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Abstract−m-Xylene vapor was adsorbed to organically modified montmorillonite (organoclay). Hexadecyltrimeth-
ylammonium (HDTMA) was used to modify the surface of the clay. In adsorption experiments, the organoclay, along
with the non-modified (washed) clay, was used. m-Xylene was adsorbed from a gaseous phase by using a fixed adsorp-
tion bed. The adsorption breakthrough curves and the adsorption isotherms were determined at three different tem-
peratures (24, 34, and 44 oC). The adsorption data were modeled with the BET isotherm equation. It was found that
the adsorption isotherms of washed clay exhibited a favorable Type I behavior, which implies that the adsorption cap-
acity is strongly dependent on vapor concentration at low concentration ranges. In regards to the organoclay, isotherms
showed a marginally favorable Type II behavior with a reduced adsorption capacity at low concentrations, and exhibited
a linear increase at elevated vapor concentrations. The adsorption capacity of both washed clay and organoclay ob-
viously decreased with the temperature. The desorption of m-xylene from the clays was also performed by using pure
nitrogen, and the desorption rate constant k was on the order of 10−5 min−1 for all types of clay.
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INTRODUCTION

Many technologies for emission control of volatile organic com-
pounds (VOCs) have been developed to resolve air pollution prob-
lems. Among these technologies, adsorption is considered to be an
effective method when the concentrations of VOCs are relatively
low. So far, chlorinated hydrocarbons such as chlorobenzene, trichlo-
roethylene and trichloroethane are most frequently treated VOCs
by adsorption operations [1]. Besides chlorinated hydrocarbons,
aromatic organic compounds belong to another category of VOC
groups [2]. The wastes of aromatic compounds are generated by
sources such as leakage from underground storage tanks, coal con-
version plants, and oil and petroleum industries. The treatment of
these aromatic compounds involves options such as bio-degrada-
tions and incineration. These technologies, however, are efficient
only when the concentrations of aromatics are fairly high. In addi-
tion, high costs are usually associated with the application of these
treatment methods [3,4]. Therefore, it is worth to investigate adsorp-
tion as a treatment technology of aromatic organic compounds when
these compounds exist in the vapor phase at low concentrations.

Organically modified clay, which is called organoclay, is used as
a natural adsorbent to prevent the underground leakage of hydro-
phobic compounds, and also to adsorb organic ingredients from waste
water [5,6]. Clays such as smectite, modified with amine cations
having an organophilic nature, provide enhanced immobilizing and
adsorption capacity toward organic acids and various hydrocarbons.
Among the various smectite clays, montmorillonite is popularly
utilized for modification purposes because of its high adsorption
capacity and favorable surface properties. Hexadecyltrimethylam-
monium (HDTMA), which has quaternary ammonium cations, is
frequently used for the surface modification of clay particles. The

adsorption sites of the organoclay consist of external surfaces and
enlarged inter-lamellar spacing of the particles, which may provide
selectivity due to the creation of a sorption zone into which hydro-
phobic contaminants can be partitioned [7,8]. Therefore, the adsorp-
tion capacity of organoclay may be proportional to the degree of
HDTMA loading on the clay surface.

Researches on adsorption including organoclays have mainly
focused on the investigation of adsorption behavior between clay
matrices and aqueous environments [9,10]. The adsorption kinetics
and equilibrium isotherms have been measured for hazardous organic
materials. To date, however, research including adsorption from vapor
phases is generally lacking, mainly because the adsorption capac-
ity becomes fairly low when taking place from the vapor phase,
which may attributed to the large mass transfer resistance formed
at a gas-solid interface [11]. Indeed, natural soils and clays show
weak affinity towards organic compounds and exhibit low adsorp-
tion capacity compared to synthetic adsorbents, such as activated
carbon [12]. On the other hand, activated carbon has its drawbacks,
including high prices and high energy cost for regeneration due to
its high adsorption strength in regards to organic compounds. There-
fore, soils and clays, which are inexpensive and regenerated easily,
can be utilized for alternative adsorbents for the removal of hazard-
ous compounds, even though these adsorbents have relatively low
adsorption capacities toward organic compounds. In addition, the
low adsorption capacity of clays can be overcome by means of proper
surface modifications.

