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Abstract

Immobilization of volative organic compounds (VOCs) in contaminated soils by solidifica-
tion /stabilization (S /S) processes is an attractive potential remediation process. The objectives of
this study were as follows: to evaluate S/S procedures, including a new process with a VOC
absorbent and silica coatings; to apply a straightforward and inexpensive analytical technique for
characterizing VOC behavior during processing; and to propose the expanded use of waste
materials such as contaminated soil, rice hulls, and shredded-tire particles. We investigated how
the adsorbents, absorbents and encapsulating agents can be combined to retard volatilization and
resist acidic aqueous leaching of toluene. The toluene released at each step of the S/S process
was determined by an accurate headspace analysis method. Results showed that combining
shredded-tire particles for absorption and sodium silicate for encapsulation is a promising method
for immobilization of toluene in soil.

Keywords: VOC immobilization; Soil remediation; Adsorption and absorption; Encapsulation;
Solidification /stabilization; Headspace analysis

1. Introduction

Solidification /stabilization (S/S) processes with cement have been widely applied
for the treatment of wastes containing toxic heavy metals before landfilling [1,2]. This
technology works satisfactorily for liquid and sludge wastes with up to 15% by volume
of organic contaminants [3]. Contaminated soils containing toxic metals can be treated
successfully with a cement-based S /S process. Toxic metals are chemically transformed
to harmless compounds, such as insoluble salts and hydroxides, which have slower
leaching rates than the original species [4]. After the cement sets, insoluble species are
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microencapsulated in a solid mass, and the product can be used as construction material,
such as road fill, hence eliminating disposal expenses.

Volatile organic compounds (VOCs) are frequently encountered in contaminated soils
where nonpolar VOCs are sorbed to the clay and organic matter [5]. Exposed to ambient
air, VOCs readily evaporate. Less reactive than metals in cement-based treatments,
VOCs are difficult to immobilize and can interfere with cement setting [6]. As a
preventive measure, organophilic clays and other patented materials are added as
presolidification agents [3,7,8]. Organic binders are used for physical encapsulation of
organic liquid waste and sludge, such as asphalt, polyethylene, polyesters, polybutadi-
ene, epoxide, acrylamide gel, and polyolefins [9].

Ordinary Portland cement (OPC) is widely used as the encapsulating agent for
inorganic (liquid and sludge) waste. When this technique is applied to VOC-con-
taminated soils, a minimum of 0.4 water /cement ratio [10] water must be available for
OPC hydration. If the original soil water content is less than the OPC requirement and
water is added, a significant amount of the adsorbed VOCs may be released to air
because water displaces VOCs from adsorption sites [11]. Adsorbents may improve
VOC adsorption, and decrease VOC desorption upon soil wetting. We have investigated
how various adsorbents, absorbents, and encapsulating agents immobilize VOCs in S /S
processes. In this study, OPC was tested as a VOC encapsulating agent. The low-cost
adsorbent, rice hull ash (RHA), was also tested as a presolidifying agent to improve
VOC retention and to avoid cement—VOC interaction during setting.

We propose a new approach to VOC immobilization wherein a low-cost VOC
absorbent, shredded-tire particles, is substituted for adsorbents. With such an absorbent,
VOC releases upon wetting are avoided. We suggest replacing the slow-setting OPC
commonly used as the encapsulating agent by an instantaneous silica precipitation from
sodium silicate solutions. Precipitated silica acts in two ways, as a particle coating agent
and as an adhesive that forms soil agglomerates.

Used tires are a national problem because about 240 million worn-out tires are
discarded in this country each year [12]. There is an urgent need for developing
applications to use such waste material. For instance, about 3 million scrap tires are used
as asphalt additives for road applications nationwide [13]. In a similar application,
contaminated soil is used with asphaltic emulsions for cold-process paving [14]. An S/S
treated product incorporating both contaminated soil and shredded-tire waste is, there-
fore, attractive for such applications.

