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Abstract

This study focuses on the investigation of the capability of surfactant-modified bentonite for removal of phenol
from aqueous solution. Calcium bentonite was beneficiated by means of ion exchange method using sodium
trioxocarbonate (IV) resulting into sodium exchanged bentonite (SEB) and modified using ion exchange method,
impregnation method, mechanical mixing methods using quaternary hexadecyltrimethylammonium bromide
(HDTMABr). Fourier Transform Infra-Red Spectroscopy (FTIR) technique was used to study the vibrational bands of
the sodium exchanged bentonite and modified SEB respectively. The effects of contact time, pH and initial
concentration were studied on SEB and surfactant-modified SEB. The result reveals that the removal of phenol
using SEB and surfactant-modified bentonite has optimum pH, contact time and equilibrium adsorption capacity of
6.0, 60 mins and 22.4 mgg-1 respectively. The result further shows that the surfactant-modified bentonite produced
by impregnation method gave better experimental and calculated adsorption capacities of 6.4 mgg-1 and 10.5 mgg-1

respectively. The kinetic data obtained fitted well with pseudo second-order equation with correlation coefficient (R2)
value of 0.999. This study therefore recommends that surfactant-modified bentonite obtained by means of
impregnation is a potential adsorbent for the removal of phenol from aqueous solution and subsequently waste
water.

Keywords: Phenol; Adsorption; Surfactant-modified bentonite;
Kinetic model equations; Modification techniques

Introduction
The consumption of oil and petroleum products increases gradually

from year to year because these are some of the most important energy
sources in the world. As a consequence, every year many oil spills
happen both on roads and in the sea over the world [1]. The biggest oil
spill in history was in the Arabian (Persian) Gulf in 1991. It was
estimated that about 9,000,000 barrels of oil were spilled onto Kuwait
land and into the Arabian Gulf. Some of the oil evaporated, but the
remaining oil spilled into the Arabian Gulf and formed a 600 squared-
mile oil slick with unknown amount of oil sinking to the seafloor.
Apart from oil spills on seas, there are many more oil on road, usually
during land-based transport which results in significant environmental
damage and economic loss. This spillage had adverse impact on the
road usage, road quality and causing expensive repair costs. It also has
adverse health effect on local people which includes: nausea, headaches
and skin irritations [2,3].

Water is widely contaminated by unmanageable organic chemicals
such as phenols, herbicides, benzene, toluene, ethyl benzene and
xylene (BTEX) and heavy metals. These are greatly toxic in the
environment and generally pose as life threat to human existence [4,5].

Phenol and its derivatives are common contaminants in wastes
generated from petrochemical, coal conversion and phenol producing
industry. Phenol is considered as one of the priority pollutants owing
to its danger to organisms at the low concentrations. Environmental
Protection Agency regulations call for lowering of phenol content in
wastewater to less than 1 ppm [6]. Industrial products such as

herbicides, pesticides, papers, paint, resin, and refinery products like
fuel, diesel and coke introduces phenols in groundwater or wastewater
and it can easily be detected. Relatively high water solubility is one
property of most phenols that favours its presences in water [7].

Therefore purification of water becomes invariably vital. One
inexpensive method employed to purify water and remove the various
chemicals that contaminate it, is the adsorption process. Amongst the
various adsorbents, the most widely used adsorbent that delivers a
successful result is activated carbon [8,9]. However, its high cost and
regeneration difficulty are the major issue that limits the use of
activated carbon in the developing country like Nigeria as adsorbent.
One suite of materials commonly used for this adsorption is based on
modified clays or organoclays [10].

Despite the fact that clays have been recognized as adsorbents, few
studies have been conducted to determine whether certain clays could
serve as practical adsorbents in the treatment of water and wastewater.

There has been growing attention in utilizing natural clays such as
montmorillonite, kaolinite, illite, and bentonite for the removal of toxic
metals and organic contaminants like heavy metals and phenols from
aqueous solutions [11]. Even though their natural porous structure
offers a great potential for the retention of pollutants, many studies
[12,13] reported that naturally occurring clays are ineffective for the
adsorption of anionic contaminants, and hydrophobic or non-polar
organic pollutants. This is due to the hydrophilic characteristics of
their surfaces and charges.

