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Abstract

A thermally enhanced pump-and-treatment method for pentachlorophenol (PCP)-contaminated soil and ground-
water has shown potential advantages over the traditional pump-and-treatment method. Studies on the desorption
kinetics of PCP from aquifer soil are the first step toward quantitative assessment of the newly proposed method. Five
series of desorption batch tests were conducted at different temperatures, and the test results were analyzed by linear
regression to determine the best-fit kinetic model for PCP desorbed from the contaminated field soil under all
temperature conditions. The first-order kinetic model, parabolic diffusion model, and modified Freundlich model were
discussed in linear regression work. A modified Freundlich model was found to describe the PCP desorption kinetics
from soil in consideration of a temperature effect. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The widespread use of pentachlorophenol (PCP) has
created tremendous amounts of soil contamination and
groundwater problems in the world. The global produc-
tion of PCP is upwards of 50 million kg, and about 80%
of this is used in the protection and preservation of
wood [1]. There are approximately 470 wood preserving
facilities in the US, most of which have PCP contam-
ination problems. In Taiwan, there are also several PCP
sites that need to be decontaminated. One of these
contaminated sites is currently under remediation.
Steam injection is one of the several proposed methods
to remediate this site.

The strong affinity of most chlorinated organic
compounds like PCP to the soil matrix in aquifers has
been known to reduce dramatically the remedial
efficiency of the traditional pump-and-treatment meth-
od. At Koppers Texarkana plant, a US EPA Superfund
site, it was estimated that $12.4 million would be needed
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to amend remedial actions for 30 years [2]. The
traditional pump-and-treatment process has been pro-
ven to be a time consuming process. The idea of a
thermally enhanced pump-and-treatment method was
then introduced to expedite the process of pump and
treatment. By injecting steam, groundwater temperature
is raised thereby increasing the solubility of PCP in
water. Studies by Archard et al. [3] showed that the
solubility of PCP in water is 21.4+ 1 mg/L at 25.1°C and
86.2+2mg/L at 46.8°C. PCP tends to show preference
for the aqueous phase than the soil matrix when the
temperature is raised and is removed faster when steam
is injected into the aquifer. Other methods of raising
groundwater temperature like electrode soil heating, hot
water injection or hot air injection, should also benefit
the progress of remedial pump-and-treatment work.
When applying any soil heating technique, understand-
ing the kinetics of PCP desorption from soil into water is
essential to assess the process of thermally enhanced
pump and treatment. Several studies of steam enhanced
extraction to remove volatile organic compounds
(VOCs) have been performed and have indicated
great removal rates [4,5], but very few studies have
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investigated the removal of semi-volatile organic com-
pounds (SVOCs) like PCP by thermally enhanced
extraction.

You and Liu [6] studied the effects of solution pH on
desorption isotherms of PCP in soil. They found that
desorption of PCP was enhanced when the solution
changed from acidic to neutral pH. For example, at pH
3.0, 80% of PCP was adsorbed in soil. At pH greater
than 7.0, less than 20% of PCP was adsorbed. They
confirmed that protonated PCP tended to be adsorbed
by soil and that acidity enhances adsorption because
acidic solutions protonate PCP. Mollah and Robinson
[7] studied the adsorption isotherms of PCP by activated
carbon and found an Arrhenius-type relationship for
various ranges of temperature.

The PCP-contaminated site in Tainan, Taiwan, is
currently under a feasibility study. Injecting steam into
the aquifer to heat the soil matrix seems to be a
promising remedial method. By developing the formulas
of desorption kinetics of PCP from soil, we are able to
understand the relationships of PCP concentration to
temperature and time. The formulas can then be
combined into a numerical model, which is still under
development, for steam injection.