The waste treatment industry has tried with limited success to apply S/S processes
with a variety of additives for immobilization of VOCs in contaminated soils [8,15].
Conner [10] reports that ““ virtually no credible data are available’’ for VOC immobiliza-
tion. Evaluation of immobilization of VOCs is difficult because of the volatility of these
compounds, and few data are available on VOC losses during processing. Leachability
of VOCs is often measured by the toxicity characteristic leaching procedure (TCLP)
[16], but seldom are data reported on the VOC content prior to S/S processing [8,10].
Weitzman et al. [17] measured the VOCs emitted to air by a cement-based S /S process.
It was observed that VOC emissions occurred mainly during mixing of waste and
additives, and that emissions during curing time (30 days) were the same regardless of
treatment.
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Equilibrium headspace analysis is an effective analytical tool to measure VOCs in
gas, liquid and sludge. Concentration of VOCs in leaching fluids from soil extraction
can also be determined by this method. A headspace gas chromatographic technique,
developed as a screening method for total VOC analysis in contaminated soils, was
comparable to a more expensive and tedious purge-and-trap gas chromatographic
method [5]. Lincoff and Gossett [18], using headspace gas chromatography, showed that
equilibrium partitioning in closed systems (EPICS) is an accurate technique to determine
Henry’s constant of VOCs in water. Garbarini and Lion [19] developed an equilibrium
headspace technique in closed systems to determine sorption of toluene and trichloroeth-
ylene from aqueous solution. In the current work, headspace analysis was applied as a
method to follow VOC behavior through each S/S step. The S/S procedures are
evaluated by measuring VOCs released to air in equilibrium with the treated waste, and
by determining the VOCs extracted from treated and untreated soil with an acidic
solution simulating acid rain and/or organic acids formed in landfills. We also applied
headspace analysis with EPICS to construct equilibrium adsorption and absorption
isotherms for gas and liquid phases.

The objectives of this study were (i) to evaluate a S/S procedure—commonly used
for toxic heavy metal—when applied to VOCs, (ii) to test a new approach using a VOC
absorbent and silica coatings, (iii) to apply a direct analytical technique for characteriz-
ing VOC behavior during processing, and (iv) to suggest the expanded beneficial use of
waste materials such as contaminated soil, rice hulls, and shredded tires.

2. Materials and methods

Yolo silt loam (Table 1) was adopted as the soil model for this study. A sample was
obtained from Horizon A of a UC Davis field location and dried in a greenhouse for 2
days. After drying, the soil was ground to 2 mm particle diameter. The resulting sample
was milled through a No. 10 ASTM standard sieve, and plant residues were eliminated.
Toluene, a common VOC soil contaminant, was chosen as the model contaminant
(Table 2). Shredded tire particles 2mm diameter size with particle density 0.95 gml
were provided by Champion Recycling Inc., Apple Valley, CA. A typical tire contains
62% (w/w) styrene—butadiene copolymer rubber, 31% carbon black (used to reinforce
the rubber), and small amounts of other components, such as extender oils, sulfur, zinc

Table 1

Physical characteristics of Yolo silt loam

Surface area 80.60m2 g~ !
Organic carbon 1.05%
pH 7.9
Sand 33%
Silt 49%
Clay 18%

Particle density 2.65gecm ™2
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Table 2

Physical properties of toluene

Boiling point * 111°C

K., (at20°0)® 490mlm! !
Water solubility (at 20°C) * 515mgl~!
Henry’s law constant ® (at 25°C) 0.0067 atmm? mol !
Vapor pressure (at 25°C) ° 28.44mmHg

2130]. ® [25].

oxide, and stearic acid [20]. Properties of the sodium silicate solution are in Table 3, and
characteristics of rice hull ash are in Table 4.

Sorption experiments for aqueous and vapor phases at 24°C were conducted to
evaluate VOC sorbents. The evaluation involved the construction of sorption isotherms
that were applied to VOC mass balances in headspace analysis. The volatility of VOC
compounds makes these chemicals difficult to quantify in experimental work, and
several replicate samples were needed for all the experiments.

2.1. Vapor-phase sorption experiments

To construct toluene vapor sorption isotherms, known amounts of toluene and sorbent
were combined in air-filled glass vials and allowed to equilibrate. Toluene headspace
concentration was analyzed at equilibrium by gas chromatography. Control samples with
various amounts of toluene and with no sorbent were used to construct a GC-response
calibration curve. VOC mass balances comparing the GC-response calibration curve
from empty vessels with sample vessels of the same internal surface area accounted for
toluene sorption to vial walls. The amount of toluene sorbed was found by subtraction of
the toluene in the headspace vapor from the original toluene added as:

X=M'—VECE (1)
where X = mass (mg) of VOC sorbed, M*'= mass (mg) of VOC added to the vial,
V& = headspace volume (ml), and C® = headspace concentration (mgml~!) calculated
from the calibration curve.

A rough estimate of VOC adsorption to vial walls was made from data for adsorption
on Pyrex® [21] for the worst-case scenario of relative vapor pressure (actual vapor

Table 3

Properties of sodium silicate solution *

Si0, 28.7%
Na,O 8.9%
Ratio SiO, , Na,0 3.22
H,0 62.4%
Density 1.38gcm ™3
Viscosity 180cp
pH (1% solution) 11.3

# PQ Corporation, Valley Forge, PA.
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Table 4

Representative characteristics of rice hull ash ?

