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SURFACE H E T E R O G E N E I T Y  OF 
T R I M E T H Y L P H E N Y L A M M O N I U M - S M E C T I T E  AS R E V E A L E D  B Y  
A D S O R P T I O N  OF AROMATIC H Y D R O C A R B O N S  F R O M  WATER 

GUANGYAO SHENG, SHIHE XU AND STEPHEN A. BOYD 

Department of Crop and Soil Sciences, Michigan State University, East Lansing, Michigan 48824 

Abstract--Adsorption studies of aromatic hydrocarbons of various molecular sizes on organo-clays in aqueous 
solution were carried out for characterizing the surface heterogeneity of organo-clays. Benzene, toluene, p- 
xylene, ethylbenzene and n-propylbenzene adsorption by a smectite with 5 different exchange degrees of 
trimethylphenylammonium (TMPA) cations for Ca a+ was measured. The Langmuir isotherm equation did not 
adequately describe the experimental data, especially for small molecules, whereas the Dubinin-Radushkevich 
(DR) equation combined with a gamma-type adsorption energy distribution function described all experimental 
data well, suggesting the surface and structural heterogeneity of TMPA-smectites. The calculated adsorption 
energy distributions indicated that the apparent heterogeneity depends on the molecular size of adsorbates. 
Small adsorbate molecules such as benzene explore a highly heterogeneous surface of TMPA-smectites while 
large molecules such as n-propylbenzene detect a relatively homogeneous surface. The surface fractal dimension 
was dependent on the extent of TMPA exchange for Ca z+. When TMPA content is less than 75% of the cation 
exchange capacity (CEC) of the smectite, the heterogeneity decreases as TMPA content increases; it increases 
with TMPA content thereafter. These results are related to the size distribution of micropores in TMPA- 
smectites, which are defined by the 2 semi-infinite aluminosilicate sheets and the interlayer cations. The 
micropore size distributions and, hence, heterogeneity are created in part by the inhomogeneity of the charge 
density of clay surfaces and the tendency for cation segregation in these systems. 

Key Words--Adsorption Energy Distribution, DR Equation, Fractal Dimension, Heterogeneity, Micro- 
pore Size Distribution, Organoclay. 

INTRODUCTION 

Organo-clays are formed when inorganic cations such 
as Ca 2§ and Na + in natural clay minerals are replaced by 
organic cations. Such organo-clays are effective sorbents 
for a variety of aqueous organic compounds including 
many common groundwater contaminants (Boyd, Lee 
and Mortland 1988; Boyd, Mortland and Chiou 1988; 
Boyd et al. 1991; Jaynes and Boyd 1991a; Lee et al. 
1990; Sheng et al. 1996; Xu et al. 1996; Sheng and Boyd 
1997). When relatively small organic cations, such as 
TMPA cations, are employed, the organo-clays function 
as solid adsorbents and manifest Langmuir-type adsorp- 
tion isotherms (Jaynes and Boyd 1990, 1991b). The 
Langmttir adsorption equation is often used to represent 
this type of experimental data. 

Langmuir adsorption theory (Langmuir 1918) has 
been extensively used in various monolayer adsorption 
systems because of its simplicity of form and direct- 
ness of derivation. However, difficulties often arise in 
applying the Langmuir equation to practical adsorption 
systems (Rudzinski and Wojciechowski 1993). One of  
the major assumptions underlying the Langmuir ad- 
sorption equation is that the solid surface is energeti- 
cally homogeneous (Langmuir 1918), which is often 
not true, especially for naturally occurring solids such 
as clays. It is now well known that geometric and en- 
ergetic heterogeneity is a fundamental feature of many 
solid surfaces (Rudzinski and Wojciechowski 1993). 
The main sources of heterogeneity are the complexity 

of  crystallographical and geometrical structure of sol- 
ids and their complex chemical compositions. 

Adsorption energy distribution of solid surfaces, 
and pore-size distribution and fractal dimension of  
fractally porous solids, are among the most important 
quantities for characterizing the heterogeneity of solids 
(Jaroniec and Madey 1988). Adsorption energy distri- 
bution, which characterizes the overall energetic het- 
erogeneity of solid surfaces, has been extensively stud- 
ied on microporous activated carbons (Dubinin 1975; 
Jaroniec and Madey 1989; Rudzinski and Wojcie- 
chowski 1993). Pore-size distribution of  porous solids 
is usually calculated from the low-temperature nitro- 
gen adsorption-desorption isotherm using the Kelvin 
equation. Empirical relationships between pore size 
and characteristic adsorption energy of activated car- 
bons have been established (Dubinin 1988; Stoeckli et 
al. 1989). Fractal dimension depends on the micro- 
porosity of solids, and has recently been used to char- 
acterize surface irregularity. Pfeifer et al. (1983) and 
Avnir et al. (1983, 1984) were the first to introduce 
and apply Mandelbrot's non-Euclidean fractal geom- 
etry to characterize adsorption systems. By using ad- 
sorbates of varying molecular cross section, they 
showed that most solid surfaces are fractals, and that 
the fractal dimension measures the irregularity of  the 
surface accessible to molecules during adsorption pro- 
cesses. Linear relationships between the monolayer ad- 
sorption and the molecular size of  adsorbates have 
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been established to determine fractal dimension of a 
given solid surface (Avnir et al. 1984). 

