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The effects of relati®e humidity on sorption and the diffusion of ethyl bromide in
kaolinite and montmorillonite pellets were in®estigated by the one-sided single-pellet
moment technique. Montmorillonite demonstrated a higher water affinity than kaolinite,
causing a sharper decrease of the ethyl bromide adsorption equilibrium constant with an
increase of relati®e humidity. For montmorillonite, most of the acti®e sites are co®ered
by water e®en at relati®e humidities of 8%, and adsorption of ethyl bromide on the
gas ] water interface controls the sorption process. For kaolinite, howe®er, adsorption on
gas-to-mineral, gas-to-water, and water-to-mineral surfaces contributes to the sorption
process. Effecti®e macropore diffusi®ity of ethyl bromide in montmorillonite showed a
decreasing trend with increase in relati®e humidity. This is due to high water uptake of
montmorillonite and the corresponding change in pore structure. No such change was
obser®ed for kaolinite.

Introduction

Contamination of soil subsurface and groundwater by
Ž .volatile organic compounds VOCs is a major environmental

problem. Adsorption of chlorinated and brominated volatile
hydrocarbons in soil has attracted significant attention in the

Žliterature Chiou and Shoup, 1985; Thibaud et al., 1992; Cab-
.bar et al., 1994 .

Adsorption on the mineral surface and partitioning into the
soil organic matter significantly retard the migration of
volatile organic pollutants in soil. The type of clay, moisture,
and organic content of the soil determines the sorption

Žcapacity and also the migration rate Unger et al., 1996;
Batterman et al., 1995; Chiou et al., 1988; Valsaraj and

.Thibodeaux, 1988 . In the presence of moisture, water is
expected to compete with VOC for sorption on the mineral
surface, and consequently to reduce the sorption of gaseous

Ž .organic species Smith et al., 1990; Rao et al., 1989 .
Depending upon the moisture content and the composition

of the soil, water may exist as films covering pore surfaces, it
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may fill the micropores of the clay minerals and even macro-
pores of the soil aggregates, and it may be adsorbed or con-
densed, blocking the pore mouths. In the work of McCoy and

Ž .Rolston 1992 four different mathematical models were
presented for partially saturated soil aggregates based on
capillary tubes, porous and nonporous particles, and porous
particles with water-filled pores.

In the analysis of sorption of organic gases onto a partially
saturated soil, adsorption onto dry mineral surfaces, dissolu-
tion into adsorbed water films, and adsorption on the
gas]water and water]solid interfaces should be considered.

Ž .In the recent work of Unger et al. 1996 different possible
mechanisms of sorption onto a moist soil were discussed. In
many cases, linear equilibrium relations were assumed for
VOC adsorption on the gas]mineral surfaces, and Henry’s
law was used for dissolution into the liquid film.

Condensation of organic vapors in the micropores and par-
titioning into soil organic matter should also be considered in

Žthe modeling of the sorption process Pennell et al., 1992;
.Chiou and Shoup, 1985 . In the recent paper of Pignatello

Ž .and Xing 1996 rate-limiting factors that determine the sorp-
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tion rate of organic chemicals to natural particles were criti-
cally reviewed. Diffusion through the natural organic-matter
matrix and diffusion through intraparticle micropores of
nanometer size contribute to the slow sorption of organic va-
pors on soil. In the case of thick water films and water-filled
micropores, hindered diffusion of organic species may also be
a rate-determining step in the adsorption and desorption
processes.