Si0, 93.1%

K,O 2.3%

MgO 0.5%

Al O, 0.4%

CaO 0.4%
Fe,0, 0.2%
Na,0 0.1%
Ignition loss 2.77%
Carbon 2~-40%
Particle density 1.5-2.3gcm™3
Bulk density 2-4gcm”?

? OEC Corp., Williams, CA.

pressure /saturation vapor pressure, p/p°) equal to 0.95 (equivalent to 5800 ug
toluene /42 ml vial). For these conditions the mass of toluene adsorbed on the internal
surface of a 42ml vial was conservatively estimated to be 3 ug. The VOC adsorbed to
vial walls was only 0.05% of the amount added, and therefore adsorption to vial walls
was neglected.

The sorbents rice hull ash, tire particles, and Yolo silt loam were compared with a
strong adsorbent, activated carbon (S51 Darco, American Norit Company). Amber glass
vials (42ml, Fisher Scientific) were capped with septum-featured Teflon valves (no.
614163, 24 mm, Mininert® valve, Dynatech Precision Sampling, Co.). Various amounts
of liquid toluene (1-35 u1) were added with a Gastight® microsyringe to vials contain-
ing a carefully measured mass of sorbent (about 2g). Vials were slowly tumbled
end-over-end at 1 rpm for 48h to equilibrate [22]. Samples of the headspace vapor were
withdrawn with a Gastight® microsyringe and analyzed by direct injection into a gas
chromatograph (8500 series Perkin Elmer) equipped with a 30m X 0.53 mm Megabore®
column (no. 125-1334, DB-624, J and W Scientific) and a flame ionization detector
(GC-FID). An adsorption experiment was also conducted to confirm that no toluene
adsorbed on dried powder OPC.

2.2. Aqueous-phase sorption experiments

Similar to the vapor sorption experiments, we conducted measurements for toluene
sorption from an aqueous phase. Glass vials with known volumes of liquid and air, and
known mass of sorbent were injected with various amounts of liquid toluene. Control
experiments with the aqueous phase but no sorbent, and with no aqueous phase or
sorbent, were also conducted to construct a calibration curve. The VOC sorbed was
calculated in terms of M', the total mass of VOC added, V! and C', the volume and
concentration of the aqueous phase, and V2 and C8, the volume and concentration of the
gas phase,

X=M'-V!C'-vece 2)
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Table 5

Characteristics of the pyrolized tire carbon ?

Carbon 85.78%

Ash 8.46%

Volatile matter 5.31%

Moisture 0.45%

Specific surface area 458+0.5m%>g™!

2 Champion Recycling Inc. (Apple Valley, CA).

where C! (mgml~') was calculated from the dimensionless Henry’s constant (H,) for
toluene,

C'=C¥/H, (3)

Experiments with rice hull ash, tire particles, and Yolo silt loam were carried out in
42ml amber glass vials loaded with various amounts of each sorbent (up to 5g) and
20ml of the aqueous phase. About 2ml of headspace was allowed in each of the vials,
which were capped with Mininert® valves. The aqueous phase solution was prepared
with 5.7 ml glacial acetic acid and 64.3 ml of 1.0N solution of NaOH, diluted to 1.00 1
with reagent-grade water. This solution (pH = 4.93 + 0.05) in TCLP [16] is known as
extraction fluid no. 1 (EF no. 1). A volume of 14 ul of toluene was added to each vial
with a Gastight® microsyringe. The vials were rotated end-over-end at 30rpm for 24h
to achieve equilibrium [16], and samples of the vapor headspace were analyzed by
GC-FID. For the aqueous-phase adsorption experiments on soil, less than 3 1 of toluene
were added because wet soil is a poor adsorbent. Pyrolized tire carbon (Table 5), an
adsorbent produced by heat treatment of shredded-tire particles, was also tested for
comparison with the tire particles. Henry’s constants for toluene were calculated from
control samples containing either EF no. 1 or water, but not sorbents.

3. Stabilization / solidification procedures
3.1. Analysis technique

Headspace analysis was used to follow the behavior of VOCs during each step of the
fixation process. The analyses were performed to determine contaminant spiking level in
soil mixture, contaminant losses resulting from moisture and curing reactions, and
contaminant concentration in extract. The procedure was as follows.