Many studies of recent, [14,15] have investigated clay’s increasing
adsorption capacity for organic contaminants. The reports shows that
the adsorption of various organic compounds by clay minerals have
been greatly enhanced by replacing the natural inorganic interlayer
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cations with certain organic cations such as quaternary ammonium 
cations (QACs), which may be represented as [(CH3)3NR]+, or 
[(CH3)2NR2]+ where R is a moderately short hydrocarbon substituent 
group. The aluminosilicate sheets of common clay minerals possess a 
net negative electrical charge compensated for by inorganic exchange 
cations (e.g., Na+ and Ca2+), which are strongly hydrated in the 
presence of water.

Ion exchange is simple approach employed for modifying surface
properties of natural clays with organic cations. This is achieved by
introducing cationic surfactant molecules into the interlamellar space
of the clay, thus the properties of clay minerals are enhanced to those
of organoclays [16]. This intercalation of a cationic surfactant between
the clay layers therefore changes the surface properties from highly
hydrophilic to increasingly hydrophobic. Furthermore, modification of
the swelling clay with a cationic surfactant results in an increase in the
basal spacing of the layer and exposure of new sorption sites of clays.

Understanding the structure and properties of organoclay is
essential for their practical application. Therefore this study will help
increase the knowledge horizon on the various methods used to
prepare organoclay and how it can be used to adsorb phenol from
aqueous solution.

This study will cover the various methods used in the modification
of beneficiated bentonite (sodium exchanged bentonite) from
hydrophilic to organophilic using hexadecyltrimethylammonium
bromide (HDTMABr) followed by the characterisation of the
beneficiated bentonite (sodium exchanged bentonite) and the
organoclay using FTIR. The kinetic study of the obtained equilibrium
data was equally evaluated.

Experimental

Sample collection
The calcium bentonite used in this study was mined from Ebenebe,

in Anambra State, Nigeria. The clay sample mined was ground with
mortar and pestle and sieved with 200 mm size mesh to ensure low grit
content. The quaternary ammonium compound used in this study was
hexadecyltrimethylammonium bromide (HDTMABr) from Loba
Chemie Pvt Ltd in Mumbai, India with chemical formula C19H42BrN,
assay strength of 98.0% and Molecular weight of 364.46. It was used
without any further purification. The sodium trioxocarbonate (IV)
(Na2CO3) was used in anhydrous state. It was obtained from
Guangdong, China. The phenol used in the study was from
Guangdong, China with chemical formula C6H6O.

Beneficiation of calcium bentonite
The beneficiation of the sample was achieved by adopting the

methods of Yildiz [17] and Olugbenoga [18].

Preparation of surfactant-modified bentonite using
HDTMABr
This was carried out following the method according to Zhou [16].

Sodium-exchanged bentonite sample (5 g) previously modified by
means of ion exchange method was dispersed in 100 ml of distilled
water. The suspension was vigorously stirred for 1 hr at room
temperature using magnetic stirrer. An aqueous solution of 0.1 M
hexadecyltrimethylammonium bromide (HDTMABr) was gradually
added to the sodium-exchanged bentonite dispersion. The resulting

organoclay suspension was further refluxed using a magnetic stirrer
for 2 and half hrs at 80°C. The suspended product was the dried
sodium exchanged bentonite (SEB) sample (5 g) was measured into a
250 ml beaker and dissolved with 100 ml of distilled water [19,20]. It
was allowed to stand for 30 mins. Then an aqueous solution of 0.1 M
hexadecyltrimethylammonium bromide (HDTMABr) was slowly
added to the sodium-exchanged bentonite and stirred at a temperature
of 80°C. The mixture was then continuously stirred slowly to a point of
incipient wetness. The obtained product was put in the oven and dried
at a temperature of 120°C for 3 hrs. The resulting clump was crushed
with mortar and pestle before the sample was passed through 200
mesh sieves. The fine powered sample was stored in a dessicator for
characterisation and further use.which was confirmed by checking
against AgNO3 solution. Washing was stopped when a white
precipitate of bromide was not observed. The final modified bentonite
which was free from bromide was dried at 120°C for 3 hrs and finally
ground using a pestle and mortar in order to obtain fine powder. The
fine powdered sample was stored in a dessicator for further use.