Swelling of some clays, such as montmorillonite, is another
important factor influencing the transport and sorption of or-

Ž .ganic vapors in soil Chen et al., 1987 . Pore structure of
montmorillonite was shown to change considerably with an
increase of total surface area in the presence of water due to

Ž .swelling Altın, 1997 .
Gas chromatography techniques are frequently used for the

investigation of adsorption parameters. One of the earliest
articles on packed-bed chromatography for the investigation
of adsorption equilibrium and rate parameters was by

Ž . Ž .Schneider and Smith 1968 . Thibaud et al. 1992 developed
a frontal analysis chromatography technique to investigate the
adsorption equilibria of volatile organics on soil. They deter-
mined adsorption isotherms of several organic contaminants
with this procedure. More recently, the single-pellet moment
technique, originally developed for the investigation of diffu-

Žsion and adsorption in catalyst pellets Dogu and Smith, 1975,˘
.1976 was modified and applied to investigate adsorption and

Ždiffusion of volatile organic contaminants in soil Cabbar et
.al., 1994, 1996; Dogu et al., 1993 . In these studies reversible˘

and irreversible adsorption of benzene and some chlorinated
volatile hydrocarbons on dry clay and clay]humic acid com-
plexes was investigated.

The new one-sided single-pellet moment technique pro-
Ž .posed by Dogu et al. 1996 was shown to be an effective˘

method for the investigation of adsorption in soil pellets. In
the present study, this one-sided single-pellet dynamic proce-
dure was modified to investigate adsorption and pore diffu-

Žsion of ethyl bromide in different clays kaolinite and mont-
.morillonite at different relative humidities.

One-Sided Single-Pellet Moment Method
Ž .In this technique, a porous adsorbent soil pellet is placed

Ž .into the one-sided single-pellet adsorption cell Figure 1 . The
upper-end face of the pellet is exposed to a flow of an inert

Ž .gas helium . The cell is designed so that the chamber above
the pellet is perfectly mixed and the film mass-transfer resis-
tance between the gas and the upper face of the pellet is

Figure 1. The one-sided single-pellet adsorption cell.

negligible. Details of the method and the single-pellet cell
Ž .are published elsewhere Dogu et al., 1996 . For the evalua-˘

tion of adsorption parameters, pulses of an adsorbing tracer
Ž .ethyl bromide in the present work were injected into the
carrier gas flowing through the upper chamber and the re-
sponse peaks were detected in the exit stream. Then the mo-
ments of the response peaks were used for the evaluation of
adsorption equilibrium and rate parameters on the porous
sorbent.

Experimental values of the moments were determined by
the numerical integration of Eq. 1,

`
nm s t C dt . 1Ž .Hn A

0

First and second moment values also include contributions
due to dead volumes in the injection and detection lines. To
correct for these contributions pulse-response experiments
were repeated with an impermeable Teflon plate placed over
the pellet, and the moments corresponding to the top cham-

Ž .ber were also determined Dogu et al., 1996 .˘
Moment expressions derived for inert, reversibly, and irre-

Žversibly adsorbed tracers were reported before Dogu et al.,˘
.1996 . In several adsorption studies with soils, a local adsorp-

tion equilibrium assumption was made for the fluid and
adsorbed phase concentrations. Some of the adsorption]
desorption processes are rather slow and some irreversible

Ž .adsorption is also possible Dogu et al., 1993 . Within the˘
time scale of a pulse-response experiment, reversible and ir-
reversible adsorption processes may simultaneously take place
at different sites in the soil matrix. For such a case, the species
conservation equation within the porous soil pellet can be
expressed as

­ C ­ 2Ci i
e q r K s D y r k C . 2Ž .Ž .p p i e p a i2­ t ­ z

Here, the linear adsorption equilibrium and linear irre-
Ž .versible adsorption rate second term on the righthand side

relations are assumed. At low concentrations of tracers such
linear adsorption relations are usually justified. The bound-
ary conditions and species conservation equation in the up-

Ž .per chamber are the same as reported by Dogu et al. 1996 .˘
ŽFor an adsorbing tracer simultaneous reversible and irre-

. Ž .versible adsorption the zeroth moment expression m ,0
which corresponds to the area under the response curve, is

m 1 D A0 t e
s1q z L tanh z L , 3Ž . Ž . Ž .ž / ž /m F L0

where

1r2
r kp a

z L s L adsorption Thiele modulus 4Ž . Ž . Ž .ž /De

and

Vt
m sC t sC zeroth moment for the upper chamber .Ž .0 t 0 0 F

5Ž .
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The values of m may either be found from pulse-response0 t
experiments conducted with a Teflon plate covering the up-
per face of the pellet or may be calculated using C V deter-0 t
mined from the slope of 1rm vs. F. In the absence of irre-0
versible adsorption, the second term on the righthand side of