2. Theory

PCP is a weak monoprotic organic acid. It dissociates
in water when the pH is higher than pKj,, the equilibrium
constant. The dissociation reaction can be written
as [1,8]

CsClsOH < C4ClsO”+H*, pK,=4.75at25°C. (1)

The distribution ratio of PCP adsorbed in the soil to
PCP dissolved in the aqueous phase can be expressed as
[7.8]

_ [C4CI5s0H] + [C4Cls07]

" [C¢ClIs0H],, + [C,Cls07 ], )

where the subscript s represents the soil phase and w
represents the aqueous phase.

Cristodoulatos and Mohiuddin [8] studied the effects
of soil and solution properties on the sorption of PCP by
natural soils. Five types of soils were used in the batch
tests of PCP adsorption isotherms. Cation exchange
capacity (CEC), ratio of organic carbon (f,.), percent of
fine grains in soil (f), and soil to solution ratio (SS) were
measured for each type of soil. Through correlation
analysis of these soil characteristics and solution pH
values, they proposed an empiric equation for K:

K 213.8(Ss)0,09(CEc)109(/')70‘6(]((')0)0‘47
- 1+ 10pH—-4.75 :

Among these five parameters, the pH of the aqueous
solution obviously dominates the distribution ratio

3)

when pH is higher than 4.75, as predicted by many
researchers [6,9].

Mollah and Robinson [7] studied the adsorption
isotherms of PCP by activated carbon. They found the
best-fit isotherm model when pH ranged from 6 to 11
and temperature ranged from 10°C to 60°C:

qg= 1 556625A5/T(pH)70.795 C, (4)

where ¢ is the concentration of PCP adsorbed on
activated carbon and C the concentration of PCP in the
aqueous phase. The adsorption energy was 5.2 kJ/mol.
Eq. (4) actually shows an Arrhenius-type relationship
for temperature. It was confirmed that raising the
temperature would enhance desorption of PCP from
activated carbon. We thus speculated that PCP in soil
would also follow the same type of relationship when
temperature varies.

Many adsorption and desorption kinetic equations
have been used by researchers [10-12]. Among these
models, three kinetic models are often used:

first-order kinetic model

log X = kyt, )
modified Freundlich model
Q = kCot"/™, (6)

parabolic diffusion model
X = Dt'/? + constant, (7)

where X is the ratio of mass adsorbed in soil, kg4 the
apparent desorption rate coefficient, ¢ the time lapse, Q
the concentration in soil phase, Cy the initial concentra-
tion in aqueous phase, k the adsorption or desorption
rate coefficient, m a constant and D the overall diffusion
constant. Eq. (6) was previously used to model adsorp-
tion kinetics [12]. Dividing both sides of Eq. (6) by C,
we obtained the desorption model:

X =ki'/m ®)

The first-order kinetic model has been often used to
describe film diffusion-controlled reactions [12]. Con-
formity to the parabolic diffusion model also suggests a
diffusion-controlled process and that either intraparticle
diffusion or surface diffusion is rate limiting [12].
Conformity to the modified Freundlich model suggests
that the energy of adsorption decreases exponentially
with increasing surface saturation [12,13]. Interactions
between the adsorbates may explain the decreasing
energy of adsorption with increasing surface saturation.
For adsorbed adsorbates, a decrease in the distance
between two adsorbed adsorbates increases the pertur-
bation potential [10]. At low surface saturation, the
adsorbed adsorbates tend to locate themselves so that
they have a minimum potential energy and require
maximum adsorption energy. With increasing adsorp-
tion, the distance between the adsorbed adsorbates
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decreases and the perturbation energy as well as the total
potential energy of the adsorbed adsorbates increases so
that the adsorption energy is reduced [13]. The modified
Freundlich model describes an initial rapid adsorption
reaction and decreasing adsorption rate with prolonged
reaction time. The initial rapid reaction rate has a high
adsorption energy associated with low surface satura-
tion. The slow reaction rate with prolonged time is
assumed to be the result of increased surface negative
charge, increased interaction potential, and decreased
adsorption energy [13].