Most of the work on the heterogeneity of solid sur- 
faces has been focused on activated carbons and other 
inorganic adsorbents and catalysts (Jaroniec and Madey 
1988). Comparatively little work on the heterogeneity of 
clay minerals (Lagaly 1979, 1981, 1982; Barrow et al. 
1993), and none on organo-clays, has been done. In this 
study, the adsorption of toluene, p-xylene, and n-propyl- 
benzene in aqueous solutions by Ca-smectite partially 
and fully exchanged with TMPA cations was measured. 
The resulting isotherms were analyzed by several ad- 
sorption equations to characterize the heterogeneity of 
such organo-smectites. In these systems, individual pores 
are defined by 2 semi-infinite parallel silicate sheets 
which have permanent negative charge, and by adsorbed 
interlayer Ca 2§ and TMPA cations which neutralize this 
charge. The interlayer cations act as pillars to separate 
silicate sheets, and to define the dimensions of the mi- 
cropores. As such, the size and structure of micropores 
in organo-smectites are largely dependent on the nature 
of the exchange cations (for example, Ca 2+ and TMPA), 
the proportion of the CEC they occupy and their distri- 
butions on the surface. 

The objectives of this study were to evaluate the 
applicabilities of different adsorption equations (the 
Langmuir equation, the DA equation and the DR equa- 
tion) for describing the uptake of aromatic hydrocar- 
bons from water by mixed Ca/TMPA- and TMPA- 
smectites, and to characterize these organo-smectites 
as heterogeneous adsorbents through an analysis of ad- 
sorption energy distribution, fractal dimension and mi- 
cropore size distribution. 

BACKGROUND AND THEORY 

Based on the Polanyi potential theory of adsorption 
(Goldman and Polanyi 1928; Polanyi and Welke 1928), 
and extensive gas and vapor adsorption studies, Dubinin 
and Astakhov (Dubinm 1975) developed a theory for the 
volume filling of micropores, expressed semiempirically 
by the following equation (DA equation): 

0(A) = exp - [11 

with 

A = R T  In p~ [2] 
P 

where 0 is the degree of volume filling, expressed as the 
ratio of the amount adsorbed in the micropores at tem- 
perature T and relative pressure P/Po to the maximum 
adsorption amount. R is the gas constant, A is the Polanyi 
adsorption potential and E 0 is the characteristic adsorp- 
tion energy of a reference adsorbate, and depends only 
on the adsorbate. The similarity (affinity) coefficient [3 is 
a shifting factor, and is a measure of the similarities be- 

tween the characteristic vapor adsorption for the adsor- 
bate being studied and that of a reference adsorbate. The 
value of [3 depends only on the adsorbate and can be 
defined as the ratio of the characteristic adsorption en- 
ergy of any adsorbate, E, to the characteristic adsorption 
energy of a reference adsorbate, E 0, that is, [3 = E / E  o. 

By convention, benzene is selected as the reference ad- 
sorbate, as Dubinin (1975) suggested ([3C6I-I6 = 1). The 
exponent n varies between 1 and 3, depending on the 
nature of adsorbent used. The value of n approaches 3 
for adsorbents with homogeneous micropores, whereas n 
approaches 1 for adsorbents with highly heterogeneous 
micropores. When n = 2, for average adsorbents, Equa- 
tion [1] becomes: 

[ 0(A) = exp - ~ [3] 

This equation is the DR equation mentioned previously 
(Dubinin 1975). The DR equation is a good mathemat- 
ical description of both vapor adsorption and adsorption 
in dilute liquid/solid systems (Jaroniec and Derylo 1981). 
In liquid/solid systems, the DR equation is written as: 

0 (A)=  e x p [ -  (~-~0,) 2] [4] 

with 

C, 
A = R T  In ----~" [5] 

C 

where C and Co are the respective equilibrium liquid 
phase concentration and the solute solubility, and E* 
is the characteristic adsorption energy of a reference 
adsorbate (C6H6) in such adsorption systems. 

Choma et al. (1993) introduced an "interracial" 
similarity (affinity) coefficient [3* to relate the char- 
acteristic energies E0 and E*: 

E* 
[3* = - -  [6] 

E0 

They examined [3* value for benzene by using 8 dif- 
ferent activated carbons of different sources. The re- 
suiting [3* value was 0.052 - 0.004 and did not de- 
pend on the heterogeneity of the activated carbons 
used, illustrating the usefulness of [3* as a measure of 
the similarity between the characteristic adsorption 
curves of any adsorbate in the gas/solid and liquid/ 
solid systems. Thus, the DR equation in the dilute liq- 
uid/solid adsorption systems can be rewritten as: 

0(A) = exp - [7] 

It should be emphasized that 13 defines the similarities 
between gas/solid adsorptions for an adsorbate com- 
pound and a reference compound, while 13", which is 
equal to 0.52 for benzene, defines the similarities be- 
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Table 1. Properties of mixed CalTMPA- and TMPA-smec- 
tites. 