Ž .Eq. 3 becomes zero and m rm approaches unity. For neg-0 t 0
ligible values of the irreversible adsorption rate constant, the
deviation of m rm from unity is within the experimental0 t 0
error limits. For negligible irreversible adsorption, the cor-

Žrected first absolute moment time delay of the response
. Žcurve and second central moment expressions are Dogu et˘

.al., 1996 ,

AL
m sm ym s e q r K 6Ž .Ž .1c 1 1 t p p iF

2m m2 1 2m sm ym s y yt2c 2 2 t ž /ž /m m0 0

AL AL
s e q r K 2t q e q r KŽ . Ž .p p i p p iž / ž /F F

2 AL3
2

q e q r K 7Ž .Ž .p p iž /3 FDe

Here,

m1t
m s st 8Ž .1t m0 t

is the first absolute moment corresponding to the top cham-
Žber upper surface of the pellet being covered with a Teflon
.plate . The relation between corrected first absolute moment

Ž .m and 1rF is linear, and the slope of this relation may be1c
used for the evaluation of the adsorption equilibrium con-
stant. In the absence of irreversible adsorption, the effective
diffusivity may then be evaluated from the second moment
data using Eq. 7.

Experimental Work
Dynamic sorption studies were carried out with ethyl bro-

mide tracer and two different clays. The first type of natural
clay was montmorillonite, whose chemical composition and
some other properties are reported in a previous publication
Ž .Dogu et al., 1996 . The second type of clay was kaolinite.˘
The crystal structure of the clay was characterized by X-ray

Ž .diffraction XRD analysis of air-dried and ethylene-glyco-
lated samples.

Cylindrical pellets 3 cm in diameter and 0.41 cm in length
were prepared from oven-dried clay by pressing into a ring-
shaped stainless-steel mold. Pellet surface areas were mea-
sured by nitrogen adsorption in a Quantachrome Monosorb
apparatus. Pore-size distributions were determined with a
Quantachrome 60 mercury intrusion porosimeter. The physi-
cal properties of the pellets are summarized in Table 1. The
cumulative pore-area distributions of montmorillonite and
kaolinite pellets are given in Figure 2. These surface-area
distributions were obtained by the mercury intrusion tech-

Žnique and correspond to pores larger than 1.75 nm macro-

Table 1. Physical Properties of the Pellets

Montmorillonite Kaolinite
2Ž .Surface area m rg

Ž .nitrogen adsorption 58.7 21.7
3Ž .Apparent density grcm 1.25 1.40

Total porosity 0.55 0.49
2Ž .Surface area m rg 48.0 16.2

Žmercury porosimeter, pores
having radii greater than

.1.75 nm

. Ž .pores . For clays especially for montmorillonite , bimodal
pore-size distributions and some micropores smaller than 1.75
nm are expected. Surface-area values of oven-dried samples
obtained by the nitrogen adsorption technique are also given
in Table 1. These values correspond to pores of radii smaller
than 0.85 nm. Comparison of these values with the surface-
area values obtained from the mercury intrusion porosimeter
showed larger surface-area values from nitrogen adsorption.
This also indicates the presence of pores with radii smaller
than 1.75 nm.

In the pulse-response experiments with the one-sided sin-
gle-pellet sorption cell, the flow rate of the helium carrier gas
was in the range 1.85]5.5 cm3rs. The volume of the upper
cell chamber is 7.43 cm3. Pulse-response experiments were
carried out at 308C by injecting 1.0 mL ethyl bromide tracer
into the upper chamber. For experiments at different relative
humidities, the humidity of the carrier gas was adjusted by
splitting the stream into desired proportions and passing one
stream through a water saturator. Saturated and dry streams
were then mixed. All the lines between the saturator and the
adsorption cell were heated to 308C to eliminate condensa-
tion. A three-way valve was used to introduce this gas into
the adsorption cell or to a trap containing magnesium per-
chlorate. The change of weight of the magnesium perchlorate

