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Adsorption of benzene and naphthalene to modified montmorillonite
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Abstract
This study aims to characterize the adsorption pattern of benzene and naphthalene on montmorillonite modified with hexadecyltrimethylammonium
(HDTMA), tetramethylammonium (TMA), tetracthylammonium (TEA), tetrabutylammonium (TBA) or benzyltrimethylammonium (BTMA).
Adsorption isotherms of benzene and naphthalene from water followed Langmuir and Freundlich models respectively. The Langmuir form of the
isotherms suggests that benzene and naphthalene adsorbed to the surfaces as a monolayer. Binding coefficient of naphthalene increased as the
molecular weight of the pre-adsorbed surfactant increased. Adsorption of benzene and naphthalene follows the sequence:
montmorillonite-benzyltrimethylammonium > montmorillonite-hexadecyltrimethylammonium > montmorillonite-tetrabutylammonium >
montmorillonite-tetraethylammonium > montmorillonite-tetramethylammonium. The results indicate that using those complexes can be useful in

removing pollutants from water.
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Introduction

The increasing use of organic compounds and petroleum products
poses a serious impact to human health and the environment.
Such environmental problems must be controlled in order to
minimize the harmful effects of these products. One problem
frequently encountered with these compounds is contamination
of ground water *'. Montmorillonite in soil determines the fate of
many organic compounds which reach the soil. The hydrophilic
montmorillonite is an ineffective sorbent for poorly water-soluble
compounds such as aromatic hydrocarbons that frequently move
from contaminated sites (agricultural and/or industrial sites) into
the subsurface environment and groundwater. The adsorption of
non-ionic organic compounds (NOCs) on hydrophilic
montmorillonite is suppressed in the presence of water because
non-polar or less polar organic compounds cannot effectively
compete with water for adsorption sites on the montmorillonite
surfaces. Adsorption of NOCs on montmorillonite can be
enhanced by replacing the inorganic cations by larger cationic
surfactants >3 %1320 Earlier studies indicated that exchanging
quaternary alkylammonium organic cation for metal ions on
montmorillonite greatly modified the sorptive characteristics for
organic vapors + 18202428 Sorbed surfactants to sediments or
soils retarded the migration of NOCs in subsurface environment
and can provide an effective transport barrier in soils ® 1232,
Shen % studied the sorption of benzene and naphthol by bentonites
exchanged with short-chain quaternary ammonium surfactants.
Here we report the adsorption of benzene and naphthalene on
different types of alkylated montmorillonites.

Materials and Methods
Material: The sodium montmorillonite SWy-1 was obtained from
the Source Clays Repository (Clay Minerals Society, Columbia,
MO). The cation exchange capacity (CEC) is 0.8 mol/kg
montmorillonite®.
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The cationic surfactants: hexadecyltrimethylammonium
(HDTMA), tetramethylammonium (TMA), tetracthylammonium,
(TEA),tetrabutylammonium (TBA), and benzyltrimethylammonium,
(BTMA), were received as chloride or bromide salts from
Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO, USA; Aldrich
Chem. Co., Milwaukee, WI, USA). Analytical grade naphthalene
and benzene were obtained from Sigma Chemical Co, USA. Some
physical properties and the chemical structures are shown in Table
1 and Fig. 1 respectively.

Interaction of cationic surfactants with montmorillonite
surfaces: The adsorption isotherms of TMA, TEA and TBA were
measured in the range of 0.1-5.0 mol surfactant/kg montmorillonite
as described in El-Nahhal et al. 5. Appropriate aliquots of the
surfactant were diluted and added to 25 mg montmorillonite
suspension in 40 ml glass centrifuge tube. The total volume was
25 ml. The tubes were kept under continuous agitation for 48 h
using a rotary shaker. The supernatants were separated by
centrifugation at 6,000 rpm at 20°C for 25 min. The final
concentration of clay was 1 g/1. The amount of surfactant adsorbed
was derived from the carbon content (CHNSO analyzer,
Carlo-Erba 1108) as described previously °.