3. Methods and materials

The soil used in the tests came from Tainan, Taiwan,
where a field steam injection pilot test was being
conducted. The soil was classified as gray silty sand
and identified to be free of PCP before use as the test
material. The percent of fine grains in the soil was 13%.
The porosity, total organic carbon, and cation exchange
capacity of the soil were 0.34, 6700 mg/kg, and 2.1 meq/
100 g, respectively. Clean soil was air-dried at room
temperature and then passed through a 2-mm sieve
before use. Pure PCP powder was purchased from
SIGMA. To prepare the PCP-spiked soil, SmL of
121.5mg/L PCP in acetone was mixed with 10 g of soil.
The spiked soil was vented for 16h to let the acetone
vaporize. The soil was then placed into a 20-mL brown
glass vial and closed with a Teflon-lined cap for 3 days
to allow enough time for PCP to be adsorbed onto the
soil matrix. A total of 30 g soil was prepared. Three soil
samples were analyzed to give an average soil con-
centration of 48.8mg/kg and standard deviation of
1.8 mg/kg.

Five groups of soil samples were prepared for batch
temperatures of 30°C, 45°C, 60°C, 75°C, and 90°C.
Spiked soil (0.50 g) was weighed and placed into each
15mL brown glass vial. Sodium perchlorinate (0.01 N)
was prepared by diluting equal parts of 0.1 N perchlor-
ine and 0.1 N sodium hydroxide to milli-Q water. The
final solution pH was adjusted to 7.0 with 0.1N
perchlorine and 0.1 N sodium hydroxide. Sodium
perchlorinate solution can also help to stabilize ionic
strength, in addition to pH adjustment.

At the start of the batch tests, approximately 15 mL of
0.01 N sodium perchlorinate solution was added to each
vial of soil sample. No headspace was allowed in any
vials so that the PCP could not vaporize when the
temperature was raised. The actual amount of solution
added was determined by weighing each vial and
subtracting the weight of the soil from the wvial.
Immediately after the solution was poured into each
vial, the vial was closed with a Teflon-lined silicone and
aluminum cap and was placed in an oven at a preset
temperature. For each group of vials, one vial was taken

out of the oven for PCP concentration analysis at
appropriate time periods.

Solution samples were taken from the vials using
syringe needles. Each sample was filtrated through a 0.2-
m PVDF syringe filter (MILLEX). To ensure complete
transformation of PCP into molecular form, the pH of
the filtered solution was lowered to less than 2.0 by
adding 1 mL of 0.1 N nitric acid. The solution was then
extracted with hexane and analyzed by GC-ECD. After
decanting the solution, 2g of Na,SO, and 10mL of
ethanol was added to the vials and the solution was
ultrasonically extracted for 9min. The extract was
filtrated through a 0.2-m PVDF syringe filter. The
filtered solution was mixed with 2-propanol at a ratio of
1:10 (v/v) and analyzed by GC-ECD. The residual
water content of soil in each decanted vial was assumed
to be saturated. Therefore, the real soil concentrations
were obtained by subtracting the mass in residual water
from the total mass determined by GC-ECD. The
recovery of extraction and analysis for this particular
soil was 98%.

The gas chromatograph used was HP 5890 Series II
Plus, using an HP-5MS, 30 m x 0.25mm x 0.25m capil-
lary column. The sample size was 11 in the splitless
mode. The operation conditions were the following: N,
carrier gas flow rate=2.0mL/min; temperature pro-
gram =80°C-310°C at 10°C/min, held at 310°C for
7 min; injector temperature=270°C; and detector tem-
perature =320°C.

4. Results and discussion

The results of PCP analysis for the soil and aqueous
phases are shown in Table 1. PCP concentrations in the
soil phase were adjusted to obtain the real concentra-
tions by subtracting the PCP mass in the residual water
phase. Mass balance was performed by adding the
residual PCP adsorbed in soil and the mass in the
aqueous phase to give the original soil concentration for
each vial. The calculated average original soil concen-
tration was 37.2mg/kg with a standard deviation of
12.9 mg/kg.

