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ABSTRACT 
A new type of modified clay was produced 

from a Ca-bentonite treated with hydrochloric 

acid as a surface modifier agent and then with 

hexadecyltrimethylammonium bromide 

(HDTMA) as a surfactant to produce an 

organophilic adsorbent. The specific surface 

area of the modified clays was 40% higher 

than the specific surface area of bentonite 

treated only with HDTMA. A series of 

kinetic and equilibrium tests were carried out 

to study the effectiveness of the modification 

method to improve the bentonite ability to 

remove phenol from aqueous solutions. The 

adsorption capacity of modified bentonite 

was 10 times greater than the natural 

bentonite. Phenol adsorption was fast and 

reached equilibrium in 30 minutes. 

Adsorption was described with Henry and 

Freundlich isotherms.  

NOMENCLATURE 
C0  initial concentration 

Ce equilibrium concentration 

ms  Adsorbent concentration 

qe amount of adsorbate adsorbed onto 1.0 

g of adsorbent at equilibrium state 

q amount of adsorbate adsorbed onto 1.0 

g of adsorbent at a specific time 

 

INTRODUCTION 
Phenol and substituted phenols are important 

pollutants, commonly present in industrial 

wastewater especially in oil refineries, coal 

conversion plants, petrochemicals, polymeric 

resins, coal tar distillation and 

pharmaceuticals etc [1]. 

Removal of organic compounds from 

wastewater is frequently carried out by means 

of adsorption processes [2]. Activated carbon 

is the most common adsorbent for this 

purpose due to its excellent adsorption 

ability. However, the high initial cost and the 

difficult and expensive regeneration process 

make it less economically viable as an 

adsorbent [3]. Recently, researchers have 

focused on using new efficient and recyclable 

adsorbents such as clays [4-9].  

Different types of clays, because of their low 

cost and local availability, have gained 

significant interests as adsorbents. Clay 

minerals are natural hydrophilic compounds, 

therefore they are not suitable adsorbents for 

organic compounds. However, modification 

of their surface structure by exchange of their 

inorganic cations with organic cations renders 

them organophilic adsorbents known as 

organoclays. Cationic surfactants are the most 

common chemicals used for modification of 

clays [10]. 

A number of investigations have been carried 

out in order to modify the clay surfaces and 

render them organophilic [11-14]. 

Organoclays, exchanged with quaternary 

ammonium salts, have been used to remove 

organic contaminants from water [11-14]. 

Mortland et al. [12] studied the sorption 

mechanisms of phenol on various smectite 

complexes. Removal of 2,4,6-trichlorophenol 

from aqueous solutions by adsorption onto a 

HCl-treated activated clay was also studied 
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by Hameed [13]. Adsorption of p-

nitrophenol, phenol and aniline onto cloisite 

(commercial organoclay) was carried out by 

Ko et al. [15] and the adsorption 

characteristics of phenol and m-chlorophenol 

by organobentonites were investigated by Lin 

and cheng [16]. The organobentonites were 

prepared by modifying natural bentonite with 

various quaternary ammonium salts. The 

adsorption capacity of natural and acid-

activated bentonite and sepiolite for anionic 

dyes was compared with the corresponding 

properties of a conventional adsorbent such 

as activated carbon by Espantaleon et al. [17].  

In continuation of previous works carried out 

in this field, in the present work, a more 

efficient method for modification of a 

bentonite was studied. One of the objectives 

of this study was to evaluate the effect of this 

modification on the capability and 

mechanism of phenol adsorption from water 

by the produced adsorbent. 

 

MATERIAL AND METHODS 

Materials  
The natural bentonite was provided from 

Tolipoudr Company. A suspension of natural 

bentonite sample in distilled water was stirred 

for 3 h on a magnetic stirrer at 500 rpm at 

70˚C, to remove the soluble inorganic salts 

and any adhering materials. After filtering 

and drying at 105˚C overnight, the sample 

was ground with pestle and mortar. The 

natural bentonite was labeled as NB. 

One g of the pure crystalline phenol of 

analytical grade (Merck) was dissolved in 1L 

distilled water to produce stock solution of 

1000 ppm, and then it was diluted to the 

desired concentrations. The initial 

concentrations of phenol were in the range of 

20-1000 mg/L. 

Hexadecyltrimethylammonium bromide 

(HDTMAB) of analytical grade (Merck) was 

the cationic surfactant used for modification 

of the adsorbent. This compound can be 

adsorbed onto negatively charged clay 

surfaces and is not influenced by the pH of 

the solution, because it is a quaternary 

ammonium salt [11]. 
 