% of CEC 
occupied d (.001) 

Clay Sample name OC%t" by TMPA (A) 

1 SAC-TMPA. 17:~ 1.66 17 14.42, 18.89 
2 SAC-TMPA.38 3.57 38 14.12, 18.97 
3 SAC-TMPA.65 5.88 65 14.16 
4 SAC-TMPA.75 6.75 75 14.95 
5 SAC-TMPA1.0 8.84 100 14.38 

I" OC% stands for the percent organic carbon content in 
organo-clays. 

5/SAC stands for the smectite clay from American Colloid 
Company; TMPA.XX and TMPA1.0 represent that SAC is 
treated with TMPA and the degree of the CEC occupied by 
TMPA is .XX and 1.0, respectively. 

tween liquid/solid and gas/solid adsorptions for an ad- 
sorbate. 

Recent studies (Innes et al. 1989; Stoeckli 1989; 
Stoeckli et al. 1990) have shown that the DR equation 
satisfactorily describes adsorption only in uniform and 
weakly heterogeneous micropores. Stoecldi et al. 
(Stoeckli 1977; Dubinin and Stoeckli 1980) suggested an 
integral equation combined with an adsorption energy 
distribution function to describe adsorption in heteroge- 
neous micropores. The DR equation is rewritten as: 

0(A) = exp - ~  [8] 

where ,4 = (Ir1/2/2)[313*E0 is the average adsorption po- 
tential. Letting z = 11,~, adsorption in heterogeneous 
micropores can be expressed as: 

0(A) = - 4 A 2 z  2 G(Z) dz [91 

where G(z) is the distribution function of z correlated to 
the characteristic adsorption energy E0. Dubinin and 
Kadlec (1987) assumed a Gaussian distribution for rep- 
resenting the adsorption energy distribution function. 
However, because the Gaussian distribution has a non- 
zero value at zero point argument, and the resulting ad- 
sorption isotherm equation contains the error function of 
the adsorption potential, Jaroniec and Madey (1989) pro- 
posed a gamma-type distribution function for represent- 
ing adsorption energy distribution function, which is 
physically and mathematically meaningful and leads to 
a simple adsorption isotherm equation. The following 
distribution function was obtained: 

2qv/2 _ 
G(z)  = F~v/2) z v iexp(-qz2);  

q > 0  and v > - 1  [10] 

with 

fo ~ G(z)  dz = 1 [11] 

where F(v/2) is the gamma function, q and v are pa- 
rameters associated with the dispersion (r z of  the dis- 
tribution and mean ~. 

Integration of Equation [9] with the substitution of 
G(z) leads to the following adsorption isotherm equation: 

q ] v/2 

O(A) = q + ~/4)A21 [12] 
d 

Equat ions [10] and [12] are good mathemat ica l  rep- 
resentations of adsorptions in gas/solid and dilute liq- 
nid/solid systems. The simplicity of  these equations 
allows one to properly characterize adsorption with 
only the parameters q, v, [3* and [3, which can be cal- 
culated from experimental adsorption data. 

MATERIALS AND METHODS 

Smectite from a Wyoming bentonite (SAC) with a 
CEC of 90 cmolc/kg was obtained from the American 
Colloid Company (Chicago, Illinois). The <2  p~m clay 
fractions were obtained by wet sexlimentation and sub- 
sequently saturated with Ca 2§ cations by washing the 
clay repeatedly with CaC12 solution (0.1 moVL). TMPA 
bromide (Aldrich Chemical Co.) was dissolved in dis- 
tilled water and used to prepare TMPA organo-smectites 
(SAC-TMPA). Clay suspensions containing 25 g of Ca- 
clay were treated by adding different amounts of TMPA 
bromide solution (0.03 mol/L) to form either mixed 
Ca/TMPA-clays or fully saturated TMPA-clay (SAC- 
TMPA). To prepare mixed Ca/TMPA-clays, the amounts 
of TMPA added were 0.2, 0.4, 0.65 and 0.75 times the 
CEC. To prepare the saturated TMPA-clay, TMPA was 
added at 3 times the CEC. The mixtures were agitated 
overnight on a magnetic stirrer at room temperature. The 
organo-clay suspensions were then washed with distilled 
water repeatedly until free of bromide ions as indicated 
by AgNO3, and stored in bottles for later use. Organic 
carbon contents of clays were determined using Dohr- 
mann DC-190 high-temperature TOC analyzer (Rose- 
mount Analytical Inc., Santa Clara, California), and were 
used to calculate the fraction of CEC occupied by TMPA 
cations. These organo-clays are referred to as SAC- 
TMPA.17, SAC-TMPA.38, SAC-TMPA.65, SAC- 
TMPA.75 and SAC-TMPA1.0, respectively, in which the 
numerical value represents the fraction of the CEC oc- 
cupied by TMPA. The properties of these SAC-TMPAs 
are given in Table 1. 