3.2. VOC spiking level

Oven-dry samples of soil and dry additives, such as tire particles or rice hull ash, in
vials of known volume were spiked with a given amount of toluene. The amount of
contaminant sorbed was calculated by headspace analysis after 24h of end-over-end
tumbling at 1 rpm as

X, =M'~VEC? (4)



M.A. Arocha et al. / Journal of Hazardous Materials 51 (1996) 131149 137

where X, = mass of VOC sorbed, M ' = mass of VOC added, V£ = headspace volume,
and C} = headspace concentration. Subscript 1 stands for the initial spiking step. The
mass of VOC sorbed at this step, X,, was used to normalize the results at each
subsequent step of the S/S procedure.

3.3. VOC evaporation resulting from liquid additives and curing reactions

Water for cement hydration was added via microsyringe, and samples were allowed
to set. Headspace analysis gave the amount of VOC remaining in the soil after cement
curing,

X,=M'-ViC] (5)

where subscript 2 stands for the analysis after water addition and cement curing. The
VOC volatilized by water addition and cement curing was calculated as

%VOC volatilized = [( X, — X,) /X,] 100 (6)

3.4. VOC leached

The leaching procedure was accomplished by opening the vial, adding a volume V'
of extraction fluid, flushing out vapor in the headspace with compressed air, and capping
immediately. The total amount of toluene in the vials at the start of the leaching was the
amount X, sorbed by the soil in the spiking procedure. The samples were tumbled
end-over-end for 18 h at 30rpm. The headspace volume V§ during extraction was about
25% of the vial volume. The amount of contaminant released to the gas phase was
measured by headspace analysis and VOC mass balance,

X, +V/C; +VECE=X, @)

where subscript 3 refers to the analysis after the extraction procedure. The extract
concentration C; was calculated by Eq. (3). The VOC retained by the treated soil was
calculated from Eq. (7) by solving for X,. The percent of VOC retained and the percent
of VOC leached out by the extraction procedure were calculated as follows:

%VOCretained = ( X;/X,)100 (8)
%VOC leached = [( X, — X3) /X,]100 9)

To calculate the extracted amount by Eq. (9), the VOC released to both air and
aqueous phases were added, i.e. X, — X; = V,C} + VEC§. The amount of VOC released
to the gas phase during the extraction was about 10% (w/w) of the amount released to
the liquid phase.

The aim of the evaluation of VOC immobilization by equilibrium headspace analysis
was the comparison of the equilibrium partition coefficients, K, (VOC concentration in
the solid matrix /VOC concentration in the aqueous phase), for the treated soil and the
control samples. A larger difference between K, for the treated and untreated soils
implies a more effective immobilization process. The larger the value of this parameter
for the treated soil, the more likely the contaminant will be retained by the solid matrix.
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In S/S processing, waste isolation is not perfect because of the porosity and
imperfections of the encapsulating materials. During a leaching test, a fraction of the
total VOC present in the S /S product is isolated from leaching and does not participate
in the sorption—desorption equilibrium process during the aqueous extraction. This
fraction is either irreversibly sorbed to the solid matrix or is isolated from leaching by
the encapsulating agent. VOC retention is a consequence of the sorption capacity of the
solid matrix and physical isolation of the contaminant by the soil—fixative structure. The
apparent partition coefficient for the treated soil mixture, KiP, is a measure of
partitioning of the sorbed species between extract and solid matrix. The sorbed species
can be divided into two fractions, one in equilibrium with the extract and one of
immobile species retained by chemical reaction or physical encapsulation,

(xitx)/m _x/m  x/m
o O

K§P = (10)
where x; = mass of immobile species by encapsulation, x, = sorbed species in equilib-
rium, m = mass of soil mixture, C; = contaminant concentration in the liquid phase at
equilibrium.

Because physical adsorption is a reversible process, we wish to know how much
VOC retention after the leaching test is a result of the physical sorption capacity of the
sorbents. For this purpose, a sorption partition coefficient Kj3°P, resulting from re-
versible physisorption, can be calculated,

x,/m
Co

K3 = (11)
where x, = calculated mass of VOC sorbed by the mixture, m = total mass of soil
mixture, C; = experimental contaminant concentration in the extract at equilibrium. The
mass of VOC sorbed by the mixture, x, is calculated from the sorption isotherm or
from the sorption equation for the particular sorbate—sorbent. For a linear sorption
isotherm, the usual case for sorption in aqueous systems in small concentrations, Eq.
(11) applies. Combining Eq. (10) and Eq. (11) gives
(xi+xs)/m xi/m

KPP =g - + K (12)
L

which allows a comparison of K°® and Ki*® and shows the effect of reversible
physical sorption on the total VOC retention.