In this research, we investigated the adsorption behavior of m-xylene
on montmorillonite organoclays which were modified by HDTMA.
Organoclays along with the non-modified clay were used for adsorp-
tion, and the performance of different types of clay was compared.
m-Xylene was adsorbed from a gaseous phase (nitrogen), and the
adsorption isotherms were determined by using a dynamic response
technique at three different temperatures. The desorption behavior
was also investigated by using pure nitrogen, and desorption pro-
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files were fitted with a mathematical model.

EXPERIMENTAL SECTION

1. Materials
Montmorillonite clay was purchased from Aldrich Chemical Co.

(Lot 06016PN). Hexadecyltrimethylammonium (HDTMA, in the
form of a 25 wt% solution in water) which forms quaternary amine
cations [(CH3)3NR]+ was also purchased from Aldrich Chemical
Co. (Lot 0526JN). m-Xylene (99.5%) was obtained from Junsei
Chemical Co. All chemicals were used as received.
2. Experimental Procedure

The clay was purified by repeated washing and digestion proce-
dure using purified water and 35% H2O2 solutions, respectively. The
washing and digestion process removed impurities and organics
from the montmorillonite clay particles. Particle size of the washed
clay was measured by scanning electron microscopy, and the image
showed that the average size of washed montmorillonite particle
was ca. 20µm. The cation-exchange capacity (CEC) of the clay
sample was measured by using calcium acetate (Ca(CH3COO)2)
solutions, and the CEC of washed clay was found to be 50.4 meq/
100 g-clay, corresponding to 161 mg HDTMA/g-clay.

The washed clay was organically modified by HDTMA. First, a
5,000 ppm HDTMA solution in distilled water was prepared. Next,
30 g of washed clay was added to 1,000 ml of the HDTMA solu-
tion. The solution was agitated at 300 rpm for 24 hrs in order to allow
the sorption of HDTMA onto the clay surface. The clay was sepa-
rated from the solution by filtering and it was dried in an oven at
60 oC for 24 hrs. The HDTMA loading of this organoclay was meas-
ured by a total organic carbon analyzer (TOC, TOC-5000 Shi-
madzu), and the loading was found to be 152 mg HDTMA/g-clay.
This amount of HDTMA loading was close to 94.4% of the CEC
of washed clay (161 mg HDTMA/g-clay). For convenience, the
modified clay sample was named as organoclay. In this study, two
clay samples (washed clay and organoclay) were used in the adsorp-

tion experiments. Table 1 shows the properties of the used clays
measured by the BET surface area measurement. It should be noted
that the surface area and pore volume were reduced when the washed
clay was modified by HDTMA.

In this study, m-xylene vapor was adsorbed on two types of clays
from the gas phase, and also desorbed from clays using pure nitro-
gen as a carrier gas. Fig. 1 shows the experimental apparatus used
for adsorption and desorption. The unit consists of an m-xylene sat-
urator, an adsorption bed, and a gas chromatograph. For adsorption
experiments, the adsorption bed (7.75 mm ID, 9.5 mm OD, 310.0
mm length) was loaded with 14.5 g of clay. Nitrogen, in which the
flow rate was controlled by a mass flow controller, was saturated
with m-xylene by bubbling it through the saturator. Before the sat-
urated nitrogen was introduced into the adsorption bed, the flow
stream was mixed with pure nitrogen in which the flow rate was
controlled by another mass flow controller. In this way, the inlet con-
centration of the gas stream was adjusted as desired. During the inlet
concentration adjustment procedure, the gas stream passed through
a bypass line in order to analyze the inlet concentration by a gas
chromatograph. To begin the adsorption process, the stream was
switched from the bypass to the adsorption bed, which generated
the positive step change of inlet concentration. The effluent stream

Table 1. Properties of the clays used in this study

Clay type Surface area
(m2/g)

Pore volume
(cc/g)

 Pore size
(Å)

Washed clay 150.1 0.175 38.4
Organoclay 021.9 0.083 38.2

Fig. 1. Experimental apparatus for adsorption and desorption of
m-xylene (A) gas regulator, (B) check valve, (C) adsorption
bed, (D) soap bubble meter, (M1, M2) mass flow control-
ler, (S) m-xylene saturator.