Adsorption of benzene, toluene, ethylbenzene, p-xy- 
lene and n-propylbenzene by the organo-clays was 
conducted using a batch equilibration technique. Cor- 
ex glass centrifuge tubes were filled with 100 mg of 
organo-clay and 25 mL of distilled water. Organic sol- 
utes were added neat using a Hamilton microliter sy- 
tinge to produce a range of initial and final concentra- 
tions. The tubes were capped immediate ly  with 
Teflon-backed septa. The tubes were shaken for 24 h 
on a rotator at room temperature. Preliminary experi- 
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ments showed that sorption reached equilibrium within 
18 h. After equilibration, the tubes were centrifuged 
at 8000 rpm (relative centrifugal force = 4302 g) for 
10 min to separate liquid and solid phases. A volume 
of 5 mL of supernatant was extracted with 10 mL of 
carbon disulfide in a glass vial. 

Analysis of organic solutes in the carbon disulfide 
extracts was made by gas chromatography. A Hewlett-  
Packard 5890 A gas chromatograph fitted with a flame 
ionization detector and a packed column (Alltech Co.) 
was used; N2 was the carrier gas. Peak areas were 
recorded by a Hewlett-Packard 3392A integrator, and 
compared to external standards to determine the con- 
centrations of organic solutes. The recovery of organic 
solutes in blanks not containing organo-clays was 
>90%. The amount of organic solutes sorbed was cal- 
culated from the differences between the amount of 
organic solutes added and that remaining in the final 
equilibrium solutions, Sorption isotherms were made 
by plotting the amount sorbed versus the equilibrium 
concentration in solution. 

Basal spacings [d(001)] of SAC-TMPA organo-clays 
with organic solutes sorbed were determined by XRD 
analysis. Organo-clay suspensions were dropped on glass 
slides, and immediately covered by Teflon tape to pre- 
vent vapor loss. X-ray diffraction (XRD) patterns were 
recorded using CuKct radiator and a Philips APD3720 
automated X-ray diffractometer using an APD3521 go- 
niometer fit with a 0-compressing slit, a 0.2-nma receiv- 
ing slit and a diffracted-beam graphite monochromator, 
from 2 to 10 ~ in steps of 0.03 ~ 1 sec/step. 

Pore size distributions of the organo-clays were de- 
termined by QuantaChrome Co. (Romeoville, Illinois). 
The organo~ were outgassed for 16 h at 70 ~ 
The N2 sorption measurements were analyzed using 
the Brunauer-Emmett-Teller (BET) equation (Bru- 
nauer et al. 1938) and the Horvath-Kawazoe (H-K) 
method (Horvath and Kawazoe 1983). 

RESULTS AND DISCUSSION 

The adsorption isotherms of benzene, toluene, p-xy- 
lene, ethylbenzene and propylbenzene are shown in 
Figure 1. All isotherms are type I, indicating that the 
adsorption occurs on the surfaces and in the micro- 
pores of SAC-TMPAs. Benzene shows the highest up- 
take by the organo-clays; progressively lower uptake 
occurs for larger molecules in the order of benzene > 
toluene > p-xylene ~ ethylbenzene > n-propylben- 
zene. At Ce/Cs (equilibrium concentration in water/ 
aqueous solubility) = 0.5, the sorbed concentration on 
SAC-TMPA.65 is about 78 mglg for benzene, 51 for 
toluene, 41 for p-xylene and ethylbenzene and 36 for 
n-propylbenzene. X-ray analysis showed that SAC- 
TMPAs do not undergo interlayer expansion after ad- 
sorption of the test compounds over the experimental 
concentration range used, indicating that the micro- 
structures of SAC-TMPAs were not altered. 

Choice of the Adsorption Isotherm Equation 

All adsorption isotherms were fit to the Langmuir 
isotherm equation and the DA isotherm equation with 
n = 2 and n = 3. Typical fitting results are represented 
in Figure 2. For small adsorbates such as benzene, the 
Langmuir equation overestimates adsorption at low 
concentrations and underestimates adsorption at high 
concentrations (Figure 2). For larger molecules like n- 
propylbenzene, the Langmuir equation gives a better 
fit, but it still deviates slightly from the experimental 
data (Figure 2). The DA equation with n = 3 provides 
a good description of adsorption of gases and aqueous 
compounds on activated carbons that contain uniform 
micropores (Innes et al. 1989; Stoeckli 1989; Stoeckli 
et al. 1990). When combined with the gamma type 
adsorption energy distribution function, it also de- 
scribes adsorption on heterogeneous activated carbons. 
However, it does not give a good fit for our experi- 
mental data in water/SAC-TMPA systems. The DR 
equation, which is suitable for weakly heterogeneous 
activated carbons (Kraehenbuehl et al. 1986; Innes et 
al. 1989; Stoeckli 1989), combined with the gamma- 
type adsorption energy distribution, does provide an 
excellent fit for our experimental data over the whole 
concentration range used (Figure 2). 

The DR equation is a fundamental mathematical de- 
scription of gas adsorption on porous and microporous 
solids. It is also very useful for describing gas adsorp- 
tion on mesoporous, macroporous and nonporous sol- 
ids, although there is no theoretical basis for the equa- 
tion (Hobson 1961; Cerofolini 1974). Our results sug- 
gest that the DR equation may be extended to the 
aqueous organo-clay adsorption systems presented 
here, as described below. 