Figure 2. Surface-area distributions of the pellets
( )mercury-intrusion porosimeter data .
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Figure 3. First absolute moment data for ethyl bromide
( )in the montmorillonite pellet T=308C .

during a certain time period was used to measure the relative
humidity of the stream. Pulse-response experiments were then
carried out at 0, 8, 20, 40, 65, 85 and 90% relative humidities.
The pellet was dried at 1058C in flowing helium after each
set of experiments. At each relative humidity about 3 h were
allowed prior to pulse-response experiments to ensure that
equilibration was reached between the pellet and the humid
carrier gas. This equilibration was experimentally checked by
the humidity analysis of feed and effluent streams.

Sorption of Ethyl Bromide on Montmorillonite and
Kaolinite at Different Relative Humidities

Results of pulse-response experiments conducted at 308C
with ethyl bromide tracer showed that for both montmoril-
lonite and kaolinite, the m rm values were very close to0 0 t
unity at all relative humidities. Since the deviation of m rm0 0 t
values from unity was within experimental error limits, sorp-
tion was thus reversible within the time scale of the pulse-re-
sponse experiments.

The corrected first absolute moment data obtained with
montmorillonite and kaolinite pellets at different relative hu-
midities are given in Figure 3 and 4, respectively. A major
difference was observed for the relative-humidity depen-
dence of the first absolute moments with these two different
clay minerals. With kaolinite, a gradual decrease of first ab-
solute moments was observed with an increase in relative hu-
midity. This indicates a gradual decrease of the adsorption
equilibrium constant of ethyl bromide with humidity. After a

Figure 4. First absolute moment data for ethyl bromide
( )in the kaolinite pellet T=308C .

relative humidity of 65%, first absolute moments do not
change much. On the other hand, for montmorillonite a very
sharp decrease of the first absolute moment values was ob-
served between 0% and 8% relative humidities. After 8% rel-
ative humidity, the decrease of first absolute moments with
an increase of relative humidity is much less. These results
are reflected in the adsorption equilibrium constants. Ad-
sorption equilibrium constants for ethyl bromide on kaolinite
and montmorillonite pellets were determined from the slopes

Ž .of m vs. 1rF relations passing through the origin Eq. 6 .1c
The linear dependence of first absolute moments to inverse
flow rate is illustrated in Figures 3 and 4. Although there is
some scatter, linear trends are experimentally observed. The
adsorption equilibrium constants and the R values of linear
regression obtained from this analysis are given in Table 2.
The adsorption equilibrium constants found here agreed well
with the adsorption equilibrium constants reported by Cab-

Ž .bar et al. 1994 for chlorinated hydrocarbons. Cabbar et al.
reported the r K value of monochloroethane as 56 on a soilp i
pellet composed of illite- and kaolinite-type clays. The corre-
sponding r K values found in this work are 35.7 and 41.9p i
for ethyl bromide on kaolinite- and montmorillonite-type

Ž .clays. Thibaud et al. 1992 reported adsorption data for dif-
ferent volatile organics on soil by a frontal analysis chro-
matography technique. The uptake data reported for methy-
lene chloride were quite linear and the r K value can bep i
estimated from these data. The estimated value of r K forp i
methylene chloride on a soil sample containing 28.9% clay,
56.4% sand and 14.7% silt is around 5. The order of magni-

( )Table 2. Comparison of Ethyl Bromide Sorption on Kaolinite and Montmorillonite at Different Relative Humidities T s308C

Kaolinite Montmorillonite% Relative
U U2 2Ž . Ž .Humidity r K R S m rg d f r K R S m rg r K rSp i p i p i

0 35.7 0.969 21.7 1 1 41.9 0.980 58.7 0.71
8 } } } } } 15.2 0.986 46.0 0.33

20 30.1 0.930 17.9 0.98 0.81 14.6 0.961 41.9 0.35
40 17.9 0.979 14.6 0.53 0.36 12.6 0.991 38.8 0.33
65 9.1 0.980 12.6 0.03 0.02 10.9 0.972 34.2 0.32
85 7.6 0.976 9.9 } } 9.8 0.993 25.0 0.39
90 7.5 0.975 8.3 } } 6.3 0.974 20.2 0.31

UDetermined from nitrogen adsorption sorptometer.
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Figure 5. Water uptake of the two clays at different rela-
tive humidities.

tude agreement for r K values for pure clay and for soil isp i
deemed satisfactory.