Fig. 2. Adsorption breakthrough curves of m-xylene for washed
clay (a) and organoclay (b). The curves represent the efflu-
ent concentration responding to the various inlet concen-
tration of m-xylene at 24 oC.
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from the adsorption bed was analyzed by using an online sampling
valve and a gas chromatograph equipped with a DB-1 (dimethyl-
polysiloxane) capillary column and an FID. The adsorption experi-
ment was completed when the effluent concentration approached
the inlet value.

When the adsorption experiment was completed, desorption was
conducted by flowing pure nitrogen through the adsorption bed.
The m-xylene concentration in the effluent stream was analyzed,
and continued until reaching the detection limit of the gas chro-
matograph. The flow rate of nitrogen stream was measured by a
soap bubble meter. The nitrogen flow rate was maintained at 1.2
ml/s for both the adsorption and desorption experiments. The adsorp-
tion and desorption were conducted at three different temperatures
(24, 34 and 44 oC). The reason for using three different temperatures
is to investigate the effect of temperature on the adsorption behav-
ior of organoclay. In general, the adsorption capacity of normal clays
decreases with increasing temperature. However, the temperature
effect on the adsorption capacity of organoclay is not well known,
so it is worth to perform the experiments at elevated temperatures.

RESULTS AND DISCUSSION

1. Adsorption Breakthrough Curves
Fig. 2 shows the adsorption breakthrough curves of m-xylene at

24 oC. The breakthrough curves were obtained at various inlet con-
centrations Cin. The concentration of m-xylene in the gas phase pro-
vided a step change from zero to a specific value at the entrance of
the adsorption bed, and the responding effluent concentration was
monitored as a function of time (or the volume of nitrogen used) at
the bed exit. Washed clay (Fig. 2(a)) and organoclay (Fig. 2(b)) were
used to obtain the curves. In these figures, the ordinate represents
the ratio of effluent concentration C to the concentration of the m-
xylene-saturated nitrogen stream Csat. The abscissa is the volume of
nitrogen passed through the adsorption bed. Various inlet concen-
trations were used in the range of 0.17- 0.80Csat as illustrated in the
figure legends.

Fig. 2 indicates that as the inlet concentration increased, the break-
through points definitely shifted to the left. Moreover, the slope of
the breakthrough curves consistently changed depending on the inlet
concentration. In regards to both the washed clay and organoclay,
the curves measured at low inlet concentrations have gentle slopes
and the slopes became steeper as the inlet concentration increases.
It is noteworthy that the breakthrough curves for washed clay (Fig.
2(a)), obtained at high inlet concentrations exhibited an interesting
fluctuating pattern. For the curve obtained at inlet concentration of
0.70Csat, the exit concentrations of m-xylene rapidly increased with
a steep slope, immediately after the breakthrough took place. After
that, the curve slope suddenly decreased with a discontinuity and

Fig. 3. Adsorption breakthrough curves of m-xylene for washed clay at 34 oC (a) and 44 oC (b), and the breakthrough curves for organoclay
at 34 oC (c) and 44 oC (d).
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the exit concentration steadily rose to a peak value. Then the exit
concentration sharply dropped to a particular level and quickly stabi-
lized. These fluctuating behaviors were also observed at inlet con-
centration of 0.61Csat, and the fluctuation gradually disappeared as
the inlet concentration decreased down to 0.49 and 0.33Csat. In regards
to the organoclay (Fig. 2(b)), however, the above-mentioned pat-
terns slightly appeared only at inlet concentration of 0.80Csat and
the breakthrough curves became monotonic at other inlet concen-
trations.