4. Treatment with cement and rice hull ash

Two treatment experiments were undertaken for two conceptual models of encapsula-
tion in cement-based treatment processes. The first model was based on occlusion of soil
pores by a small amount of ordinary Portland cement (4% w /w). The second was based
on forming a uniform coating on soil surfaces by a large amount of cement (20% w/w).
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4.1. Small cement content

4.1.1. Spiking step

A 2 g sample of air-dried soil (about 2% moisture content) was weighed and loaded
into 42ml amber glass vials. Ordinary Portland cement and rice hull ash were mixed
with the soil and the vials were capped with Mininert® valves. For all the S/S
procedures described below, samples were spiked with 4 u1 (3460 ug) of liquid toluene
and slowly tumbled for 24h at 1 rpm to achieve toluene vapor-soil adsorption equilib-
rium. After this period, headspace analysis was performed to determine the amount of
toluene adsorbed by the mixture, which depends on soil and rice hull ash content.

4.1.2. Soil sterilization and fixatives mixing

The porosity of the cured-cement layers on soil particles is affected by the amount of
water available. The effect of water content on toluene fixation was evaluated by
analyzing toluene leached in mixtures where 4, 7 and 10% water was added (the
air-dried soil already contained 2% moisture). Water was added as a 2.5% mercuric
chloride (HgCl,) solution to prevent toluene biodegradation [23]. In one sample set,
water without mercuric chloride was used to study the possibility of toluene biodegrada-
tion and /or mercuric chloride—cement setting interaction. The samples were hand-shaken
after the addition of each drop to minimize the formation of soil aggregates. After all
fixatives were added, the samples were tumbled overnight and then allowed to stand for
different periods of time (7, 14 and 28 days) to study the effect of setting time. Toluene
photodegradation was prevented by keeping soil samples in a closed box during setting
time to avoid ultraviolet light exposure.

4.1.3. Soil leaching

TCLP is the standard leaching procedure to test immobilization of organic (VOCs
and nonvolatile compounds) and inorganic analytes in liquid, solid and multiphasic
wastes [16]. This procedure was not applicable in the present study because TCLP
cannot be used to monitor VOC behavior through each step of S/S. An evaluation of
TCLP to test VOC immobilization was described by Arocha [22]. We adopted a
headspace gas chromatography procedure. After the required setting time, samples were
leached with EF no. 1. Treated soil (2.2 g) in the original 42ml vials was mixed with
30ml of extraction fluid to allow 10ml of headspace. After extraction fluid was added
as described above, samples were mixed vigorously by hand for a minimum of 3 min
and tumbled end-over-end at 30rpm for 18h. Analysis of the headspace yielded the
amount of toluene released to the vapor phase. The percent of toluene leached was
calculated by Eq. (9). In this procedure extract is not filtered from the soil sample and
the three phases—air, extraction fluid, soil mixture—interact. When Henry’s constants
for the VOCs in the extraction fluid are known or can be estimated, this extraction
procedure is an attractive alternative to the more complex purge-and-trap GC analysis.

4.2. Large cement content

Experiments with 20% cement were similar to those described above. Five replicates
were tested with 66.9% oven-dried Yolo silt loam, 20.1% cement, 5% rice hull ash, and
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8% water. After initial mixtures were spiked with 4 ul toluene, samples were allowed to
set 28 days to cure the cement.

5. Treatment with sodium silicate and shredded-tire material

We considered how a silica coating could be formed on soil and rubber surfaces to
encapsulate sorbed VOC. Silica coatings can be deposited on substrates by acid
neutralization of soluble potassium and sodium silicate solutions [24]. The approach was
to mix shredded-tire particles (10% w/w) with contaminated soil (90%) so that VOCs
would absorb into the tire particles and desorption would not occur during subsequent
wetting. After VOC absorption was completed, we applied a silica coating to soil and
tire particles with 30% by weight of a sodium silicate solution (14.35% w/w as silica).
Because water does not wet rubber surfaces, a 10% dilute solution of ionic surfactant
was initially applied to facilitate ST wetting, and to furnish the acidic medium for silica
precipitation from the sodium silicate solution. The surfactant formulation used through-
out this work was citric acid 4%, dodecyl benzene sulfonic acid 5%, and ethanol 4%, all
dissolved in water [24]. To complete the experiment, the treated soil samples were
leached with EF no. 1 by the same procedure described above. Control experiments
were also done with soil or tire particles only.

An experiment was conducted to measure the effect of the surfactant on the toluene
Henry’s constant using the same ratio (surfactant/EF no. 1) as in the leaching
experiments. The aim was to determine whether toluene partitioned into the organic
constituents of the surfactant, particularly into a micelle phase. If toluene solubility
increases as a result of the surfactant, a decrease in VOC might be expected in the
headspace volume, which could be erroneously attributed to VOC fixation in the soil
matrix.