Preparation of the organo-clay minerals: Montmorillonite-TMA,
-TEA, -TBA, -HDTMA and -BTMA complexes were prepared at a
full saturation capacity (0.8 mmol/g montmorillonite) by dropwise
addition of aliquots of a 10 mM aqueous solution of the organic
salt to a 1% (w/v) aqueous dispersion of montmorillonite under
continuous stirring for 48 hours as described previously > 1.

Density of the organo-montmorillonites: Organo-montmorillonite
was filled in a 10 ml glass cylinder and pressed manually several
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times up to reach a final volume of 10 ml. The mass of the
surfactant-montmorillonite was weighed with a digital balance.
The density was calculated from the mass-volume ratio. All
samples were made in triplicate. The results were accurate and
reproducible. Statistical analysis does not discriminate significant
difference among measurements.

Adsorption of benzene and naphthalene: Adsorption isotherms
of benzene and naphthalene were measured in a range of 0-200
pmol benzene or naphthalene per gram organo-montmorillonite at
room temperature (25+1°C). A stock solution of benzene was
prepared by dissolving 15.6 mg benzene in 1 litre of distilled water.
The stock solution of naphthalene was prepared by dissolving
25.6 mg naphthalene in 3.5 ml methanol and diluting to 1 litre with
distilled water.

Appropriate aliquots of aqueous solutions of benzene or
naphthalene were diluted with water to give a volume of 25 ml and
were added under continuous stirring to 5 ml of the 0.5% (w/w)
organic-montmorillonite dispersion in 30 ml centrifuge tubes. The
final concentration of the montmorillonite was 0.83 g/1. The samples
were kept under continuous horizontal agitation for 24 h. The
supernatant was separated by centrifugation at 6,000 g for 0.5 h.

After centrifugation, 10 ml aliquots of the supernatant were
extracted with 10 ml carbon disulphide (CS,) in glass vials and
analyzed by gas chromatography (Hewlett-Packard Model 5890,
flame ionization detector, an automatic sample holder) . To monitor
volatilization losses, blank samples were measured without
montmorillonite or its hydrophobic complexes. The blank
recoveries were 75 and 85% for benzene and naphthalene
respectively. The relatively low recoveries may probably be due
to the very hot conditions outside the laboratory during the
experiment. The data measured were not adjusted to the losses.

Data analysis: Adsorption data were fit to multiple regression
analysis. Binding coefficient, K is a measure of interaction
between the compound and the organo-clay complex. For better
comparison, the organic carbon based sorption coefficients (K )
of benzene and naphthalene were obtained by normalizing the
slope of the isotherms (K ) to the organic fraction (f ) of
montmorillonite complex (K = (K /f )*100 as described in Kile et
al. '°. The free energy of the adsorption was calculated by equation
(1) 1

AG°=-RTIn (C/C) 1)

where AG” is the molar free energy change (Joule/mol), R is the
gas constant (8.3143 Joules/mole/K), T'is the absolute temperature
and C/C, are the initial and equilibrium concentration respectively.

Results and Discussion
Organo-montmorillonite: The amounts of surfactant adsorbed
followed the sequence TMA> TEA> TBA but the overall pattern
is similar for adsorption by montmorillonite up to the CEC.

According to Rosen #?, adsorption of cationic surfactants from
solution to solid surfaces can be described by Langmuir isotherms
even though the assumptions of Langmuir adsorption may not be
completely satisfied:

S=K;S,C/(1+KC) )

where S is the adsorbed at equilibrium (mmol/g), C, equilibrium
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Figure 1. Chemical structure of the used materials.

concentration adsorption, (mmol/l), S _adsorption capacity (mmol/
g)and K, is the Langmuir coefficient (I/'mmol). Thus K and S _are
obtained from the linear regression by plotting C /S versus C..

The adsorption isotherms were well described by the Langmuir
model with correlation coefficients (R?) exceeding 0.99 (Table 2)
from the linear Langmuir representation. The Langmuir adsorption
capacity ranged from 0.846 t00.896 mmol/g. Above CEC the
adsorbed amount increased only slightly (Fig. 2). The amounts of
TMA adsorbed were slightly higher than TEA or TBA.