The reduction of the fluctuating pattern in organoclay may be
attributed to the formation of the surfactant sorption zone at the in-
terface of the clay surface. Indeed, the adsorption of m-xylene on
two types of clays takes place based on a different mechanism. When
washed clay was used, the surface adsorption occurred, and when
organoclay was used, multilayer sorption in the sorption zone took
place. Therefore, the breakthrough curves for the organoclay showed
less fluctuating behavior because of the damping action of the sur-
factant sorption zone.

Fig. 3 shows the breakthrough curves of washed clay and orga-
noclay measured at different temperatures. Figs. 3(a) and 3(b) repre-
sent the curves for washed clay obtained at 34 and 44 oC, and Figs.
3(c) and 3(d) are those for organoclay measured at 34 and 44 oC,
respectively. At high temperatures, the fluctuating behavior, that
was observed at 24 oC curves, was not detected. In regards to the
washed clay, the breakthrough points for the low inlet concentra-
tion curves shifted to the left as the temperature increased from 34
to 44 oC. However, the breakthrough points for the high inlet con-
centration curves were almost constant when the temperature was
increased (Figs. 3(a) and 3(b)). Regarding the organoclay, on the
other hand, the breakthrough points were rather insensitive to tem-
perature change (Figs. 3(c) and 3(d)). These results indicate that in
regards to the washed clay, the temperature effect on adsorption
capacity was fairly high, but the temperature effect was lowered
when the adsorption took place on organoclay.
2. Adsorption Isotherms

Fig. 4 illustrates the adsorption isotherms of m-xylene on washed
clay and organoclay, showing the m-xylene loading per unit mass
of clay as a function of the inlet concentration. The two isotherm
data were measured at 24 oC. In Fig. 4, the experimental data were
fitted by an adsorption isotherm equation. The BET isotherm equa-
tion was adopted as follows [12].

(1)

where y is the relative vapor concentration (C/Csat), Xm is the mono-
layer adsorption capacity, X is the uptake of m-xylene per unit mass
of clay, c is the BET constant, and n is the theoretical number of
adsorbed layers. The BET theory is a model isotherm accounting
for multilayer adsorption, and this model is used to extract the mono-
layer adsorption capacity and specific surface area [13].

Fig. 4 shows that the uptake of organoclay linearly increased with
concentration, while that of washed clay rapidly increased at a low
concentration range and then leveled off. Therefore, at a low con-
centration range, the m-xylene uptake of washed clay is higher than
that of organoclays and the trend appears to be inversed at a high con-
centration range. These results indicate that the isotherm for washed
clay exhibited a favorable Type I behavior [14] with a high initial

slope, which implies that the adsorption capacity is strongly depen-
dent on vapor concentrations at low concentration and became con-
stant at high concentration levels. In regards to the organoclay, how-
ever, the isotherm showed a marginally favorable Type II behavior
with reduced adsorption capacity at low concentrations, and exhib-
ited a nearly linear increase at elevated vapor concentrations. As a
result, the presentation of the two isotherm curves of the washed
clay and organoclay at the same plot exhibit a crossover point, as
shown in Fig. 4.

These results can be explained by the difference in the adsorp-
tion mechanism of the two types of clay. For washed clay, the ad-
sorption capacity is proportional to the adsorption sites on clay sur-
face, and the adsorption is completed when these sites are filled.
Therefore, the m-xylene uptake rapidly increased at a low concen-
tration range and then the uptake became almost constant as the
concentration approached a saturated value. In the case of organo-
clay, however, a sorption zone was formed at the interface of the
clay surface and the gas phase which was induced by the presence
of surfactant molecules. The decreased uptake of m-xylene at a low
concentration range is attributed to the reduced adsorption sites on
the clay surface, which is preoccupied by the surfactant molecules.