Adsorption Energy Distribution Function 

Adsorption energy distribution functions are depen- 
dent on the heterogeneity parameters q and v (Equa- 
tion [10]). In order to obtain q and v for calculating 
the adsorption energy distribution functions for SAC- 
TMPAs, all isotherms were fit to Equation [12]. The 
resulting values of q and v, together with the maxi- 
mum adsorption amount Qm, are listed in Table 2. 

The adsorption energy distribution functions versus 
the inverse value of the average adsorption potential, 
z, calculated from Equation [10], are shown in Figure 
3. All are asymmetrical gamma-type distributions with 
a broadening toward lower energies. To better describe 
those adsorption energy distributions, the Zm~x values 
(at which adsorption energy distributions reach a max- 
imum), the average Z values, and the dispersion tr~ val- 
ues were calculated according to the following equa- 
tions (Jaroniec and Madey 1989): 
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Figure 1. Adsorption of aqueous phase alkylbenzenes by SAC-TMPAs. 

~ v - 1 
Zmax = 2 q  

= zG(z) dz 

[13] 

[14] 

r  d z _ z 2 =  1 

[151 

The results are listed in Table 3. For all SAC- 
TMPAs,  the energy distributions of  benzene reach a 

max imum at higher adsorption energies as compared 
to the alkylbenzenes studied, with an average zm,~ 
value of  0.0028 mol/kJ. By comparison,  zm,~ values 
for toluene, p-xylene,  ethylbenzene and n-propyl-  
benzene were all about 0.0040 mol/kJ.  As indicated 
by (r~, the energy distributions of  toluene are broader 
than that of  benzene, and then progressively narrow- 
er for larger molecules  in the sequence: benzene < 
toluene > p-xylene  ~-- ethylbenzene > n-propylben- 
zene. For n-propylbenzene ,  the adsorption energy 
distributions are very sharp and nearly symmetrical .  
For the adsorption of  the same adsorbate on differ- 
ent SAC-TMPAs,  SAC-TMPA.17 gives the broadest 
distributions. The adsorption energy distributions 
for the other 4 SAC-TMPAs are similar to each oth- 
er, particularly in the case of  larger molecules  such 
as ethylbenzene,  but remarkably different from 
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Figure 2. Adsorption by SAC-TMPA.65 of benzene (left) and n-propylbenzene (right) in aqueous solutions, fitted to the 
Langmuir equation (dotted line), the DA equation with n = 3 (dashed dotted line), and the DR equation (solid line). 

S A C - T M P A . 1 7 ,  t he  g e n e r a l  t r e n d  in  w i d t h  b e i n g  
S A C - T M P A . 3 8  ~- S A C - T M P A 1 . 0  > S A C - T M P A . 6 5  

S A C - T M P A . 7 5 .  In  the  c a s e  o f  n - p r o p y l b e n z e n e ,  
they  ac tua l l y  ove r l ap ,  a n d  o n l y  1 c u r v e  is s h o w n  in 
F i g u r e  3 for  n - p r o p y l b e n z e n e .  

As  a p r o b e  for  the  h e t e r o g e n e i t y  of  a d s o r b e n t s ,  
a d s o r b a t e  m o l e c u l e s  o n l y  de t ec t  t hose  s i tes  t ha t  in-  
t e rac t  w i t h  the  p r o b e  m o l e c u l e s  d u r i n g  the  ads o r p -  
t ion  p rocess .  T h e r e f o r e ,  the  a d s o r p t i o n  e x p e r i m e n t s  
p r o v i d e  i n f o r m a t i o n  c o n c e r n i n g  the  " r e l a t i v e "  he t -  
e rogene i ty .  It  is  a p p a r e n t  f r o m  the  a d s o r p t i o n  e n e r g y  
d i s t r i b u t i o n s  s u m m a r i z e d  a b o v e  tha t  the re  is a s te r ic  
e f fec t  i n v o l v e d  in adso rp t ion .  B e n z e n e  m o l e c u l e s ,  
due  to t he i r  s m a l l  s izes ,  are  a d s o r b e d  at s i tes  o f  
( c o m p a r a t i v e l y )  h i g h  ene rg i e s ,  w h e r e a s  t o l u e n e  and  
l a rge r  m o l e c u l e s  c a n  o n l y  be  a d s o r b e d  at  s i t es  o f  
l o w e r  ene rg i e s .  S t o e c k l i  et  al. ( 1 9 8 9 )  h a v e  s h o w n  
tha t  the  c h a r a c t e r i s t i c  a d s o r p t i o n  e n e r g y  and  m i c r o -  