Some properties of the organo-montmorillonite are presented
in Table 3. It is obvious that there are some changes in the density
of the produced complexes. The density of montmorillonite
saturated up to 60% of CEC was greater than at a full saturation.
At a full saturation more surfactant molecules were attached to
the single montmorillonite particles. This interaction increased
the volume of montmorillonite particle. At a partial saturation (60%)
of CEC, less surfactant molecules were attached to a
montmorillonite particle, thus a certain volume accommodated more
montmorillonite particles, consequently the density was increased.
In addition, a bulkier surfactant (e.g. HDTMA) (Fig. 1) largely
reduced the density of montmorillonite and the complex may be
floating on the surface of water, and sorption may not be efficient
due to lack of contact with adsorbate.

Adsorption of benzene and naphthalene to modified
montmorillonite: Adsorption of benzene on the original
hydrophilic montmorillonite particles was very low compared to
hydrophobic montmorillonite particles (Fig. 3). Almost 3% of the
added benzene was adsorbed on hydrophilic montmorillonite
particles. Modifying the montmorillonite surfaces with TMA
considerably increased amount of benzene adsorbed due to
hydrophobic environment. Larger surfactants such as TEA, TBA,
HDTMA or BTMA further increased the amount of benzene
adsorbed. The adsorption followed the sequence of BTMA>
HDTMA>TBA>TEA>TMA > montmorillonite. Our results agree
with Bartelt-Hunt et al. !, Smith et al. ?* and Redding et al. 2! who
reported that adsorption of benzene on HDTMA -bentonite was a
function of the total carbon contents.

The adsorption isotherm fits very well to Eq (2) and indicates
that saturation, probably in mono-layers is reached at high
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Figure 2. Adsorption isotherms of cationic surfactants on montmorillonite.
Surfactants adsorbed are: TMA, TEA or TBA. Organic loads at
montmorillonite surfaces were determined by CHNSO analyzer. Bars indicate
standard error.
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Figure 4. Adsorption isotherms of naphthalene on montmorillonite modified
with cationic surfactant such as TMA, TEA, TBA, HDTMA, or BTMA.
The number indicates the loading of the surfaces (0.8 mmol surfactant/g
montmorillonite). Bars indicate standard error.

Table 1. Physical properties of used chemicals.
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Figure 3. Adsorption isotherms of benzene on montmorillonite modified
with cationic surfactant such as TMA, TEA, TBA, HDTMA, or BTMA.
The number indicates the loading of the surfaces (0.8 mmol surfactant/g
montmorillonite). Bars indicate standard error.

Table 2. Adsorption coefficients of surfactants on montmorillonite.

Surfactant S, (mmol/g) K (L/mmol) R’

TMA 0.896 12.85 0.995
TEA 0.872 10.15 0.993
TBA 0.846 9.17 0.992

Table 3. Bulk density and color of montmorillonite-surfactant complexes.

Surfactant complex Color Density (g/ml)
Montmorillonite-TMAO0.5 Wg 0.95+0.016
Montmorillonite-TMA0.8 Wb 0.74+0.008
Montmorillonite-TEA0.8 Wb 0.68+0.097
Montmorillonite-TBAO.5 w 0.74+0.017
Montmorillonite-TBAO.8 Wb 0.62+0.004
Montmorillonite-BTMAO.5 Wg 0.72+0.006
Montmorillonite-BTMA0.9 Wg 0.35+0.011

‘Wb= white brown; w= white; wg= white greenish

coefficient (Table 4) increased as the water solubility of the
pre-adsorbed surfactant increased (Table 1). These results
suggest a possible partitioning of naphthalene between the
organic phase that is generated on the surfaces of
montmorillonite. These results agree with Bartelt-Hunt et
al.', who reported an increase in log K values of benzene
with the increase of carbon content in organobentonites.