X
Xm
------ = 

cy
1− y
----------1− n  +1( )yn

 + nyn+1

1+ c −1( )y − cyn+1
-------------------------------------------

Fig. 4. Adsorption isotherms of m-xylene for washed clay and orga-
noclays at 24 oC. The experimental data were fitted by BET
equation.

Table 2. Adsorption isotherm constants for washed clay and orga-
noclay used in the BET isotherm equation at 24, 34, and
44 oC

Clay Xm (mg/g-clay) n c
24 oC

Washed clay 139.9 0.61 07.33
Organoclay 034.6 4.83 19.44

34 oC
Washed clay 045.6 2.88 21.79
Organoclay 029.2 2.81 01.85

44 oC
Washed clay 036.6 4.02 17.73
Organoclay 0059.34 1.15 04.41
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As the m-xylene concentration in the gas phase increased, how-
ever, the role of the sorption zone regarding the uptake of m-xylene
became more crucial and hence, the adsorption capacity propor-
tionally increased with m-xylene concentrations in the gas phase.
At high concentrations, the large uptake of m-xylene on organoclay
was achieved by the sorption mechanism rather than the surface
adsorption phenomenon. Table 2 shows the BET isotherm constants
for washed clay and organoclay used in Eq. (1), evaluated at three
different temperatures.

Fig. 5 shows the adsorption isotherms of washed clay (Fig. 5(a))
and organoclay (Fig. 5(b)) measured at different temperatures (24,
34, and 44 oC). The BET isotherm model was used to obtain the
curves in the figures. Fig. 5(a) shows that the isotherm curve pat-
terns of the washed clay had not changed as the temperature increased
from 24 to 44 oC. In other words, the washed clay consistently showed
Type I adsorption behavior regardless of temperature. The isotherms
indicated that the adsorption capacity decreased with the tempera-
ture at a constant gas phase concentration, and the three isotherms
tended to merge to a single curve at a high concentration level. For
organoclays, however, the temperature dependency of adsorption
isotherms was obvious. Fig. 5(b) shows that the adsorption capac-
ity of organoclay was not strongly affected by the temperature at a

low concentration range. However, as the concentration increased,
the adsorption capacity was significantly reduced when the tem-
perature changed from 24 to 34 oC and further to 44 oC. These re-
sults imply that the sorption zone on the clay surface became inactive
at high temperatures, which induced the reduction of the m-xylene
uptake.
3. Desorption Profiles

Desorption profiles were obtained by measuring m-xylene con-
centrations of a nitrogen effluent stream when pure nitrogen was
introduced into the adsorption bed after a set of adsorption experi-
ments was completed. Fig. 6 shows the typical desorption profiles
for washed clay (Fig.6(a)) and organoclay (Fig. 6(b)) at 24 oC, show-
ing the variation of m-xylene concentration of effluent stream when
nitrogen passes through. The ordinate represents the effluent con-
centration C normalized by saturation concentration Csat. It was found
that the desorption profile exhibited different types of behavior de-
pending on the m-xylene initial loading. The profiles at high initial
loadings exhibit two down steps. The first down step is sharp, fol-
lowed by a plateau, and then by a second step exhibiting a tail. As
the initial loading decreased, the two step behavior appears to be
diminished and the desorption profiles became monotonic. This
behavior was consistently observed in both the washed clay and
organoclay as shown in Fig. 6. Fig. 7 shows the desorption profiles

Fig. 6. Desorption profiles of m-xylene from washed clay (a) and
organoclay (b) at 24 oC.Fig. 5. Adsorption isotherms of m-xylene for washed clay (a) and

organoclay (b) at 24, 34, and 44 oC. The experimental data
were fitted by BET equation.
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of organoclay measured at high temperatures (34 and 44 oC). As
temperature increased, the two down steps of desorption curves grad-
ually disappeared and profiles of the effluent concentration mono-
tonically decreased with the volume of nitrogen used, and the de-
sorption profiles collapsed on almost a single curve.

