insignificant effect on the overall TCE degradation rate. If the gas tog w

liquid ratio increases, more TCE migrates to the gas phase and the degradation rate
decreases considerably. Similar effect is observed on the ethene formation. At low
V rV values, ethene formation increases. Thus, even though TCE degradation is notg w

affected much by the V rV ratio at low V rV values, ethene production showsg w g w

considerable effect. This can be explained based on the volatilities of different com-
pounds involved. Vinyl chloride, 1,1-DCE and acetylene which are the precursors of
ethene, have much higher Henry’s law constants than TCE. Consequently, lowering the
headspace will restrict these compounds to remain in the aqueous phase yielding more
ethene production.

Fig. 4. Effect of V r V ratio on simulated TCE degradation and ethene production in case of reductiveg w

dehalogenation of TCE using vitamin B .12
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4.5.2.2. Effect of K . The variation of Henry’s law constants also revealed the similarH
Ž .results not shown . The Henry’s law constant was varied over two orders of magnitude

on either side to demonstrate its effect on the simulated TCE degradation profile. As
anticipated, the lower Henry’s law constants caused increase the dechlorination rate
slightly because more TCE is present in the liquid phase. Conversely, increasing the
partitioning of TCE to the second phase greatly lowers the observed rate.

4.5.3. ObserÕed and intrinsic kinetics
The partitioning of products into the gas phases reduces their observed degradation

rate compared to the intrinsic kinetics of the system and thus it is of interest to observe
the aqueous phase concentrations. For proper design of the remedial system using such
an option, the knowledge of aqueous phase concentration is critical. Fig. 5a and b
illustrate this effect for ratios of the gas to liquid phase of V rV s0.6 and V rV s0,g w g w

respectively. One can see from the figure that the intermediates concentrations in the
aqueous phase is a strong function of headspace volume. The degradation produces
notably higher amount of intermediates in the case of zero-headspace system as

Ž .compared to the headspace system. This is also evident from the Eq. 14 . In the case of
zero-headspace system, the apparent or observed rate constant reduces to the intrinsic
value and hence we observe much greater production of intermediates.

Results reported in the literature thus far illustrate the effectiveness of the process
considering observed rate constants. Fig. 5a and b show that for optimum design of the
remediation systems, intrinsic rate constants should be used in lieu of observed rate
constants. Different ways to improve the efficiency of the process should also be based
on the intrinsic rate constants rather than the observed rate constants.

4.5.4. Assessing the performance of the system
This section illustrates how such a model can be used to study and improve the

performance of the system. In the example illustrated, the primary non-toxic end product
Ž .desired is ethene. As we recall from the reaction scheme Fig. 1 , ethene can be formed

from 1,1-DCE, vinyl chloride and acetylene. Furthermore, acetylene production takes
place through the complex Ethynylcobalamin, which is always present in the aqueous
phase. With all the assumptions involved, this modeling analysis suggests that the
current selectivity for complex formation is 43%, whereas that for cis-1,2-DCE is 54%.
These are the main daughter products of TCE degradation which further react to give
other intermediate species. From the reaction scheme, it is apparent that 1,1-DCE, which
directly yields ethene would be the ideal candidate for which selectivity could be

Ž . w ximproved. However, 1,1-DCE has the lowest solubility in water at 258C 20 among
the three DCE isomers. It also has the highest Henry’s law constant among the DCE
isomers. Moreover, 1,1-DCE also has the most stringent drinking water standards and
hence it is the least desirable. Between cis-1,2-DCE and trans-1,2-DCE, trans-1,2-DCE
has an order of magnitude higher rate constant than that of cis-1,2-DCE. Hence it would
be prudent to develop an electron mediator which would change the selectivity of TCE
immediate daughter products to trans-1,2-DCE.

The above discussion is based on the different assumptions invoked while simulating
the example problem. In few cases, some of these assumptions could be violated, and
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Ž . Ž .Fig. 5. Simulated product distribution in the aqueous phase a V r V s0.6, b V r V s0.g w g w
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the modeling outcome could be different. Nevertheless, it illustrates different ways to
analyze the system behavior without going into intricate experimental details, which
often is very time consuming. In this respect, such a model is superior to the
conventional trial and error experimental approach to arrive at optimum design, and can
save large amount of efforts and experimental costs.