Impregnation method: The dried sodium exchanged bentonite
(SEB) sample (5 g) was measured into a 250 ml beaker and dissolved
with 100 ml of distilled water [19,20]. It was allowed to stand for 30
mins. Then an aqueous solution of 0.1 M
hexadecyltrimethylammonium bromide (HDTMABr) was slowly
added to the sodium-exchanged bentonite and stirred at a temperature
of 80°C. The mixture was then continuously stirred slowly to a point of
incipient wetness. The obtained product was put in the oven and dried
at a temperature of 120°C for 3 hrs. The resulting clump was crushed
with mortar and pestle before the sample was passed through 200
mesh sieves. The fine powered sample was stored in a dessicator for
characterisation and further use.

Mechanical mixing of dried sodium-exchange bentonite (SEB) to a
solution of HDTMABr (solid to liquid): The dried sodium-exchanged
bentonite (5 g) was measured into a 250 ml beaker and 0.1 M solution
of hexadecyltrimethylammonium bromide (HDTMABr) was slowly
added to the bentonite in the beaker and the mixture was mechanical
mixed using a stirring rod for 30 mins and filtered in a vacuum pump
[21,22]. The resulting product was dried in the oven at 120°C for 3 hrs.
The clump was grounded using a pestle and mortar in order to obtain
fine powder. The fine powdered sample was stored in a dessicator for
further use.

Mechanical mixing of dried sodium-exchange bentonite to solid
HDTMABr (solid to solid): This method was performed using mortar
and pestle. The dried sodium-exchanged bentonite sample (5 g) was
measured into a mortar and 3.64 g of solid
hexadecyltrimethylammonium bromide (HDTMABr) was added and
the two solids were mechanical mixed using the pestle for 30 mins. The
resultant mixture is surfactant-modified bentonite. The sample was
stored in a dessicator for further use.

Characterisation of modified clay
The effect of modification on the surface properties of clay samples

was analyzed using Fourier Transform Infra-red Spectroscopy Analysis
(FTIR). FTIR analysis was carried out using IR Prestige-21 Shimadzu
equipment in the range of 4000-400 cm-1. Ten scans were collected for
each measurement at a resolution of 4 cm-1. The samples were first
dried to remove excess moisture and then 0.001 g of sample was
ground with 0.1 g of KBr until a homogeneous powder was obtained
[23]. The mixture was then pressed into disc-pellets and then analyzed
by the passage of light to obtain the FTIR spectrum.
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Batch adsorption test
Batch process was used to investigate the adsorption study of

sodium-exchange and surfactant-modified bentonite on phenol
solution. This process was carefully chosen to investigate the effects of
some operational parameters like pH, contact time and initial phenol
concentration and the adsorption capacity (phenol uptake) by the
adsorbent at equilibrium was calculated from the expression in
equation 1:

Adsorption Capacity (qe)= 
(�� − ��)� × � (1)

Where qe is the amount of organic pollutant adsorbed in mgL-1, Co 
is the initial adsorbate concentration (mgL-1), Ce is the concentration 
after equilibrium (mgL-1), V is the total volume (L) of the solution in 
litre and M is the mass (g) of the clay sample.

Effect of contact time: In the investigation of contact time, 0.2 g of 
sodium-exchanged and surfactant-modified samples from the various 
methods of preparation each was added to 50 ml of phenol solution 
with initial concentration of 30 mgL-1 phenol solution. The mixture in 
the flask was agitated in a rotary shaker at different contact time 
ranging from 10-120 mins at 298 K (Figure 1). The samples were 
further centrifuged using Eppendorf Centrifuge 5415 R at 4000 
revolutions per minute (rpm) for 10 mins to separate the phenol 
solution from the adsorbent. The phenol concentration in the 
supernatant was determined using UV-VIS Spectrophotometer (model 
Y, Helios, UK) at the wavelength of 270 nm.

Effect of pH: The pH of the phenol solutions of the initial
concentration of 30 mgL-1 was adjusted with 0.1 M HCl or 0.1 M

NaOH. Sodium-exchanged and surfactant-modified bentonite (0.2 g)
each was added to the phenol solution of desired pH value ranging
from 2-10. The samples were vigorously stirred for 1 hr at 298 K. The
samples were further centrifuged at 4000 rpm allowing easy settling for
decantation of the supernatant. The supernatant solution collected was
analyzed for absorbance using UV-VIS Spectrophotometer at the
wavelength of 270 nm.