The results of mass balance were acceptable for PCP
[14], but it was noticed that the average original soil
concentration was 23% less than the concentration
determined prior to batch tests. The reduction in soil
concentration may have contributed to mechanisms like
biodegradation, photolysis, or vaporization of PCP
during the tests. Considering the handling difficulties
encountered when the soil temperature was raised, this
amount of reduction seemed to be reasonable. It was
very difficult to quantify the amount of reduction by
each mechanism because the effects of temperature on
these mechanisms have not yet been reported. To
disregard the uncertainties due to these mechanisms,



K.K.C. Tse, S.--L. Lo | Water Research 36 (2002) 284-290 287

Table 1

Results of PCP desorption kinetic batch tests (concentration units of PCP in soil and aqueous phase are mg/kg and mg/L, respectively)

Time lapse (h) Phases Temperature of batch tests
30°C 45°C 60°C 75°C 90°C
0.5 Soil 46.5 334 36.4 20.4 222
Aqueous 0.61 0.21 0.40 0.55 0.40
1 Soil — 18.4 19.9 20.1 14.6
Aqueous — 0.51 0.52 0.55 0.63
2 Soil 40.0 153 14.2 10.4 9.7
Aqueous 0.80 0.37 0.77 1.21 0.77
4 Soil — 9.4 12.9 8.5 10.4
Aqueous — 0.52 0.64 1.19 0.93
8 Soil 19.4 9.1 11.5 8.7 8.9
Aqueous 0.70 0.37 0.90 1.11 0.72
16 Soil — 6.5 — 4.1 —
Aqueous — 0.41 — 0.80 —
24 Soil 11.0 4.2 10.2 1.9 2.8
Aqueous 0.91 0.44 1.64 0.55 1.00
48 Soil 8.2 3.1 9.8 2.1 33
Aqueous 1.01 0.51 1.91 0.96 1.01
1 [ 1 r
09 € Batch test results 0.9 @  Batch Test Results
os k = First Order Kinetic Model og b n First Order Kinetic Model
07 Modified Freundlich Model 0'7 Modified Freundlich Model

Parabolic Diffusion Model

Residual ratio of PCP in soil

0 10 20 30 40 50

time lapse (hours)

Fig. 1. PCP desorption curve at 7=30°C

the residual PCP ratio in the soil was computed at the
base of total amount of PCP in the soil and aqueous
phases for each individual vial.

The batch tests for each temperature were conducted
at different time periods. The test was performed first at
30°C with five test vials and then at 60°C and 90°C with
seven vials each. Tests at 45°C and 75°C were performed
later with more vials to fill in the time interval.

Figs. 1-5 show the residual mass ratio of PCP
adsorbed on soil with time at temperatures 30°C,
45°C, 60°C, 75°C, and 90°C, respectively. These figures
showed that a higher temperature increased the rate of
PCP desorption. When the temperature was 30°C,
desorption reached equilibrium after 48h and the final
residual mass ratio was approximately 0.2. At 90°C,
desorption reached equilibrium after 24 h and the final

Parabolic Diffusion Model

Residual ratio of PCP in soil

0 10 20 30 40 50

time lapse (hours)

Fig. 2. PCP desorption curve at 7=45°C.

residual mass ratio was approximately 0.09. Tempera-
ture effects were obvious when the temperature was
raised above 60°C.

The results of the batch tests were analyzed by linear
regression with these three models, shown in Figs. 1-5.
The conformity between the experimental data and
the fit values of the model was expressed by the
coefficient of determination (+2). All 7> values for the
three kinetic models at the five temperatures are shown
in Table 2.