As shown in Table 2, r K for montmorillonite at 8% rela-p i
tive humidity is about three times smaller than the corre-
sponding value at 0% relative humidity. The decrease of r Kp i
is much less for kaolinite. Water molecules cover a fraction
of the mineral surface, and consequently reduce the gas to
the mineral surface area, causing a decrease of adsorption of
organic species on the mineral surface. Water affinities of
clays are quite different. Montmorillonite is known to have
a high affinity for water, which penetrates into the micro-
pores of the montmorillonite crystals and causes swelling. For
comparison, the water uptake values of the two clays were
determined from the weight change at different relative
humidities. Results shown in Figure 5 illustrate that there is
a significant difference in the water uptake values. The water
uptake values of montmorillonite are about an order of mag-
nitude higher than the corresponding values for kaolinite.

Surface areas of the clay samples exposed to carrier gas at
different relative humidities were measured with a flow-

Ž .through single-point sorptometer Quantachrome Monosorb .
For this purpose crushed clay was placed into the cell of the

Žsorptometer and the moist gas prepared at the desired rela-
.tive humidity flowed over this sample until steady state was

reached. Then, by means of a three-way valve this moist gas
stream was replaced by a dry stream containing 30% nitrogen
in helium, and the sorption experiment was conducted at liq-
uid nitrogen temperature. The surface-area values deter-
mined by this procedure are also reported in Table 2. The
porous matrix exposed to the carrier gas at a certain relative
humidity is illustrated in Figure 6. Depending upon the type
of clay and the relative humidity of the gas, a fraction of the
pore surfaces is covered by a water layer. In addition, some

Ž .of the micropores are filled with water. The surface area S
values measured at different relative humidities correspond

Ž .to the summation of gas-to-mineral surface area S andgm
Ž .gas-to-liquid S surface areagl

SsS qS . 9Ž .gm gl

This area is not the same as the summation of gas-to-mineral

Figure 6. Partially saturated pore structure.

and liquid-to-mineral surface area,

S sS qS . 10Ž .0 g m lm

For kaolinite, the value of S is expected to be the same as0
the surface area of the dry clay. For montmorillonite, how-
ever, the value of S may increase with relative humidity due0

Ž .to swelling. The decrease of the surface area S values re-
ported in Table 2 with an increase in relative humidity is due
to the decrease or pore radii with the formation of water film
on the pore surfaces and also due to the filling of the micro-
pores.

The monolayer water adsorption capacities of kaolinite and
montmorillonite were estimated by fitting the data reported
in Figure 5 to the BET equation. For kaolinite, a monolayer
coverage of the surface by water molecules corresponds to a
water uptake value of about 2=10y3 g waterrg clay. Such a
water uptake value corresponds to a relative humidity of
about 39%. This result shows that below 39% relative humid-
ity kaolinite has both dry and wet areas on its surface. At
higher relative humidity most of the surface is covered by
water molecules and some of the micropores are filled by
water. Of course, if the surface coverage with water is not
uniform, then some dry surface is possible, even at high rela-
tive humidities.