po re  s ize  o f  a c t i v a t e d  c a r b o n s  h a v e  an  i n v e r s e  re-  
l a t i onsh ip .  A s im i l a r  r e l a t i o n s h i p  c o r r e l a t i n g  the  
c h a r a c t e r i s t i c  a d s o r p t i o n  e n e r g y  and  m i c r o p o r e  s izes  
m a y  ex i s t  in  T M P A  o r g a n o - s m e c t i t e s .  T h i s  s u g g e s t s  
the  e x i s t e n c e  o f  f ine m i c r o p o r e s  o f  h i g h  a d s o r p t i o n  
e n e r g i e s  in  S A C - T M P A s  w h i c h  are  a c c e s s i b l e  for  
b e n z e n e  m o l e c u l e s  bu t  s t e r i ca l ly  e x c l u d e  t o l u e n e  
and  l a rge r  m o l e c u l e s .  S u c h  m o l e c u l e s  c an  o n l y  b e  
a d s o r b e d  in l a rge r  m i c r o p o r e s ,  a n d  on  m e s o p o r o u s ,  
m a c r o p o r o u s  and  fiat  s u r f a c e s  w h i c h  h a v e  the  s i tes  
o f  l o w e r  ene rg ie s ,  as i n d i c a t e d  b y  the  sh i f t  o f  Zmax 
v a l u e s  for  t h e s e  m o l e c u l e s .  T h e s e  r e su l t s  a lso  sug-  
ges t  t ha t  s i tes  o f  b e n z e n e  a d s o r p t i o n  h a v e  m i c r o p o r e  
d i a m e t e r s  l a r g e r  t han  the  l e n g t h  o f  the  b e n z e n e  m o l -  
ecu le s  (5 .6  ,~) bu t  s m a l l e r  t h a n  the  l e n g t h  o f  t o l u e n e  
m o l e c u l e s  (7.1 fk), and  t ha t  m o l e c u l a r  p l a n e s  o f  t he  
a d s o r b a t e s  m u s t  be  pa ra l l e l  to the  b a s a l  p l a n e  o f  the  
c lay  as i n d i c a t e d  p r e v i o u s l y  b y  J a y n e s  and  B o y d  

Table 2. Parameters Qm, v, q for adsorption of aromatic hydrocarbons in water/TMPA-smectite systems. 

SAC-TMPA 0.17 0.38 0.65 0.75 1.0 

benzene Qm (mg/g) 60.61 73.24 77.84 78.51 77.36 
v 1.09 1.59 1.48 1.59 1.51 
q(kJ/mol) 2 1.03 • 104 2.59 X 104 3.44 • 104 4.24 • 1134 3.03 M 104 

toluene Qm (mg/g) 35.50 49.65 55.30 53.22 43.90 
v 1.33 1.22 1.98 1.60 2.47 
q(kJ/mol) 2 9.95 M 103 9.49 X 103 2.48 • 104 2.03 • 104 4.28 X 104 

p-xylene Qm (mg/g) 30.87 38.00 45.51 44.16 37.63 
v 1.22 2.11 2.17 2.36 2.98 
q(kJ/mol) 2 8.37 X 103 3.22 • 104 3.02 • 104 4.14 X 104 5.20 • 104 

ethylbenzene Qm (mg/g) 32.72 38.62 44.98 44.64 38.48 
v 1.35 2.70 3.40 3.06 3.47 
q(kJ/mol) 2 8.52 x 103 4.54 • 104 5.98 • 104 6.14 • 104 6.57 • 104 

n-propylbenzene Qm (mg/g) 21.31 31.54 37.16 36.97 31.88 
v 33.4 65.4 87.0 56.3 75.8 
q(kJ/mol) 2 9.80 • 105 2.15 • 106 2.85 • 106 2.12 • 106 2.43 • 106 
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Figure 3. Adsorption energy 

(1991b). If adsorbed molecules were oriented ver- 
tically to the clay surfaces, all 5 adsorbates used in 
this study would fill micropores, since they have the 
same widths of 4.8 ~.  

The above discussion is supported by the measured 
pore size distributions of SAC-TMPAs shown in Fig- 
ure 4. All pores are in the micropore region. A signif- 
icant portion of the micropores have pore diameters 
about 6.5 ,~, larger than the length of the benzene mol- 
ecule and smaller than the length of toluene. 

Although benzene molecules can fill the fine micro- 
pores, toluene, p-xylene, ethylbenzene and n-propyl- 
benzene are adsorbed in larger micropores and on sur- 
faces. The smaller toluene molecules explore more 
sites of different energies on the clay surfaces than the 

distributions for SAC-TMPAs. 

larger alkylbenzenes. As a result, toluene detects a 
more heterogeneous surface and gives broader adsorp- 
tion energy distributions. The adsorption energy dis- 
tribution narrows and the heterogeneity is concealed 
gradually as the adsorbate molecular size increases. In 
the case of n-propylbenzene, the heterogeneity is con- 
cealed completely so that the adsorption isotherms can 
be fit to the Langmuir equation (Figure 2). 

Non-uniform distribution of cations, especially at 
low TMPA content, may lead to a broadening of the 
energy distribution profile. McBride and Mortland 
(1973) observed the segregation of different cations in 
a smectite when ethylammonium was partially ex- 
changed by tetrapropylarnmonium up to about 55% of 
the CEC. Faver and Lagaly (1991) reported that large 
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Table 3. The characteristics of adsorption energy distribution. 