Bentonite modification 

The ground natural bentonite sample (NB) 

was sieved through a 0.297 mm sieve before 

use. The clay was purified by adding 50 g in 

6N HCl solution (600 mL) at 300 rpm for 3 h 

at 50˚C using a magnetic stirrer. The purified 

clay was then separated by filtration 

(Whatmann No. 42 filter paper). The filter 

cake was washed with hot distilled water 

until chloride free, (AgNO3 test [11, 18]) and 

was dried at 105˚C overnight. This acid 

treated bentonite was designated as AB. 

The NB and AB samples were modified with, 

hexadecyltrimethylammonium bromide 

(HDTMA), by adding amounts of surfactant, 

equivalent to 100% of the cation exchange 

capacity (CEC) of the natural bentonite. The 

surfactant was dissolved in 500 mL of 

distilled water, and 30 g of bentonite were 

added and stirred for 4 h with a mechanical 

stirrer at 360 rpm at 60˚C. Then the bentonite 

was separated from the solution by filtration 

and washed with hot distilled water. Washing 

was repeated until the supernatant solution 

was free of bromide ions (AgNO3 test). Then 

it was dried at 105˚C overnight. The final 

samples passed through a No.50 mesh sieve 

and stored in airtight containers before using 

in sorption experiments. The NB and AB 

samples treated with HDTMA were 

designated as SB and SAB, respectively. 

 

Analytical methods 

The mineralogical composition of the natural 

and modified samples was determined with 

X-ray diffraction (XRD) with a Siemens 

D5000 diffractometer using Cu Kα radiation 

at 35 kV and 20 mA. The XRD patterns were 

recorded in the range 5 - 70˚ 2θ at a scanning 

speed of 1.2˚ 2 θ.min
−1

. In addition, XRD 

patterns for SB and SAB were recorded in the 

range 1.4 to 6 with a Bruker D8ADVANCE 

diffractometer. Nitrogen adsorption and 

desorption isotherms were determined by a 

high-speed gas sorption analyzer 
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(Quantachrome, NOVA 1000). The NB and 

AB samples were outgassed for 2 h at 200˚C 

and the SB and SAB samples were outgassed 

for 2 h at 120˚C prior to analysis. The 

chemical composition of the samples was 

determined with X-ray fluorescence 

spectroscopy (XRF) using a Philips X-

Unique spectrometer. The cation exchange 

capacity (CEC) of bentonite was measured 

according to the procedure of the 

Environmental Protection Agency [19]. The 

organic carbon content was determined from 

the Loss On Ignition (LOI) according to [20].  
 

Phenol adsorption  
Preliminary experiment showed that 

adsorption of phenol onto SAB was greater 

than the other samples; for example in 

comparison with NB the adsorption capacity 

of SAB is about 10 times greater. This 

sample was selected for further adsorption 

experiments to determine the kinetic, 

equilibrium and thermodynamic parameters 

of phenol adsorption. 

Kinetic experiments were performed in a 

batch mode at ambient temperature, using 

150 mL Erlenmeyer flasks, in which phenol 

solutions (20 mL) with initial concentration 

of 200 mg/L, were in contact with 0.1 g of 

adsorbents (adsorbent dose of 5g/L) under 

continuous stirring (200 rpm) for the 

predetermined time. Blank tests without 

addition of any adsorbent were also carried 

out under the same conditions. At the 

predetermined time, the suspensions were 

filtered through 0.20 µm cellulose acetate 

(AC) membranes. The concentration of 

phenol in supernatant was analyzed using a 

Jasco V-550 UV/VIS Spectrophotometer 

fitted at a maximum absorption wavelength 

of 270 nm. The amount adsorbed was 

determined by calculating the difference 

between the final and initial concentration 

after correcting for soil blank solutions by 

following equations [21]: 

s

e0
e

m

CC
q


  (1) 

  100
C

CC
% Removal

0

e0 




 
(2) 

 

where C0 and Ce (mg/L) are the initial and 

equilibrium concentration of phenol in 

aqueous solution, ms (g/L) is the bentonite 

concentration, and qe (mg/g) is the amount of 

phenol adsorbed onto 1.0 g of modified 

bentonite. In order to investigate the 

mechanism of adsorption of phenol on 

modified clay, the kinetic results were fitted 

with the pseudo-first-order, pseudo-second-

order and intra-particle diffusion models. The 

rate constants and regression coefficients of 

these models were calculated to determine the 

best fitted model. 