Effect of initial concentration: The effect of initial concentration of
phenol was studied over a concentration range from 30-120 mgL-1.
Sodium-exchanged and surfactant-modified bentonite (0.2 g) each was
added to the phenol solution. The mixture in a flash was vigorously
agitated for 1 hr at 298 K in a rotary shaker. The samples were further
centrifuged allowing easy settling for decantation of the supernatant.
The supernatant solution collected was analyzed using UV-VIS
Spectrophotometer at the wavelength of 270 nm.

Kinetic model
In order to investigate the adsorption kinetics of the phenol onto the

adsorbents, pseudo second-order [24] and intra-particle diffusion [25]
kinetic models were applied to the experimental data.

Results and Discussion

Adsorbent characterization
The vibrational bands of SEB and the modified bentonite are

presented in Table 1.

S.NO Various Regions of Vibration Wavelength (cm-1)

Sodium-exchanged Surfactant-modified

1 OH Stretching region 3620.39 3620.39

2 H2O Stretching 3414 3412.08

3 H2O bending 1631.78 1629.85

4 Asymmetric CH Stretching - 2920.23

5 Symmetric CH - 2850.79

6 Si-O Stretching 1024.2 1033.85

7 N-H bending 1475.54 1467.83

8 Al-OH-Al bending 914.26 912.33

9 Al-OH-Fe bending 796.6 837.11

10 Al-OH-Mg bending - 796.6

11 Al-O-Si bending 530.42 540.07

12 Si-O-Si bending 460.99 468.7

FTIR spectroscopy has significantly contributed to the
understanding of the structure, bonding, and reactivity of clay
minerals [26]. FTIR spectra reveals the specific functional groups on
sodium exchanged bentonite and organoclay surface qualitatively

based on the characteristics absorbed energy for each bonds in certain
groups [27]. The examination for the IR spectra in the range 4000-400
cm-1 provides information on fundamental vibrational modes of the
constituent units of these materials. OH stretching and bending
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vibrations occur in the spectral region of 3750-3500 and 950-600 cm-1

respectively. Si-O and Al-O stretching modes are found in the 
1200-700 cm-1 range while Si-O and Al-O bending modes dominate in 
the 600-400 cm-1 region [28]. IR spectra peak for unmodified sodium 
exchanged bentonite clay indicates that the -OH bending band at 
914.26 cm-1 was readily assigned to Al-OH. The positive and the shape 
of the -OH stretching band in the IR spectra of SEB are basically 
influenced by the nature of the octahedral atoms to which the hydroxyl 
groups are contained [29]. The strong band located at 1024.20 cm-1

was the Si-O stretching vibrations together with those of deformation 
vibrations Si-O-Al and Si-O-Si at 524 and 460 cm-1. This indicates that 
Si-O-Al and Si-O-Si bending vibrations respectively were typical of the 
tetrahedral Si-O. Bands at 3421 and 1631 cm-1 were attributed to the 
OH stretching and bending vibrations of molecular water respectively. 
The quantity of adsorbed water in the clay is attributed to the 
deformation vibration of the H-O-H group (around 1631 cm-1). Bands 
at around 1045 and 795 cm-1 are consequences of Si-O valence 
vibrations. Bands at 1475 cm-1 was assigned to the presence of 
carbonate. The addition of organic modifier-HDTMABr in Figure 2 
increased the intensity at around 2920 and 2850 cm-1. The absorption 
band at 2920 cm-1 and 2850 cm-1 respectively corresponds to 
asymmetric and symmetric stretching methylene (CH2) bond [30]. 
Also a bending vibration of the methylene groups can be seen at bands 
of 1475 cm-1, verifying the intercalation of surfactant molecules 
between the silica and layers [31]. The change of the percentages of 
clay in the composite does not strongly affect the intensity of the 
remaining vibrational bands. The stretching vibrations of the C-H 
bonds occurred in the 2800-2900 cm-1 region. A band at 1467 cm-1 is 
assigned to the bending vibration of N-H groups. The AI-AI-OH 
stretching band typically occurs at 3620-3630 cm-1, the AI-Mg-OH 
stretching band at 3695 cm-1 and the A1-Fe3+ -OH band at 3599 cm-1. 
The frequency of maximum absorption thus indicates that the sodium 
exchange bentonite is Al-rich. The broadness of the band is due to the 
contribution of Mg and Fe in octahedral sheets and might also 
indicate, that the bentonite structure is poorly ordered. The OH-
vibrations are better resolved in the bending frequencies as compared 
to the stretching frequencies. Other bands in the 1149-450 cm-1 region 
are the Si-O stretching bands at 1149 cm-1 (in-plane) and 914 cm-1

(out-of-plane), the Al-O+Si-O out-of-plane vibration at 620 cm-1, the 
Al-O-Si bending vibration at 525 cm-1 and the Si-O-Si bending 
vibration at 460 cm-1. Analysis of IR spectra confirmed that the 
organic modifier-CTAB-is strongly associated with bentonite when put 
in its interlayer space and this equally leads to the formation of a new 
composite, which, because of the different structure relative to the clay 
and the monomer, will have different properties [18,32].