6. Is the silica coating impermeable to VOC transport?

To answer this question, soil and ST particles were coated with silica from a sodium
silicate solution and a sorption experiment was conducted to study the coating perme-
ability of the solidified layer to VOC vapors. Coated soil and ST particles were
compared to untreated samples. In this sorption measurement, VOC was added to the
headspace above the coated particles and the headspace was sampled to determine
uptake of VOC.

Two methods were used to coat soil particles (0.833—1.168 mm diameter) by silica
precipitation from a sodium silicate solution. In the first, an application of 20% (w/w)
of surfactant was followed by the application of 30% of a sodium silicate solution (29%
as silica). The surfactant formulation was the same as described above. The second
method used 20% of an acetic acid solution (50% by volume acetic acid dissolved in
water) followed by 60% of a sodium silicate solution (14% as silica). In both cases, the
amount of sodium silicate applied (calculated as dried silica) was the same (8.6%).
Coated and uncoated particles were oven dried for 24h at 50°C to evaporate ethanol,
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acetic acid and water, and allowed to cool overnight to achieve air-dried soil moisture
conditions. Samples placed in two 42ml amber bottles with Mininert® valves were
equally spiked with 4 w1 of toluene and tumbled for 24h at 1rpm. Vapor headspace was
analyzed by GC-FID. Tire particles were treated by one and three surfactant—silicate
applications.

7. Results and discussion

With the exception of Yolo silt loam, the tested materials were good sorbents for
toluene (Figs. 1 and 2). At low relative vapor pressure, p/p°, rice hull ash showed
better sorption for toluene vapor than did tire particles, but at large relative vapor
pressure, tire particles were the superior sorbent. The isotherm for tire particles was
linear up to p/p° = 0.45, and its slope decreased at higher p/p° (not shown in Fig. 1).
The shredded-tire particles showed a larger toluene sorption capacity than did the
pyrolized tire carbon. The low toluene sorption from an aqueous phase by Yolo silt loam
alone is significant evidence that adding VOC sorbents can decrease leaching and
emission. The toluene partition coefficient for tire particles in the air phase was 1.03
(£0.12) X 10> mlg™! (average + standard deviation), and in the acetic acidic solution,
277 + 14mlg~". The dimensionless Henry’s constants for toluene at 25°C were 0.288
+ 0.006 for air/EF no. 1, and 0.267 + 0.007 for air/water. Hine and Mookerjee [25],
and Garbarini and Lion [19] reported similar values of 0.274 and 0.261, respectively.

Cement in the S /S process might block soil pores or form a coating on soil and rice
hull ash particles and thus retard VOC desorption. The results, however (Fig. 3), show
toluene retention was mainly a result of the rice hull ash adsorption capacity rather than
cement encapsulation. Rice hull ash by itself under equilibrium conditions retained about

8

-
[~3

SORBED CONCENTRATION
{mg toluene/g sorbent)

0.0 0.2 0.4 0.6 0.8 1.0
RELATIVE VAPOR PRESSURE, p/po

Fig. 1. Toluene vapor sorption on various sorbents. ST = shredded tire particles, RHA = rice hull ash.
Experimental data for ST sorption greater than 30mgg ™" are not plotted, but are indicated by the straight line.
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'3' H
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§
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a 8
2E
0.0 0.1 0.2 0.3 0.4
EQUILIBRIUM LIQUID CONCENTRATION
(mg toluene/mL EF#1)

Fig. 2. Toluene sorption on various sorbents from an aqueous phase. Values for activated carbon (AC) were
obtained from [31]. PTC = pyrolized tire carbon, RHA = rice hull ash, ST = shredded tire particles. Experi-
mental data for ST sorption greater than 30mgg~"' are not plotted, but are indicated by the straight line.

30% of the toluene. For samples after 7 days setting time, the results suggested that
cement was detrimental to toluene retention because the total toluene retained was less
than 30%. Toluene retention increased in the soil mixture with increasing setting time
(Fig. 4). After 28 days setting time, the total toluene retained reached 39%, which was
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&g retained

Fig. 3. Effect of composition; samplies set for 7 days.
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Fig. 4. Effect of setting time; samples were prepared as 5% RHA, 4% OPC and 7% water.

9% more than rice hull ash adsorption. This indicates that toluene was readsorbed and
immobilized by cement during the curing process. For long curing times, the cement
appears to act as a barrier to VOC desorption. The mixture water content did not have an
effect on VOC immobilization (Fig. 5). Initially water displaced a significant amount of
toluene from adsorption sites (about 50%, according to the mass balance), but a further
increase in water content did not cause greater toluene volatilization nor improvement of
toluene retention. The presence of mercuric chloride as a biocide had no significant
effect on sorption.