5. Example 2: reductive dehalogenation using zero-valent iron

Ž . Ž .It should be noted that the general model given by Eqs. 5 and 9 could be applied
to any class of reaction involving two-phase system involving reaction and mass transfer
of reactants and products between phases. However, each specific system would require
a different set of mass balance equations. We expect to change the kinetic mechanisms
and constants, mass transfer coefficients, partition models, and partition coefficients for
each case. In this section, we apply the general principles used earlier in the develop-
ment of model to the system of reductive dehalogenation of TCE using zero-valent iron
data from our laboratory.

5.1. Experimental

Batch runs were carried out in the laboratory for the degradation of TCE using
Žzero-valent iron. Known amount of 40-mesh electrolytic iron powder obtained from

.Fisher Scientific was added to 40-ml glass hypovials. The hypovials were then filled
with TCE solution of known concentration in deionized water, leaving no headspace and
were sealed immediately with caps containing Teflon-lined septa. In order to simulate
deoxygenated conditions, sodium bisulfite was added to the hypovials before sealing.

Ž .The hypovials were then placed in an incubator shaker 150 rpm allowing for complete
mixing. At different times, a set of two hypovials was removed from the shaker and
subsamples were transferred to vials for analysis. The detailed description about the
experimental procedure and analytical method used has been reported in our previous

w xpaper 13 .

5.2. Adaptation of mathematical model for the experimental system

Ž Ž . Ž ..In Section 4, we have shown how the model Eqs. 5 and 9 can be altered to suit
the gas–liquid system with reaction in liquid phase and mass transfer across gas–liquid
interface. The experimental system employed here is a zero-headspace system. Hence,
there is no gas–liquid mass transfer involved. However, due to the presence of solids
Ž .iron , adsorptionrsorption phenomenon needs to be considered. Sorption of TCE on

w xiron particles has been reported in literature 24 . It was observed that TCE sorption
occurs at two sites—reactive and non-reactive sites, and the majority of this sorption is
on the non-reactive sites. Further, this group of researchers has shown that the
adsorption of TCE to iron follows the modified Langmuir type isotherm given by:

Mwkb CŽ .TCEsC s 15Ž .TCE Mw1qk CŽ .TCE
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s w Ž .where C and C are the sorbed concentration nmolrg and aqueous concentrationTCE TCE
Ž .nmolrml , respectively. M, k, and b are generalized Langmuir coefficients. The values

Ž .of generalized Langmuir coefficients with 40-mesh Fe system were taken from
w xliterature 24 . The summary of these model parameters along with the experimental

conditions used to verify the model is given in Table 3. With the iron and TCE system,
w x Ž .it is reported 24 that the equilibrium sorption is achieved relatively fast within 2 h

compared to the slow rate of reaction. It was postulated that the iron sorbed to the
non-reactive sites cannot leave the surface and there is continuous regeneration of
reactive sites as the TCE degrades. We can thus consider two steps again, degradation

Ž .due to reaction and mass transfer sorption to these active sites. Therefore, the balance
Ž .for the solid phase Fe concentration of TCE can be written as:

dC s mTCE Fe s) w ssyk C m y k a V C yC 16Ž . Ž .Ž .intrinsic TCE Fe L w TCE TCEd t

Ž y1 .where m is the amount of iron in grams. k h is the intrinsic degradation rateFe intrinsic

constant of TCE for the reaction at the surface of zero-valent iron and k is the massL
Ž .transfer coefficient from bulk liquid to solid mrh . a is the effective mass transfer area

Ž .solidrliquid interphase, 1rm . For the simplification purposes, the rate of reaction on
the surface of iron was assumed to be first order with respect to the concentration of
TCE on the reactive sorption sites, C s ) . The first order rate expression with respect toTCE

aqueous phase concentration of TCE is well-documented in the literature. It should be
noted that C s ) is the concentration of TCE at the active reactive sites, whereas C s isTCE TCE

Žthe total concentration of TCE on the iron surface as the sorption takes place at both
.reactive as well as non-reactive sites . To date, no study has been reported in the

literature providing insight into the actual intrinsic degradation constant value at the iron
surface, k . Major reason for this data gap is the analytical difficulties involved inintrinsic

the experimental system. Without prior knowledge of k and the number ofintrinsic

reactive sites, above equation would be very difficult to solve. Therefore, in the
discussion that follows, we have simplified the analysis by assuming the equilibrium

Table 3
Model parameters used for zero-valent iron system

Parameter Value
a Ž .Initial TCE concentration 80 mgrl 0.61 mM

aŽ . Ž .Amount of Iron 40-mesh used m 10 gmFe
a Ž .Volume of aqueous phase V 40 mlw

c ck 0.0093 rhTCE
bb 882
bk 0.0207

bM 0.655

a Experimental conditions.
b w x Ž w s .Obtained from Ref. 24 for C and C units of nmolerml and nmolerg, respectively .
c Value obtained by fitting observed aqueous phase TCE concentrations to exponential fit.
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between solid and liquid phases, and introducing a new parameter A , called as thes