Effect of contact time
The maximum amount of removed phenol by the adsorbents at 

initial concentration of 30 mgL-1 at different times is presented in 
Figure 1.

It was observed that increase in the contact time of the SEB and
surfactant-modified bentonite in the phenol solution from 10-120
mins resulted in a dramatic increase in the amount of phenol being
adsorbed thereby decreasing the concentration of the phenol solution
[33]. The relatively high removal of phenol is attributed to the
availability of large number of vacant sites for adsorption of phenol
and at some point, reaches a constant value beyond which no more is
removed from solution. At this point, the amount of the phenol
desorbing from the adsorbent is in a state of dynamic equilibrium with
the amount being absorbed by the adsorbent [34]. The time required to

attain this state of equilibrium is termed the equilibrium time, and the
amount of phenol adsorbed at the equilibrium time reflects the
maximum adsorption capacity of the adsorbent under those operating
conditions. Equilibrium was reached at 60 mins in both SEB and
surfactant-modified bentonite. This can be explained by the fact that
initially, the rate of phenol uptake was higher because all sites on the
adsorbent were vacant and phenol concentration was high but decrease
of adsorption sites reduced the uptake rate. Similar results were found
in the study by Ma [35].

Figure 1: Effect of contact time using SEB and surfactant-modified
bentonite at 298 K.

The amount of phenol removed by the unmodified bentonite is
relatively lower and increased gradually in the surfactant-modified
bentonite. This result proves that the modified SEB clays are favorable
adsorbents for the uptake of phenols [36]. The obtained results are also
in good agreement with the assumption that organoclays with layer
interlayer space will accommodate more phenol. These adsorption
results show that the packing densities of organoclays as well as the size
of the surfactant molecules are critical factors to consider in improving
the adsorption capacity of adsorbents. Similar results have been
reported by Al-Asheh [36] and Erden [37].

However, the experimental data was examined by pseudo second-
order and intra-particle model equations. Pseudo second-order model
is presented by its linear form by plotting t/qt versus t as seen in Figure
2. Therefore the value of K2 and qe was obtained from the slope and
intercept of the plot. The calculated values of qe as shown in Table 2 are 
much higher than the experimental values. Piva [38] reported similar 
result. The values of the rate constants, maximum amount adsorbed 
and the correlation efficient given in the Table 2 agrees well with the 
experimental data which is also confirmed by high values of correlation 
coefficient R2.
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Figure 2: Pseudo second-order plot for SEB) and surfactant-
modified bentonite at 298 K.

S.NO Techniques applied Exp. qe (mgg-1) Cal. qe (mgg-1) k2(gmg-1min-1) R2

1 Impregnation 6.4 10.5 -115 0.99

2 Ion-Exchange 4.3 8.8 -113 0.99

3 Mechanical Mixing of dried 4.8 9.1 -107 0.99

4 Mechanical mixing of dried 4.1 8.5 -112 0.99

5 Sodium-Exchanged Bentonite 2.6 6.4 -135 0.99

In conclusion the adsorption process fitted well with pseudo
second-order kinetic model equation and confirmed that weak
chemical interactions controlled the rate adsorption step of phenol.
This finding is in complete agreement with the kinetics model
developed by Sidmeva [39].

Figure 3: Intra-particle diffusion model plot for SEB and surfactant-
modified bentonite at 298 K.

S.NO Technique applied KI (gmg-1min-1) R2

1 Impregnation -0.63 0.91

2 Ion-Exchange -0.75 0.98

3 Mechanical Mixing of dried -0.72 0.96
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  However, the values of the intra-particle constants for SEB and 
surfactant-modified bentonite are presented in Table 3 and Figure 3 
respectively. The larger the value of intercept is, the greater the effect 
of boundary layer on the adsorbents [40]. Similar results have been 
reported by Vimonese [41] and Ozcan [40]. It is evident from Figure 3 
that diffusion is another process that may also control the adsorption 
process of phenol having R2 values greater than 0.91.