The experimental data of desorption profiles such as data shown
in Figs. 6 and 7 were correlated by using a mathematical model sug-
gested by Tan and Liou [15]. A material balance in the bed (without
considering the axial dispersion) can be written as

(2)

where ε is the bed porosity, u is the superficial velocity of gas stream,
and S is the m-xylene concentration per unit volume of clay. The
initial and boundary conditions are at t=0, C=0 and z=0, C = 0.
The linear desorption kinetics used is as follows.

(3)

where k is the desorption rate constant. The initial condition is at t=
0, S=So. The solution of Eqs. (2) and (3) with the initial and bound-
ary conditions provides the expression for the concentration at the
exit of adsorption bed Ce.

(4)

where L is the bed length. The amount of desorption can be cal-
culated by integrating Ce with respect to time. The desorption rate
constant k is determined by the regression of Eq. (4) with the ex-
perimental data.

Fig. 8 shows the typical desorption profile curves that were cal-
culated based on Eq. (4) at 24 oC. The data points used in Fig. 8 are
the selected experimental data from desorption profiles as shown in
Fig. 6. Correlation was performed by using an evaluated desorp-
tion rate constant k used in Eq. (4). Table 3 summarizes the values
of desorption rate constant k calculated at 24, 34, and 44 oC. It was
found that k values were in the order of 10−5 min−1 and the values
had not largely varied when the clay type changed from washed
clay to organoclay. In addition, the k values evaluated at 34 and 44 oC
were in the similar range. At all temperatures, the k value increased
with inlet concentration of m-xylene. Considering these results and
Eq. (4), the desorption rate of m-xylene primarily depended on the
initial loading of m-xylene on clays.

This may be attributed to the relatively high vapor pressure of
m-xylene. Due to its high volatility, the adsorbed m-xylene was readily
stripped to the gas phase as the nitrogen passed through the bed.

ε∂C
∂t
------- + u∂C

∂z
------- = − 1− ε( )∂S

∂t
------

∂S
∂t
------ = − kS

Ce = 
1− ε
ε

---------S0 − k t − 
εL
u

------⎝ ⎠
⎛ ⎞  − − kt( )expexp

⎩ ⎭
⎨ ⎬
⎧ ⎫

Fig. 8. Typical desorption profiles of m-xylene from washed clay
(a) and organoclay (b) at 24 oC, with selected data points.
The curves were obtained using Eq. (4).

Fig. 7. Desorption profiles of m-xylene from organoclay at 34 oC
(a) and 44 oC (b).
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These results reflect the relatively weak affinity between the clays
and m-xylene molecules, suggesting that the adsorption strength of
m-xylene on washed clay and on organoclay is not significantly
different.

CONCLUSIONS

m-Xylene vapor was adsorbed on HDTMA-modified montmo-
rillonite, as well as on non-modified washed clay. The pattern of
the breakthrough curves changed depending on both the type of clay
and the inlet concentration of m-xylene. In regards to the washed
clay, the temperature effect on adsorption was fairly high, but the
effect of temperature was reduced when the adsorption took place
on organoclay. Adsorption data were well represented by the BET
isotherm equation. The isotherms for washed clay exhibited a favor-
able Type I behavior with a high initial slope, which implies that the
adsorption capacity was a strong function of vapor concentrations

at a low concentration range, and the adsorption capacity became
constant at a high concentration level. For the organoclays, how-
ever, isotherms show a marginally favorable Type II behavior with
the reduced adsorption capacity at low concentrations, and exhib-
ited a linear increase at elevated vapor concentration levels. The
desorption profiles of m-xylene exhibited different types of behav-
ior depending on the m-xylene initial loading. The profiles at high
initial loadings exhibited two down steps, and these behaviors were
consistently observed in both the washed clay and organoclay. As
temperature increased, the two down steps of desorption curves grad-
ually disappeared and profiles of the effluent concentration mono-
tonically decreased with time and the desorption profiles collapsed
on almost a single curve. The rate of m-xylene desorption from both
washed clay and organoclays depended on the initial loading of m-
xylene on clays.
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