The behavior observed with montmorillonite is quite dif-
ferent. Even at very low relative humidities water uptake is
higher than a monolayer adsorption capacity. From the BET
equation, the relative humidity corresponding to the mono-
layer adsorption capacity was estimated to be about 10%.
Consequently, for montmorillonite most of the pore surfaces
can be assumed to be covered by water even at the lowest
values of relative humidity. This is the major reason for the
sharp decrease of the ethyl bromide adsorption equilibrium
constant on montmorillonite even at very low relative hu-
midities. Different behavior of adsorption equilibrium con-
stants determined at different relative humidities for the two
types of clay minerals is due to the differences in water affin-
ity of kaolinite and montmorillonite.
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For a model involving adsorption on the dry gas]mineral
surface, gas]water surface, dissolution and diffusion in the
water layer covering the pore surfaces, and adsorption on the
liquid]mineral surface, the adsorption equilibrium constant
Ž .r K which appears in the first moment expression be-p i
comes

V Kl lm
r K s r K Sdq K S 1y d q q S ySd .Ž . Ž .p i p gm gl 0K KH H

11Ž .

Here, d and V correspond to the dry fraction of the mea-l
Ž 2 . Ž 3sured surface area S m rg and water uptake m H Org2

.clay , respectively. The value of dimensionless Henry con-
Ž .stant K was 8.2 for ethyl bromide Jury et al., 1990 . TheH

wŽ . xvalues of V r rK calculated using the water uptake datal p H
given in Figure 5 showed that this term is at least two orders
of magnitude smaller than the corresponding value of r Kp i
for both types of clay. This result indicated that the effect of
tracer dissolution in the water layer is negligible for ethyl
bromide in the first moment analysis. For 0% relative humid-

Ž .ity d s 1 the adsorption equilibrium constant at the
gas]mineral surface r K is determined as 1.65 g ?my2 andp gm
0.71 g ?my2 for kaolinite and montmorillonite, respectively.

Ž .For montmorillonite the r K rS values Table 2 are nearlyp i
uniform at all relative humidities except for 0% relative hu-
midity. As discussed earlier, most of the sorption sites may be
covered by water molecules, even at a 8% relative humidity
for montmorillonite. For this case, Eq. 11 reduces to

r K r K Sp i p lm 0
s r K qp glS K SH

montmorillonite RHG8% . 12Ž . Ž .

Ž .The observation that r K rS is constant independent of Sp i
at all relative humidities shows the significance of the gas]

Ž .liquid K adsorption equilibrium constant as compared togl
Ž .the liquid]mineral K rK adsorption. These results indi-lm H

cate that, for montmorillonite, adsorption at the liquid-to-
mineral surface may be neglected. As discussed earlier, a
rather thick layer of water covers the pore surfaces for mont-
morillonite and also the K value is quite high for ethyl bro-H
mide. The thick layer of water causes a significant resistance
for diffusion, and the tracer cannot reach the liquid]mineral
surface within the time scale of a pulse-response experiment.
The average value of the adsorption equilibrium constant
at the gas]water interface is then evaluated as r K s0.34p gl
g ?my2.

The adsorption equilibrium constant for ethyl bromide on
kaolinite was almost constant for relative-humidity values

Ž .greater than 85% Table 2 and Figure 7 . Assuming ds0 at
relative humidities of 90% and 85%, and using the same
gas]water adsorption equilibrium constant as for montmoril-
lonite, the adsorption equilibrium constant at the water]
mineral surface was determined from Eq. 12. In the case of
kaolinite the water layer is thin and some penetration of ethyl
bromide through this layer and adsorption on the water]
mineral surface is possible. The average value of the adsorp-
tion equilibrium constant at the water]mineral surface was

Figure 7. Variation of adsorption equilibrium constant of
ethyl bromide with respect to relative humid-
ity.

thus estimated as r K s1.68 g ?my2. The dry fraction ofp lm
Ž .the measured surface area d for kaolinite was calculated

from Eq. 11 with the adsorption-equilibrium and surface-area
Žvalues reported in Table 2. Results are also given in Table

. Ž2. The experimental and calculated values of r K usingp i
Eq. 11 with the sorption parameters given in Table 2 at dif-

.ferent relative humidities are shown in Figure 7. The dry
fraction of the surface area of the original clay S may be0

Ž .calculated from f s d SrS . Values of f calculated from this0
Ž .relation are smaller than d Table 2 , especially at lower rela-

tive humidities. This also indicates filling of micropores by
water even at low relative humidities.