Increasing cement from 4 to 20% did not improve toluene retention (Fig. 6). Portland
cement improved retention by about 10% when compared with treatment by sorbents
alone. Toluene retention during wetting was the result of rice hull ash, and not related to
cement (Fig. 3). Adding rice hull ash or other suitable adsorbents will increase toluene
holding capacity, both during soil treatment and during leaching tests. These results,
indicating that cement is limited in preventing leaching and emissions of VOCs,
supported the findings of Weitzman et al. [17] on VOC air emissions from contaminated
soils treated with a cement-based S/S process.

The VOC releases during addition of water in the cement-RHA treatment were up to
50% for a 1500mgkg~' toluene-contaminated soil with 2% initial moisture. We
considered that these large releases could be avoided by using a VOC absorbent such as
tire particles instead of a VOC adsorbent such as RHA or activated carbon. VOCs
absorbed by tire particles are not desorbed during soil wetting because they are
dissolved in the rubber matrix instead of adsorbed at surface sites where they can be
displaced by water. This was demonstrated by allowing toluene to absorb into ST
particles in a 42 ml vial, and then adding water. The amount of toluene in the headspace
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Fig. 5. Effect of water content; samples were prepared with 5% RHA and 4% OPC; samples set for 7 days.

WATER CONTENT

(measured by GC-FID) did not change upon addition of water. In contrast to adsorbent
behavior, no VOC desorption occurred upon wetting of the tire particles. These findings
were further confirmed by the evaluation of the silica—tire particles treatment.

100 [ T

47+4 4011 7812

%TOLUENE
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Fig. 6. Comparison of low and high cement content; samples set for 28 days.
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The comparison of the sodium silicate—shredded tire process with the cement-based
treatment (Fig. 7) showed little desorption resulting from surfactant and sodium silicate
addition to the samples containing tire particles. Desorption was greater in the samples
containing no ST. The small amount of toluene desorbed (2%) from the samples
containing soil and ST was from toluene sorbed to the soil matrix. A calculation based
on the ST /EF no. 1 partition coefficient shows that 31% of the toluene retained by the
soil—-tire particles mixture results from toluene absorption capacity of the tire material.
The 50% difference between 81% (total toluene retained) and 31% (calculated toluene
absorbed by shredded tire particles) was attributed to encapsulation by the silica coating.
The soil without shredded tire particles, processed with the surfactant-silica treatment,
had significantly improved retention (37%) compared to soil with no treatment (3%).
Silica precipitation on soil particles can form a silica coating on soil and rubber
particles, or it can cause particle agglomeration by adhesion to form larger particles.

The permeation of toluene through silica layers was reduced, so that coated soil
samples showed less toluene adsorption than did untreated samples (Table 6). Relative
to the uncoated material, a single silica application decreased the VOC adsorption by
50%, and two applications decreased toluene adsorption to less than 25%. The acetic
acid solution alone sufficiently wetted the soil surfaces to allow silica encapsulation,
verifying that surfactant addition was unnecessary. Also, treatment with acetic acid
formed larger agglomerates than the soil clusters obtained with the surfactant treatment.
Toluene uptake was unaffected after one and three surfactant—silicate treatments on tire
particles in the absence of soil (Table 7). The silica-coated tire particles, when viewed
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211 reatment 5%1
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] volatilized COMPOSITION
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Fig. 7. Evaluation of the shredded tire waste and sodium silicate process. Sample set for 28 days for the OPC
treatment and 24h for samples with the silica treatment.
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Table 6

Toluene adsorption on silica(SiO, )-coated soil particles

Treatment (Si0, + seil) /soil w/w Percent toluene adsorbed ®
20% surfactant 1.1+£0.0 44+ 4

30% sodium silicate (28.70% silica)

20% acetic acid (50% conc.) 1.2+0.0 3244

60% sodium silicate(14.35% silica)

20% acetic acid (50% conc.) ? 1.3 17

60% sodium silicate(14.35% silica)

No treatment 1.0+£0.0 7343

? A single sample was treated with two sodium silicate applications.
v Samples were spiked with 4 ] toluene and analyzed by GC-FID after 24h.

through a light microscope, showed some uncoated regions. These regions were
probably caused by crazing and shrinkage [26] of the silica layers, or by regions where
no reaction occurred on the rubber surface. This demonstrated the importance of
satisfactory adhesion to the rubber surfaces for the silica to provide an impermeable
barrier to VOC.