The first-order kinetic model did not show any
correlation with the experimental data according to the
low r? values. Even worse, when the temperature was
raised above 60°C, negative > values were obtained.
The poor conformity between the experimental data
and the first-order model may indicate that film
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Fig. 4. PCP desorption curve at 7=75°C.

diffusion-controlled reactions do not control the deso-
rption processes of PCP from the tested soil.

At 30°C, the parabolic diffusion model fit the
experimental data successfully with a 0.9673r% value.
However, when the temperature was raised above 45°C,
2 values began to drop below 0.8. When the tempera-
ture was higher than 75°C, 12 values were less than 0.7. It
seemed that the PCP desorption process was diffusion
controlled when the temperature was low, but when the
temperature was raised, other mechanisms began to
control the desorption process.

The modified Freundlich model fit the experimental
data well, according to Figs. 1-5 and the * values listed
in Table 2. For all five temperatures, the > values were
more than 0.9, except at 45°C and 90°C, where the />
values were 0.01 or less than 0.9. At 60°C, r? reached the

€ Batch test results
o Firgt Order Kinetic Model
Modified Freundlich Model
Parabolic Diffusion Model

Residual ratio of PCP in soil

20 30 40 50

time lapse (hours)

Fig. 5. PCP desorption curve at 7=90°C.

Table 2
Correlation coefficients (%) of three kinetic models at various
temperature

Temperature First order Modified Parabolic

(§©)] model Freundlich diffusion
model model

30 0.6006 0.9213 0.9673

45 0.6332 0.8902 0.7632

60 0.5624 0.9721 0.7312

75 0.5559 0.9217 0.6261

90 0.5253 0.8991 0.6878

highest value, 0.9721. Considering the heterogeneous
characteristics of field soil and uncertainty caused by
human error, the conformity is acceptable [15]. The
proposed theory of adsorption energy [13,10] can also
explain the PCP desorption from soil. Since the pH
values of the solutions in all tests were close to 7.0, we
expected the PCP ions to be the predominant forms.
When the PCP ions were initially desorbed from the soil,
the adsorption energy increased so that adsorption
became unfavorable and the desorption rate became
rapid. As the reaction time increased, fewer PCP ions
were adsorbed by the soil and perturbation among the
adsorbed ions reached a steady state, as did the
adsorption energy. The surface negative charge on soil
also decreased when more PCP ions were desorbed.
Thus, decelerated reaction rates were obvious with
increasing time.

Fig. 6 shows the plot of these parameters against
temperature and exhibits good linear regression between
temperature and model parameters. Substituting the
regression equations of k and m in Fig. 6 into the
modified Freundlich model, a desorption kinetic
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parameters.

equation, Eq. (9), is obtained:
X = (2.0—0.0044 T)!/(©026 T=1D) ©)

where T is the absolute temperature. The underlined
numbers in each parameter may vary due to the
experimental errors.

From the experimental data, desorption was observed
to increase with an increase in temperature, indicating
an endothermic reaction. The results also confirmed that
increased soil and groundwater temperature enhanced
desorption of PCP. It was more easily removed by the
so-called thermally enhanced pump-and-treatment
method.

The characteristics data of the tested soil were
substituted into Eq. (3) and the distribution ratio K
was calculated to be 13.7, which was close to the results
of the batch tests at 30°C at equilibrium, calculated to be
8.1, even though Eq. (3) was derived at a test tempera-
ture of 20°C. We thus confirm Eq. (3) to be a good
estimation for K at 20-30°C.

It is interesting to note that Eq. (9) follows the type of
Arrhenius equation in which temperature also appears
in the reciprocal of the exponential term, similar to the
results of a study on PCP desorption from activated
carbon conducted by Mollah and Robinson [7]. The
equation relating partition constant K, and free energy
[9] is
AG,

T (10)

where subscript 1 represents the soil phase and 2 the
aqueous phase, and the second law of thermodynamics,

an|2 = —

AG» = AHyp — TAS), (11)
AG» 1

= AHjp—— AS)>. 12

T 277 Siz (12)