Clays and Clay Minerals 

SAC-TMPA 0.17 0.38 0.65 0.75 1.0 Average 

benzene Zmax(mOl/kJ) 0.0029 0.0034 0.0026 0.0026 0.0029 0.0028 
z(mol/kJ) 0.0059 0.0048 0.0040 0.0037 0.0043 
t~z(mol/kJ) 0.0043 0.0028 0.0024 0.0022 0.0026 

toluene zm~(mol/kJ) 0.0041 0.0035 0.0044 0.0038 0.0041 0.0041 
z(mol/kJ) 0.0068 0.0066 0.0056 0.0054 0.0049 
%(mol/kJ) 0.0045 0.0045 0.0029 0.0032 0.0023 

p-xylene Zm,x(mol/kJ) 0.0036 0.0041 0.0044 0.0040 0.0044 0.0040 
z(mol/kJ) 0.0071 0.0051 0.0054 0.0048 0.0049 
~z(mol/kJ) 0.0048 0.0026 0.0027 0.0023 0.0021 

ethylbenzene Z=~x(mol/kJ) 0.0046 0.0043 0.0045 0.0041 0.0043 0.0044 
z(mol/kJ) 0.0075 0.0050 0.0050 0.0046 0.0048 
%(mol/kJ) 0.0048 0.0022 0.0020 0.0019 0.0019 

n-propylbenzene Zmax(mol/kJ) 0.0041 0.0039 0.0039 0.0036 0.0039 0.0039 
z(mol/kJ) 0.0041 0.0039 0.0039 0.0036 0.0039 
%(mol/kJ) 0.0005 0.0005 0.0005 0.0005 0.0005 

quaternary ammonium cations (such as hexadecyltri- 
methylammonium) are preferentially adsorbed on low 
charge density clay surfaces while small organic cat- 
ions such as TMPA prefer to be adsorbed on surfaces 
of high charge density. We observed that Ca 2+ and 
TMPA cations are randomly distributed in SAC- 
TMPAs (Sheng and Boyd 1997). However, the inhom- 
ogeneity of layer charge density may cause a nonun- 
iform distribution of Ca 2+ and TMPA cations, resulting 
in a distribution of micropore sizes. This type of to- 
pographical heterogeneity is especially significant for 
SAC-TMPA.17, producing the broad adsorption ener- 
gy distributions. As the TMPA content increases in 
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these clays, Ca 2+ and TMPA distribution becomes 
more uniform and hence the surfaces more homoge- 
neous. This is indicated by the progressively narrower 
adsorption energy distributions of  SAC-TMPA.38, 
SAC-TMPA.65 and SAC-TMPA.75. Once the CEC is 
fully saturated by TMPA (in SAC-TMPA1.0), the ad- 
sorption energy distribution is slightly broader. This 
may be related to the formation of  more fine micro- 
pores due to the high TMPA density on the surfaces. 

Surface Fractal Dimension 

Surface fractal dimension is useful for characteriz- 
ing heterogeneous adsorbents. For a series of  spherical 
molecules, Pfeifer et al. (1983) and Avnir et al. (1983, 
1984) derived the following relationship which relates 
the monolayer amount adsorbed (Qm) to the spherical 
radius of the adsorbate molecule (r) and the surface 
fractal dimension (D), which is between 2 and 3: 

Qm oc r-O [16] 

However, the adsorbate molecules need not be spher- 
ical, provided they are adsorbed fiat on the adsorbent 
surface and belong to a homologous series for which 
the ratio of  the square of the linear extent (that is, 
largest distance, r, between any 2 points on the probe) 
to the effective cross-sectional area is the same for all 
members (Pfeifer et al. 1983). For the sorption data 
presented here, a plot of  logarithm Qm v e r s u s  loga- 
rithm r yields a straight line (Figure 5), indicating that 
these requirements are satisfied. Values of  D are ob- 
tained from the slopes of these plots and listed in Table 
4 together with the lengths of the aromatic molecules 
(r) which were used to estimate the fractal dimensions. 
Correlation coefficients (R 2) in Table 4 verify the high- 
ly linear relationship between log Qm and log r. The 
high D value for SAC-TMPA.17 suggests a compar- 
atively high degree of  heterogeneity for SAC-  
TMPA.17. This high heterogeneity can be attributed 
to the formation of TMPA-rich patches in regions of  
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higher charge density and the associated formation of  
numerous fine micropores. The D value decreases 
from 2.55 for SAC-TMPA.17 to 2.15 as the TMPA 
content increases to about 0,65 CEC, indicating that 
TMPA-smectite becomes less heterogeneous. This can 
be attributed to the adsorption of  TMPA on the layers 
of lower charge density, and the resultant formation of  
larger pores which lowers the (molecular scale) fractal 
dimension. The D value increases again to 2.40 for 
SAC-TMPA1.0 as the TMPA content increases to 1.0 
CEC due to the formation of  additional micropores. 
The analysis of  fractal dimension results is consistent 
with the previous analysis of adsorption energy distri- 
butions, 

These results are also consistent with the measured 
pore size distributions of  SAC-TMPAs shown in Fig- 
ure 4. The volume fraction of  the portion of the mi- 
cropores with pore diameters of about 6 .5 /~  increases 
(as the D value decreases) in the order: SAC-TMPA. 17 
< SAC-TMPA.38 <SAC-TMPA.65,  decreases there- 
after (as the D value increases) in the order: SAC- 
TMPA.65 > SAC-TMPA.75 > SAC-TMPA1.0. 