The equilibrium isotherms were conducted by 

contacting a constant dose of organoclay 

(5g/L) with solutions of different initial 

concentrations (20–1000 mg/L) for 6 h to 

assure equilibrium. The amount of adsorbed 

phenol was determined as described before. 

Four isotherm models namely Henry, 

Langmuir, Freundlich and Temkin & 

Pyozhev were applied to describe the 

isotherm results.  

 

RESULTS AND DISCUSSION 

Characterization 

The physicochemical properties of the 

original and the modified samples are shown 

in Tables 1 and 2. The comparison of 

chemical compositions of the NB and AB 

demonstrated that the predominant 

exchangeable cation is calcium which has 

been leached. Treatment with HCl leached 

Ca, Mg, Na and Mn from the bentonite. The 

high organic carbon content of SAB sample 

corresponds to the presence of HDTMA on 

the adsorbent surface. The organic carbon 

content (24.3%) is in reasonably well 

agreement with the theoretical value (32%), 

for 100% adsorption of added surfactant. 

The values of BET surface area, total pore 

volume and average pore diameter of all 

samples are listed in Table 2. Treatment with 

HCl increased the specific surface area of NB 

by about 30%. 
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Table 1 

Chemical composition of samples NB & AB 

Parameter NB AB 

CEC, 

 meq/100 g 
88.4 - 

pH 6.5 - 

Elemental Oxides, wt% 

SiO2 64.5 70 

Al2O3 11.0 11.3 

Na2O 0.90 < 

MgO 1.51 1.31 

Fe2O3 3.38 3.80 

CaO 4.26 0.61 

SO3 0.700 0.044 

TiO2 0.51 0.51 

K2O 0.37 0.31 

BaO 0.031 0.020 

MnO 0.066 0.013 

P2O5 0.180 0.103 

Cl 0.360 0.032 

 

Table 2 

Properties of natural and modified bentonite 

samples 

Sample  NB AB SB SAB 

Bulk 

density, 

g/mL 

0.90 - - - 

Organic 

Carbon 

Content, (%) 

3.66 3.79 - 24.32 

BET Surface 

Area, (m
2
/g) 

50.93 65.89 12.77 18.12 

Total Pore 

Volume,×10
-3

 

(cm3/g) 

85.57 106.74 34.69 41.27 

Average Pore 

Diameter, (Å) 
67.21 64.80 108.68 91.13 

Basal spacing, 

d001, (Å) 
12.6 14.5 19.2 19.0 

 

Also, the specific surface area of SAB is 

about 40% greater than SB, suggesting that 

treatment with HCl, improves the properties 

of smectite surface. The nitrogen adsorption 

and desorption isotherms of the four samples 

are shown in Fig. 1. According to Bansal 

classification, they are type III isotherms 

which suggest cooperative adsorption i.e. the 

already adsorbed molecules tend to enhance 

the adsorption of other molecules. Once a 

molecule has been adsorbed, the adsorbate-

adsorbate interactions will tend to promote 

the adsorption of more molecules [22].  

The XRD patterns of NB, AB, SB and SAB 

are shown in Fig. 2 (a), (b), (c) and (d), 

respectively. NB is mainly composed of opal-

CT, montmorillonite, feldspar and calcite.. 

The first peak at about 7 ˚2θ (Fig. 2 (a) & 

(b)), which shows smectite mineral, was 

shifted to 4.6 ˚2θ in the surfactant-modified 

samples (Fig. 2 (c) & (d)). It may be due to 

entry of the surfactant into the structure of 

smectite crystal. It was observed that the 

acid-treatment has increased the basal 

spacing, d001, of the natural sample from 

12.6 to 14.5 Å. NB has d001 spacing 12.6 Å 

suggesting Na-smectite or Ca-smectite at 

very low relative humidity (lower than 20%). 

The authors believe that acid treatment might 

wash the impurities such as Ca from clay 

surface; hence it might have increased basal 

spacing of natural sample. The basal spacing 

of SB and SAB has also increased to 19.2 and 

19.0 respectively. It shows that surfactant has 

entered to smectit layers and increased d001 

spacing. 