R is the universal gas constant (=8.314J/K/mol), and
T is the temperature. AG», AHy, and AS), are the

y =-14709x - 10.767
R*=0.9706

G/T (J/mole/K)

60

00027 00028 0.0029  0.003 00031 0.0032 00033 0.0034

Reciprocal of temperature (1/K)

Fig. 7. Free energy of desorption divided by temperature vs.
the reciprocal of temperature.

difference of Gibbs free energy, enthalpy, and entropy
between the soil phase and aqueous phase. The data in
the last two rows of Table 1, representing the
concentrations of PCP in the soil and aqueous phases
at equilibrium at various temperatures, can be used to
calculate the energy change of each form.

The unit of the partition constant is usually L/kg. To
be used in Eq. (10), the partition constant had to be
converted to a dimensionless unit by assuming that the
density of solution was equal to 1kg/L. Furthermore, it
was assumed that most of the PCP ions were adsorbed
by the organic compounds in soil [9]; as a result, the
fraction of organic carbon in soil, 0.0067, was taken into
computation:

_ O(mg/kg) x 1(kg/L)

K= C(mg/L)x0.0067 (13)

Fig. 7 was plotted according to Eq. (12). The change
of enthalpy and entropy can be read easily from Fig. 7 as
—14.7kJ/mol and 10.8J/mol/K, respectively. To be
significant, the partition constant was often used in
adsorption reactions [6,9], where the adsorbates in the
soil phase were the products and the adsorbates in the
aqueous phase were the reactants. The same expression
was used in this study for consistence.

The negative enthalpy indicated that an increased
temperature favored PCP in the aqueous phase,
a similar conclusion to the study of PCP adsorbed
by activated carbon [7], in which they found the
adsorption energy as 5.2kJ/mol. The benefit of
groundwater heating was confirmed again. The
positive entropy indicates that, in nature, PCP prefers
the soil phase to the aqueous phase, and, as a
consequence, PCP is difficult to remove from soil in an
aquifer.

A field pilot study for steam injection is being
conducted in Taiwan. According to the current results
of pilot study, we estimated that the full-scale system
would cost US$ 50/m® of the treated aquifer. The
remediation period can be reduced from 13 years using
pure pump-and-treat method to 3 years with steam
injection system. The total treatment cost may increase
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from USS$ 500,000 to US$ 2,000,000. If the treatment
cost is acceptable, the advantages of thermal treatment
are obvious.

5. Conclusions

The desorption batch tests of PCP at various
temperatures can be described by a modified Freundlich
equation, which indicates that the energy of adsorption
increases exponentially with decreasing surface satura-
tion on the soil matrix, or, more precisely, on the
organic matter surface, as desorption proceeds.

The decrease in desorption was due to the decreas-
ing negative charges on organic matter, causing
the desorption rate to decelerate. The poor results of
linear regression by the first-order kinetic model
excluded the possibilities of film diffusion control during
desorption. The results of linear regression by the
parabolic diffusion model indicated that either intra-
particle diffusion or surface diffusion may be rate
limiting when the desorption temperature is 30°C.
However, when temperature is raised, intraparticle
diffusion or surface diffusion becomes less limiting.
Desorption of PCP from soil was confirmed to be
endothermic, as predicted, that an increasing tempera-
ture increases desorption of PCP. Adsorption energy
was found to be 14.7kJ/mol, a result similar to
the adsorption energy of PCP adsorption for activated
carbon, 5.2kJ/mol, in that they were in the same
order. There may be some correlation between these
two adsorption energies. Further researches have to
be performed to investigate the possibility of correla-
tion. The entropy change indicates that PCP in the
soil phase obtains greater thermodynamic freedom
and hence PCP prefers the soil phase to the aqueous
phase; thus it was difficult to remove PCP from the
aquifer. The desorption kinetic equation provided in
Eq.(9) will be used in future work on numerical
modeling of the thermally enhanced pump-and-treat-
ment method.
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