Based on the theory of adsorption on fractaUy po- 
rous solids, Avnir et al. (1983) have developed the 

Table 4. Molecular lengths of adsorbates and fractal dimen- 
sions of SAC-TMPAs. 

Ethy l -  n-propyl-  
Adso rba t e  B e n z e n e  Toluene  p - x y l e n e  b e n z e n e  b e n z e n e  

L e n g t h  (/~) 5.6 7.1 8.4 8.4 9.6 

SAC-TMPA 0.17 0.38 0.65 0.75 1.0 
D 2.55 2.36 2.15 2.16 2.40 
R 2 0.9704 0.9998 0.9989 0.9984 0.9842 

following theoretical proportionality relationship be- 
tween pore-size distribution J ( x )  and fractal dimen- 
sion: 

J ( x )  ~x x 2-o  [17] 

In the micropore region, Jaroniec et al. (1990) derived 
the following equation: 

3 - D  
-x 2-D [18] J ( x )  = 3-o  3-0  

X m a  x - -  X m i  n 

where X~ax is the upper limit of micropore size, and 
Xmi n is the lower limit of micropore size. Plotting frac- 
tal dimension against mean pore size, shown in Figure 
6, gives the following linear relationship: 
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Dependence of fractal dimension on mean pore 
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D = 5.478 - 6 .308 97 R 2 = 1.000 [19] 

Th i s  type  o f  l inear  re la t ionsh ip  was  also ob ta ined  for  
ac t iva ted  ca rbons  and  cons i s ten t  wi th  the  theore t ica l  
ana lys i s  ( Jaroniec  et  al. 1993).  Th i s  re la t ionsh ip  cou ld  
be  used  to es t imate  the fractal  d i m e n s i o n  f rom exper-  
imen ta l  m ic ropo re  size d is t r ibut ion  of  T M P A - s m e c t i -  
tes. In the above  re la t ionship ,  the m e a n  pore  size is 
ca lcu la ted  via  the  fo l lowing  express ion  us ing  Xm,x = 
1.0 n m  and  Xmi n = 0.1 nm:  

~x xm~ xJ(.x) d.~ 
rain 

"f fXm~ [20] 

J(x) dx 
min 

Our  expe r imen ta l  resul ts  of  mic ropore  size distri-  
bu t ion  and  the  theore t ica l  l inear  re la t ionsh ip  b e t w e e n  
D and  97 i l lus t ra te  that  D is s imply  cor re la ted  to the  
mic roporos i ty  o f  S A C - T M P A s  and  reflects the fact  
tha t  the surface  i r regular i t ies  of  S A C - T M P A s  are 
largely  genera ted  by  the i r  microporos i ty .  

In  summary ,  as ef fec t ive  adsorben ts  for  aqueous  ar- 
omat i c  hydroca rbons ,  S A C - T M P A s  possess  bo th  the  
surface  and  s t ructural  he terogenei ty .  T he  D R  equa t ion  
wi th  a g a m m a - t y p e  d is t r ibut ion  func t ion  descr ibes  the  
adsorp t ion  i so the rm data  be t te r  than  the L a n g m u i r  
e q u a t i o n  (F igu re  2). T h e  h e t e r o g e n e i t y  o f  S A C -  
T M P A s  can  be  charac te r i zed  by  adsorp t ion  ene rgy  dis- 
t r ibut ion,  f ractal  d i m e n s i o n  and  microporos i ty .  T he  
re la t ive  he te rogene i ty  revea led  by  adsorp t ion  exper i -  
men t s  depends  on  the  size of  adsorba te  molecules .  
Smal l  molecu les  p robe  the  h igh ly  he t e rogeneous  sur- 
face whi l e  large  molecu les  detect  a re la t ive ly  h o m o -  
geneous  surface.  T M P A  conten t  and  i n h o m o g e n e i t y  of  
cha rge  dens i ty  in  smect i te  also affect  the  he te rogene i ty  
of  S A C - T M P A s  by  af fec t ing the d is t r ibut ion  o f  T M P A  
cat ions  in smect i te  and  poss ib ly  the  in te rac t ion  be-  
tween  T M P A  cat ions.  

Our  resul ts  sugges t  here  that  the he te rogene i ty  is the  
in t r ins ic  p roper ty  of  organo-c lays .  The  D R  equa t ion  
for  sorp t ion  on to  he t e rogeneous  surfaces  would  be  the  
be t te r  cho ice  than  the L a n g m u i r  equa t ion  for  descr ib-  
ing the  adsorp t ion  of  organic  c o m p o u n d s  on  organo-  
c lays  con ta in ing  re la t ive ly  smal l  exchange  ca t ions  l ike 
T M P A .  
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