However, K _ values are significantly different from K_

Name of surfactant  Molecular weight  Solubility in water  Toxicity LDsy > / ’

TMA 109.61 Water soluble 125 mg/kg oralmouse  (Table 4). These data indicate that the interaction between
TEA 183.73 1419 g/l 2530 mg/kg oral rat naphthalene and montmorillonite surfactant complexes is
TBA 322.37 6000 g/1 Not available . . :

HDTMA 320 Soluble 410 mg/kg oral rat due to physical adsorptlor}. These data agree yv1th the results
BTMA 185.7 800 g/l 250 mg/kg oral rat of free energy calculations (Table 5). Linear mode of
Benzene 78 0.7 g/l 930 mg/kg oral rat naphthalene adsorption was also observed in previous
Naphthalene 128 32 mg/l 490 mg/kg oral rat 31416

LDy, is the concentration required to kill 50% of the test organism. Adopted from Ref ™. reports o

concentrations. Binding coefficients, K, of benzene on modified
montmorillonite are presented in Table 4. The binding coefficient
increased when the pre-adsorbed surfactant included an aromatic
ring. This is probably due to n-w interaction of benzene with the
pre-adsorbed surfactant 27 %,

A comparison between K _ values and K of' benzene (Table 4)
indicates significant differences. These data provide additional
evidence of adsorption rather than partitioning between two
phases. The presented results showed a shape dependence of
benzene uptake from water using montmorillonite modified with
different cationic surfactants. Similar results were reported
previously for other cases & '°.

Adsorption isotherms of naphthalene on hydrophobic
montmorillonite (Fig. 4) were linear in all cases. The binding
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Free energy of adsorption: The molar free energy for benzene
and naphthalene adsorption on modified montmorillonite vary
between -85.344(-6.46) and -985.82+(-47.64) for benzene and
-88.77£(-10.24) and -513.21+(-14.94) for naphthalene. These data
are within the expected range for physical adsorption. The values
calculated from K were—12059.7 and —19168.2 J/mole for benzene
and naphthalene respectively. Obviously AG° values calculated
for adsorption were significantly different from the values of
partitioning (K_ ). These data indicate that the process is
adsorption not partitioning, although adsorption of naphthalene
tended to be linear at all cases. The values of AG® are always
negative, they become even more negative when the pre-adsorbed
surfactant include a phenyl ring in its structure. These data are in
accord with adsorption results (Fig. 3 and 4).
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Table 4. Adsorption coefficients of benzene and naphthalene on montmorillonite

surfactant complexes.

12Koh, S.M. and Dixon, J.B. 2001. Preparation and application of
organo-minerals as sorbents of phenol, benzene, and toluene.
Appl. Clay Sci. 18:111-122.

BLagaly, G. 1994. Surface and interlayer reactions: Bentonites as

Name of complex Benzene Naphthalene
K, K R K; Ke R

Montmorillonite 0.006 0.95 0.057 - 0.999
Montmorillonite-TMA 0.009 895 0955 0.079 81.25  0.999
Montmorillonite TEA 0.012 572 0995 0.090 4698  0.999
Montmorillonite-TBA 0.013 331 097 0.097 2544  0.999
Montmorillonite-HDTMA  0.01 4.17  0.99 0.148  61.92  0.999
Montmorillonite-BTMA 0.034 6.58  0.99 0.263  57.67  0.999

adsorbents. Colloid Polymer Sci. 97:137-144.

Lee, J.F., Mortland, M.M., Boyd, S. A. and Chiou, C. T. 1989.
Shape-selective adsorption of aromatic molecules from water
by tetramethylammonium-smectite. J. Chem. Soc., Faraday
Trans. I 85:2953-2963.

BLee, J.F., Mortland, M.M., Chiou, T.C., Kile, E.D. and Boyd,

Ko of benzene 135 > and naphthalene 2290, °.

Table 5. Changes of free energy of benzene and naphthalene
adsorption on modified montmorillonite.

Name of complex Benzene Naphthalene
Montmorillonite -85.34 +(-6.46) -88.77 + (-10.24)
Montmorillonite-TMA -167.49 + (-10.52)  -179.8 + (-4.9)

Montmorillonite TEA
Montmorillonite-TBA
Montmorillonite-HDTMA
Montmorillonite-BTMA

Kow

-180 + (-37.54)
226.92 + (-18.32)
-816.1 + (-114.32)
-985.82 + (-47.64)
-12059.7

-209.86 + (-11.27)
243.66 + (-4.63)
-321.42 + (-7.37)
-513.21 + (-14.94)
-19168.2
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