 

 
Fig. 1 

Adsorption/desorption Isotherm of N2 onto 

natural and modified samples 

 

Sorption kinetics 

Phenol sorption kinetics onto modified 

bentonite (SAB) was examined for a fixed 

initial concentration of 200 mg/L. Phenol 

adsorption onto modified bentonite 

approached equilibrium after only 30 min 

(Fig. 3). The fast adsorption of phenol by this  

www.SID.ir



Arc
hive

 of
 S

ID

 

5 

 

 
 

 
Fig. 2 

XRD patterns of (a) NB, (b) AB, (c) SB and 

(d) SAB 

modified bentonite is of great importance for 

practical applications. 

The linear forms of equations, which have 

been used to model the kinetic parameters for 

pseudo-first-order, pseudo-second-order and 

intra-particle diffusion, are listed in Table 3. 

The regression coefficients demonstrated that 

the pseudo second order model fitted the 

experimental data better than the other two 

kinetics models. 

 

Adsorption isotherms 
The adsorption isotherm of phenol on SAB at 

30˚C is shown in Fig. 4. The equations of 

Henry, Langmuir, Freundlich and Temkin & 

Pyozhev models used to fit the equilibrium 

data and their linear forms which were used 

to find the model parameters are shown in 

Table 4. In addition the R
2
 values calculated 

by fitting of isotherm data to the linear form 

of these models are shown in Table 4. 

According to the R
2
 values (Table 4), it can 

be concluded that Henry and Freundlich 

models are the best models to describe 

adsorption isotherms of phenol onto 

organobentonite.  

In contrast the Langmuir model does not 

describe adequately the isotherm data. The 

model considers are that all of the adsorption 

sites are identical and each adsorption site 

retains one molecule of the given compound 

[23]. Moreover, the solid surface has a 

limited adsorption capacity Qmax and the 

isotherm reaches a plateau. 

Fig. 3 

Phenol adsorption by organobentonite as a 

function of contact time 
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Table 3 

Equations and calculated constants of kinetics models fitted to phenol adsorption results 

Model Equation R
2
 Rate Constant 

Pseudo first order t
2.303

K
logqq)log(q 1

ee 
 

0.285 
0.0135 

(s-1) 

Pseudo second order  tq/1
qK

1
e2

e2

qt
 

0.999 
0.365 

(mg/g. s)-1 

Intra-particle diffusion tKq d  0.204 
0.266 

(mg/g. s-1/2) 

 

Table 4 

Equations of used isotherm models to describe equilibrium data for phenol adsorption 

Model Equation Linear form R
2
 

Henry ede CKq   - 0.990 

Freundlich 
n/1

eFe CKq   
eFe logC

n

1
logKlogq   0.985 

Langmuir 
eL

eLmax
e

CK1

CKQ
q


  

max

e

Lmaxe

e

Q

C

KQ

1

q

C
  0.293 

Temkin & Pyozhev ee BlnCBlnAq   - 0.898 

 

Fig. 4 
Adsorption Isotherm of phenol on 

organobentonite at 30˚C 

 

In the present study the isotherm which 

describes phenol adsorption on SAB does not 

have a saturation plateau, and it is nearly 

linear (Fig. 4), suggesting that phenol 

adsorption on the modified bentonite is not 

restricted to monolayer adsorption. 

Cooperative adsorption can lead to adsorption 

of several phenol layers [22].  

 

 

 

 

CONCLUSIONS 
A new efficient method for clay modification 

and converting bentonite to a more effective 

and low cost adsorbent for adsorption of 

organic contaminants like phenol was studied 

in the present work. The first step of 

modification includes HCl treatment, which 

modifies the surface characteristics of 

bentonite, the specific surface area and its 

basal spacing. The second step included 

replacement of exchangeable inorganic 

cations with Hexadecyltrimethylammonium 

bromide that rendered the smectite surface 

organophilic. The modified bentonite 

adsorbed phenol in a short time. Analysis of 

the equilibrium data showed that the Henry 

and Freundlich isotherms described 

efficiently the adsorption, suggesting that 

phenol adsorption onto the modified 

bentonite occurs in multiple layers. One of 

the advantages of using this kind of modified 

clay for adsorption of phenol is the unlimited 

adsorption capacity. Since phenol adsorption 

capacity of the modified clay does reach a 

saturation plateau and when the clay surface 

is covered by phenol compound, other phenol 

molecules can be adsorbed more easily due to 
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the adsorbate-adsorbate affinity. However, 

the effect of temperature on phenol 

adsorption was not significant; the calculated 

thermodynamic parameters suggest that the 

adsorption was spontaneous and exothermic. 
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