Recommendations [27] for preparing solid layers from organic solutions, such as
silica layers from methyl or ethyl orthoesters in alcohol, apply to silica layers formed
from aqueous sodium silicate solutions. To prepare a solid homogeneous layer from
organic liquid films, the soil and rubber particles must be wetted by the solution. Even
with the addition of wetting agents, this condition is met only if the substrate surfaces
are sufficiently clean. The tire particles used in our experiments were ground from
original tires without removing oil and impurities. Surface substrate roughness can also
prevent a consolidated layer, for example, substrate surface scratches having an average
depth of more than 10 um can cause disturbances in the silica layer [27]. Another
possible problem is the drying of the silicic acid gel film to form a nonhomogeneous

Table 7
Toluene absorption into silica-coated shredded tire particles
Treatment One coating Three coatings
(SiO, +ST)/ST Percent (Si0, +ST)/ST Percent
w/w toluene w/w toluene
absorbed ? absorbed *
20 wt.% surfactant, 1.1+£0.0 97.840.1 23403 96.8+£0.6
30wt.% sodium

silicate solution with
28.70 wt.% silica
No treatment 1.0 98.2 1.0 97.8

# Samples were spiked with 4.l and Sul toluene for the one-coating and the three-coating procedures,
respectively.
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coat of SiO,. Moreover, silica layers deposited on some substrates, such as glass, are
porous [28,29]. Porous films are, therefore, expected for silica coatings on soil and
rubber particles. These potential difficulties suggest that in the silica-shredded tire
treatment, silica reduces the available surface area for VOC desorption by closing soil
pores and by particle agglomeration rather than by forming a VOC-impermeable capsule
around individual particles. Tire rubber particles, which are the actual VOC reservoirs
after VOCs migrate from soil, were observed trapped among soil clusters during
treatment. Therefore, improving mechanical strength of silica—soil-rubber agglomerates
should lead to slower leaching rates.

Two idealized goals motivated this study: VOCs should not be emitted to air during
and after solidification/stabilization processing of contaminated soils, and VOCs should
not be released during the acidic extraction of treated soils. Both conditions are
idealizations because of the volatility of VOCs, but they suggest a practical question.
How much of the toluene initially present in the contaminated soil can be released
during treatment and leaching for a process to be considered acceptable? An equilibrium
analysis of the leaching process allows an estimate to be made by considering the
toluene partitioning between the treated soil and the extraction fluid. For waste extrac-
tion, the US EPA regulatory limit for toluene is 14.4mgl~" of extract by TCLP [10].
The soil agglomerates with 14% of dried additives (10% shredded tire particles and
43% silica coating) from an initial 1600 mg kg™' toluene-contaminated soil
(1400 mgkg ™! toluene—soil mixture) had a partition coefficient (soil mixture /extract)
of 72+ 11mlg~" (Table 8). The extract concentration was 16mg1~" toluene, slightly
beyond the regulatory limit of 14.4mg1~ . For these conditions, the partition coefficient
of the treated soil would have to be greater than 77mlg~" to meet the TCLP extract
concentration regulatory limit. Increasing the fraction of shredded tire particles in the
given mixture would easily allow US EPA limits to be met. As shown in Table 8, the
soil sample without treatment had a small partition coefficient (2.7mlg™!), while the
silica-treated soil with and without tire particles had values of 72 and 43mlg~',
respectively. Thus the silica—tire particle treatment shows promise as a solidification /st-
abilization process for VOCs in contaminated soils.

Table 8
Solid-liquid partition coefficients, K, for leaching experiments
Treatment Toluene C, K, KPP K
spiking level (pgtolml™'  (mlg="?* (mlg™") (mig™H
before the extract)
extraction step
(ppm)
Low OPC content (4% OPC) 1680+ 17 17.6+ 1.6 2.7 26 28+4
High OPC content (20% OPC) 1230+ 60 12910.1 2.7 39 44110
Silica—surfactant (10% ST) 140545 16.0+0.2 27 28 72411
Silica—surfactant (100% soil) 708 +38 124+1.4 2.7 2.7 43+6

? Distribution coefficient for the plain soil without treatment.
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8. Conclusions

Most of the current immobilizing and encapsulating agents in solidification /stabiliza-
tion processing require water (e.g. cementitious and pozzolanic materials) or are
dissolved in water (silicate solution, asphalt emulsion, etc.). The problem is that water
displaces VOCs adsorbed on soil. Shredded tire waste, which has excellent sorption
properties for VOCs, is an inexpensive sorbent that can immobilize VOCs during
treatment of contaminated soil with an encapsulating material. Encapsulation by silica,
an economic and environmentally safe material whose physical and chemical character-
istics resemble soil, provides a VOC impermeable coating of the soil-sorbent mixture.
Headspace analysis is a straightforward, accurate and inexpensive method to test VOC
immobilization and evaluate VOC retention in S /S processes.
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