‘fractional active site concentration’, defined as:

C s)

TCE
A s 17Ž .s sCTCE

We also assume that there is quasi-equilibrium between the concentration in the liquid
Ž .and solid surface. Using this assumption, Eq. 16 can be written as:

d C s m V dC WŽ .TCE Fe w TCEssyk A C m y 18Ž .intrinsic s TCE Fed t d t

Ž .making use of Eq. 15 , the above equation can be written in the form of aqueous phase
concentrations as:

Mwkb CŽ .TCE
k A mintrinsic s FeMw wdC 1qk CŽ .TCE TCEsy 19Ž .

My 1d t wm Mkb CŽ .Ž .Fe TCE
V 1qw 2MwV 1qk CŽ .Ž .w TCEž /

5.3. Results and discussion

Ž .Eq. 19 was solved by numerical integration with the initial conditions and parame-
ters given in Table 3. One can see that there are two unknown constants here—the
intrinsic rate constant k , and the fractional active site concentration A . Asintrinsic s

anticipated, there were sets of these values for which the model concentrations matched
the experimental values. The sum of least square errors between experimental and
predicted concentrations was calculated for each such set. The surface plot of the error
vs. k , and A is shown as an inset in Fig. 6. One can see that the error reachesintrinsic s

minima at several values of k and A . It is interesting to note that, when the errorintrinsic s
Ž .is plotted against the product of k and A Fig. 6 , only one single minimum valueintrinsic s

Žwas obtained. Thus, for a given iron surface if the proper characterization techniques
.are available , using such error analysis one can find the intrinsic rate constant on the

surface of the iron. One should be careful in carrying out such analysis, because the
same product value can be obtained with different sets of k and A values,intrinsic s

although we have some limits on both these parameters. A , i.e. the fractional active sites

concentration can vary between 0 and 1. The observed rate constant k , obtained byobs

exponential fit of aqueous phase TCE concentrations, is a lumped parameter which takes
into account all the processes taking place on the surface of the iron and in the bulk of
the liquid. Because of various diffusion processes taking place in the bulk liquid and on
the surface of iron, this value will be lower than the actual intrinsic value. Indeed, we
observed that even with A s1, i.e., the entire surface of iron being assumed reactive,s

Ž y1 .the value of intrinsic rate constant obtained ;0.1 h was almost an order of
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Fig. 6. Error analysis between experimental and predicted concentrations in case of reductive dehalogenation
Žof TCE by zero-valent iron in zero-headspace system inset: surface plot of least square error against k intrinsic

.and A .s

magnitude higher than k . The comparison between predicted and experimentalobs

concentration profiles for minimum error point is shown in Fig. 7.
Ž .It is interesting to note that the overall concentration profile predicted by Eq. 19 ,

resembles the exponential profile, typical of the first order reactions. Thus, the overall
effect of all these adsorption, reaction processes is a pseudo-first order process, which is
well-observed in the literature. The reason for this will become clearer if we analyze

Ž .different terms in the Eq. 19 in terms of order of magnitudes. It can be seen that at low
w Žvalues of concentrations, the term kC , will be negligible compared to 1 asTCE

.ks0.0207 . Hence, for lower values of C:

1qkC w (1 20Ž .TCE

Further, as M-1, we can see that:
My 1 My1w wm Mkb C m Mkb CŽ . Ž .Ž . Ž .Fe TCE Fe TCE

1q (1q 21Ž .2M Vw wV 1qk CŽ .Ž .w TCEž /
using M, k, b, and m from Table 3, this becomes:Fe

My 1wm Mkb CŽ .Ž .Fe TCE My1 My1w w1q (1q3 C (3 C 22Ž .Ž . Ž .TCE TCEVw
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Ž .Thus, Eq. 19 can be simplified to:
Mw wdC kb C k A mŽ .TCE TCE intrinsic s Fe X wsy sk C 23Ž .Ž .TCEMy1wd t 3V CŽ .w TCE