Effective Diffusivity of Ethyl Bromide in Kaolinite
and Montmorillonite

The second moment data obtained for ethyl bromide with
montmorillonite and kaolinite pellets are given in Figures 8

Figure 8. Second central moment data for ethyl bro-
mide in kaolinite.
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Figure 9. Second central moment data for ethyl bro-
mide in montmorillonite.

and 9, respectively. Knowing the adsorption equilibrium con-
Ž .stants from the first moment analysis Table 2 , effective

macropore diffusion coefficients were evaluated from the
second moment data obtained at different relative humidi-
ties. In this analysis Eq. 7 was used and results are given in
Table 3. Second moment data are generally more scattered
than the first moment data, and this affects the accuracy of
effective diffusivity. The R values of regression in second
moment data analysis ranged between 0.825 and 0.938. The
value of effective macropore diffusivities reported here agree
well with the diffusivity values obtained by different tech-

Ž .niques Cabbar et al., 1994; Dogu, 1998 .˘
The effective macropore diffusivity values measured in

kaolinite at different relative humidities are almost constant
at around 0.11 cm2rs. This result indicates that there is prac-
tically no significant change in the macropore structure of
kaolinite at different relative humidities. On the other hand,
effective diffusivity values show a decreasing trend with rela-
tive humidity for montmorillonite. As was discussed in the
previous sections, water uptake of montmorillonite was high.
With an increase of relative humidity, a significant increase
of water uptake was observed. Due to capillary condensation
of water, the particle porosity decreases and the tortuosity
increases. Also, some swelling of microporous montmoril-

Žlonite particles was expected in the presence of water Chen
.et al., 1987; Altın, 1997; Altın et al., 1998 .

Table 3. Effective Diffusivity of Ethyl Bromide in
( 2 )Kaolinite and Montmorillonite Pellets D , cm rrrrrse

% Relative
Humidity Kaolinite Montmorillonite

0 0.09 0.099
8 } 0.072

40 0.12 0.092
65 0.12 0.066
85 0.10 0.054
90 0.12 0.053

Concluding Remarks
Results of this study showed that detailed information could

be obtained about the sorption mechanism of volatile organic
contaminants in partially saturated soil using the one-sided
single-pellet moment technique. It was found that for mont-
morillonite and kaolinite pellets, irreversible adsorption of
ethyl bromide was negligible within the time scale of pulse-
response experiments.

When a clay pellet is exposed to a carrier gas containing
some water vapor, a fraction of the pore surface is covered
and some of the micropores are filled by water. This caused a
significant reduction in the adsorption equilibrium constant
of volatile organic tracer. Water affinity on montmorillonite
is much higher than kaolinite. At a relative humidity of about
10%, water uptake of montmorillonite corresponds to a
monolayer coverage of pores with water. This high water
affinity causes a very sharp decrease of the adsorption equi-
librium constant of ethyl bromide in montmorillonite. For
kaolinite a fraction of the surface is dry unless the relative
humidity is very high. Analysis of sorption data for montmo-
rillonite showed that dissolution of ethyl bromide in the wa-
ter layer and adsorption on the liquid]mineral surface are
negligible as compared to adsorption on the gas]water and
gas]mineral surfaces. This is mainly due to the large water
layer thickness in montmorillonite and also due to the high
value of Henry’s constant for ethyl bromide. However, for
kaolinite the water uptake values are small and the thickness
of the water layer is also expected to be small. In this case
some contribution of adsorption at the water]mineral sur-
face is also detected.
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Notation
Asarea of the pellet

C sconcentration of the tracer in the upper chamberA
C sconcentration of the tracer in the pores of the pelleti
C s initial concentration of the tracer in the upper chamber0
D seffective diffusivity in the porese
Fs flow rate of carrier gas

Ž .k r s irreversible adsorption rate constanta p
Ž .K r soverall adsorption equilibrium constanti p

Lspellet length
ts time

V s volume of top chambert

Greek letters
r spellet densityp

Ž .tsdefined by Eq. 5, t sVrFt
Ž .1r2zs r k rDp a e
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