4 Mechanical mixing of dried -0.88 0.95

5 Sodium Exchanged Bentonite -0.92 0.96

Table 3: Intra-particle diffusion model parameters for SEB and
surfactant-modified bentonite at 298K.

Effect of initial concentration
The effect of initial concentration on the equilibrium adsorption

capacities of phenol on sodium-exchange and surfactant-modified
bentonite at 298 K is presented in Figure 4.



Figure 4: Effect of initial concentration using SEB and surfactant-
modified bentonite at 298 K.

The result revealed that the adsorption capacities of both sodium-
exchange bentonite and surfactant-modified increased steadily with 
increase in phenol concentration. This can be attributed to the increase 
in the concentration gradient which acted as a driving force for the 
adsorption process. It means that adsorption is highly dependent on 
initial concentration of phenol solution. he optimum adsorption 
capacity was observed at the concentration of 120 mgL-1 for both SEB 
and the surfactant-modified bentonite. This is probably as a result of 
saturation at the active sites of SEB and surfactant-modified samples. 
The equilibrium adsorption capacity however increased with increase 
in initial phenol concentration due to high amount of phenol being 
adsorbed at the available active site. This result shows that the 
equilibrium adsorption capacity obtained for surfactant-modified 
bentonite was much higher than that of SEB sample. This could be 
attributed to the presence of greater active sites on the modified 
sample.

Effect of pH

The effect of pH on the removal of phenol by sodium-exchanged
and surfactant-modified bentonite from aqueous solution is presented
in Figure 5.

The result revealed that the adsorption capacities of both sodium-
exchange bentonite and surfactant-modified increased steadily with
increase in phenol concentration. This can be attributed to the increase
in the concentration gradient which acted as a driving force for the
adsorption process. It means that adsorption is highly dependent on
initial concentration of phenol solution. The optimum adsorption
capacity was observed at the concentration of 120 mgL-1 for both SEB
and the surfactant-modified bentonite. This is probably as a result of

saturation at the active sites of SEB and surfactant-modified samples.
The equilibrium adsorption capacity however increased with increase
in initial phenol concentration due to high amount of phenol being
adsorbed at the available active site. This result shows that the
equilibrium adsorption capacity obtained for surfactant-modified
bentonite was much higher than that of SEB sample. This could be
attributed to the presence of greater active sites on the modified
sample.

Figure 5: Effect of pH using SEB and surfactant-modified bentonite
at 298 K.

Phenol removal increased with increasing pH. The increase of the 
phenol adsorption capacity with increasing pH is due to the fact that 
the surface functional groups ionized leading to greater retentive power 
towards the phenol [12]. herefore the optimum pH for the sorption 
process for both SEB and surfactant-modified bentonite was attained at 
6.0 although removal with the modified sample was significantly higher 
than the SEB and gradually decreased thereafter. he better adsorption 
ability of the modified sample may be related to the HDTMABr which 
was attached to the clay surface and partially neutralized the negative 
charge of the SEB.

Conclusion
The characterization of sodium-exchanged bentonite and

surfactant-modified bentonite using FTIR showed peaks of long alkyl
groups in the modified form and that modification did not affect the
structure of the bentonite clay. The results of the investigation of the
influence of organic modifications on the adsorptive properties of
bentonite clay showed that modification of the clay produces an
organophilic clay surface. It was confirmed that by increasing the time
of agitation of the modified bentonite in the phenol solution increased
the adsorptive properties of the organoclay. The comparison of the
adsorption of surfactant-modified bentonite at different times of
shakings drew us to the conclusion that the adsorption is significantly
higher at a longer time of vigorous shaking.

The result of kinetic evaluation revealed that the adsorption process
fitted well with pseudo second-order kinetic model equation hence it
exhibited the best correlation for the experimental data. The result of
intra-particle kinetic evaluation also showed that diffusion was among
the mechanisms of phenol adsorption.

The result of the present study indicates that bentonite modified
with HDTMABr can be successfully employed for the removal of
phenol over a concentration range and at a varying contact time and
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pH. Moreover, the modified bentonite has the potential to replace the
high cost adsorbents such as activated carbon, zeolites, etc. The
modification of bentonite using the various methods is simple and
economical and impregnation technique gave better result.
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