Thus, at lower values of concentration, the overall degradation process resembles the
first order process. It can be seen from Fig. 7 that the agreement between the
experimental and modeling values is excellent at earlier times. However, at longer times,
the model predicts higher degree of degradation than that observed. The fact that the
model predicted degradation is higher than the experimental observation is further
illustrated by comparison of values of apparent pseudo-first order degradation constants.
The observed degradation constant reported for this particular experimental set up is

y1 w x Ž0.0093 h 13 value found by regressing the observed aqueous phase concentrations
. Ž .to first order decay expression . From Eq. 23 , the calculated value of apparent

Ž X. y1degradation constant k obtained is 0.0114 h . The difference between the two can be
explained as follows. In the analysis, we have assumed the value of A to be constants

throughout the course of experiment. But as the reaction proceeds, due to effects such as
Ž .pH change, etc., various precipitates such as siderite, iron hydroxide could be formed

on the surface of iron, and this would in turn change the morphology of the iron surface.
Thus, as the time progresses, A decreases owing to formation of these precipitates.s

Consequently, we observe lower rates of degradation. In addition, other factors such as
migration of TCE from nonreactive to reactive sites need to be considered.

Fig. 7. Reductive dehalogenation of TCE by zero-valent iron in zero headspace system. Symbols: experimental
Ž .initial TCE 80 mgrl, iron: 40 mesh, 10 gm, V s40 ml Line: prediction of model accounting for sorption.w
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We are currently in the process of incorporating the variation of A with time in thes

model.

6. Summary and conclusions

A two-phase kinetic model has been developed for the general class of reactions
involving reaction in one phase and mass transfer between two phases. The model has
been applied to the system of reductive dehalogenation of trichloroethylene. The model
predictions have been verified experimentally from literature results and our experimen-
tal data for two different systems involving reductive dehalogenation of trichloroethy-
lene. In the case of vitamin B , the model predicts the degradation process quite12

accurately over the entire time range, for most of the intermediates. With zero-valent
iron, we have illustrated how the sorption phenomena can be readily incorporated into
the model. A new concept of fractional active site concentration is introduced to
incorporate the differences in the sorption. The model also conforms with the observed
pseudo first order behavior of the system. To the best of our knowledge, this is the first
systematic effort to carry out the kinetic analysis of the reductive dehalogenation of
TCE. Using the example of trichloroethylene, it is shown how model can also be used to
arrive at future research directions in order to improve the overall effectiveness of the
process. Furthermore, such models can be combined with traditional transport theories to
determine monitoring protocols and evaluate remediation alternatives for specific con-
taminated sites.

7. Nomenclature

Ž y1 .a interfacial area per unit volume of solution m
A fractional active site concentrations

b Langmuir adsorption isotherm parameter
Ž .C initial concentration of TCE in aqueous phase molrl0

g Ž .C concentration of component i in gaseous phase molrli
w Ž .C concentration of component i in aqueous phase molrli
s ) Ž .C concentration of TCE at reactive sites nmolrgTCE
s Ž .C total concentration of TCE on the iron surface nmolrgTCE
w Ž .C concentration of TCE in aqueous solution nmolrmlTCE

k Langmuir adsorption isotherm parameter
X Ž y1 .k predicted apparent degradation constant h

Ž y1 .k degradation rate constant for acetylene hAC
Ž y1 .k degradation rate constant for 1,1-DCE h1,1-DCE
Ž y1 .k degradation rate constant for cis-DCE hci s -DCE
Ž y1 .k degradation rate constant for trans-DCE ht r an s -DCE

Ž y1 .k degradation rate constant for ethene hET
Ž .k mass transfer coefficient for component i mrhg, i

Ž 3 .k Henry’s Law constant for component i Pa m rmolH, i
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k app apparent degradation rate constant of species ii

k intrinsic TCE degradation constant on the iron surfaceintrinsic

k liquid solid mass transfer coefficient for TCE between water and ironL
Ž .mrs

Ž y1 .k degradation rate constant for TCE h in vitamin B systemTCE 12

k rate constant for formation of complex Ethynylcobalamin from TCETCE-complex

k rate constant for formation of 1,1-DCE from TCETCE-1,1-DCE

k rate constant for formation of cis-1,2-DCE from TCETCE- ci s -DCE

k rate constant for formation of trans-1,2-DCE from TCETCE- t r an s -DCE

k rate constant for formation of VC from TCETCE-VC
Ž y1 .k degradation rate constant for vinyl chloride hVC

M Langmuir adsorption isotherm parameter
Ž .m amount of iron gFe

Ž .V volume of gas phase lg
Ž .V volume of aqueous phase lw

Chemicals abbreÕiations
AC Acetylene
DCE Dichloroethylene
ET Ethylene
TCE Trichloroethylene
VC Vinyl chloride
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