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a b s t r a c t

Today toxic phenolic compounds are a major source of pollution and are mainly the result of various 
industrial wastes such as plastics, polymers, insecticides, etc. In this context, the originality of our 
study is a first as we used a new composite material assembled by mixing activated carbon (AC), 
organo activated bentonite (OAB), and alginate (A).The prepared adsorbent materials were charac-
terized by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), 
and point of zero charge (pHPZC). The influence of various factors such as contact time, pH, adsorbate 
concentration, and temperature on the adsorption of bisphenol A (BPA) and 2,4,5-trichlorophenol 
(TCP) has been investigated. The equilibrium data were fitted well by Freundlich isothermal model 
and the maximum adsorptions of BPA and TCP onto alginate/organo activated bentonite/activated 
carbon beads (A-OAB-AC), were 368.2 and 385.1 mg·g–1, respectively. The adsorption of BPA and TCP 
was observed to follow pseudo-second order mechanism as well as the thermodynamic parame-
ters confirm also endothermic spontaneous and physiosorption processes. In addition, the resulting 
adsorbent reusability was demonstrated by at least six cycles, indicating that the A-OAB-AC can be 
used as a promising adsorbent for removal of toxic pollutants from aqueous solutions.
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1. Introduction

Increased industrial activities have resulted in the gen-
eration of various types of toxic compounds which are the 
main cause of water pollution on a global scale. The type 
of pollutants present in wastewater mainly depends on the 
nature of the industry [1,2]. However, some of the common 
pollutants generally present in effluents are heavy met-

als, dyes, phenols, insecticides, pesticides, detergents and a 
wide spectrum of aromatics. These pollutants can be toxic to 
aquatic life and can cause natural waters to be unfit as potable 
water sources [3–5]. Among these toxic phenolic compounds, 
bisphenols (such as bisphenol-A) and chlorophenols (such as 
2,4,5-trichlorophenol) which are widely used in industrial 
and agricultural activities [3,4]. Their adverse effects on the 
reproductive functions of aquatic species and influence on 
humans have been observed worldwide. Indeed, it is neces-
sary to remove these pollutants from wastewaters before dis-
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charge into the environment [6]. In order to keep waters free 
from toxic pollutants, different purification methods such as 
microbial degradation, adsorption, chemical oxidation, sol-
vent extraction, reverse osmosis, and irradiation [6–11] are 
used for removing these compounds with varying degree of 
success, to the treatment of water and wastewater. However, 
these technologies have shown some significant disadvan-
tages which include high capital costs, high reagents and/
or energy requirements, insufficient removal of pollutants, 
and generation of toxic sludge or other waste products that 
require further safe disposal [5,12].

Among these ways, adsorption has been proved more 
effective and attractive for the treatment of industrial wastes 
[10,13]. Adsorption is also a cheap and highly effective method 
in the removal of pollutants from wastewaters. Activated car-
bon (AC) has been proved to be an effective adsorbent for the 
removal of a wide variety of toxic pollutants from aqueous or 
gaseous media [14,15]. It is widely used due to its exception-
ally high surface area, well-developed internal microporosity, 
and wide spectrum of surface functional groups [12]. 

The wastewater materials and agriculture wastes are 
assumed to be low-cost adsorbents due to their most abun-
dance in nature and with many surface functional groups. 
The raw agricultural wastes such as coconut husks [16], 
fruit peels [15], coffee grounds [17] olive mill [18,19] etc. 
have been used as adsorbents for purifications and removal 
of toxic pollutants.

Clays are widely used to study the adsorption of pol-
lutants from water. These clays are chosen to avoid pol-
lutant release into the environment owing to their high 
surface areas, low cost and ubiquitous presence in most 
soils [20,21]. Bentonite as a representative clay mineral is 
mainly composed of montmorillonite, a 2:1 type of alumi-
nosilicate. Bentonites are highly valued for their adsorptive 
properties. Affinity of some pollutants to bentonite is also of 
special interest of adsorption applications [21].

Sodium alginate is a polysaccharide extracted from sea-
weed, performed excellently in the removal of pollutants 
from water. Alginate has some unique properties such as 
hydrophilicity, biocompatibility, and non-toxicity [5,22]. 
The important feature of alginate is to have high affinity 
toward several compounds to its abundance of carboxylic 
acid groups, instead of having other functional groups such 
as sulfonic acid and hydroxyl groups [23,24].

To prepare the composites adsorbents, both inorganic 
and organic compounds may be used as binding materi-
als. Mixture materials may offer combined properties as 
to provide an improvement upon thermal, mechanical and 
porosity properties compared with the homogenous char-
acteristics of the bare individual activated carbon, bentonite 
and alginate polymer components [21,24].

The main objective of the present work is to study and 
evaluate a new composite material (A-OAB-AC) for the 
removal of bisphenol A and 2.4.5-trichlorophenol from an 
aqueous solution. Further, the effect of pH, contact time, 
initial concentrations of adsorbate and temperature on the 
extent of adsorption is investigated. Kinetics adsorption 
data are fitted to pseudo first order, pseudo second order 
and intraparticle diffusion. Equilibrium adsorption data are 
fitted to Langmuir and Freundlich isotherms. Further, the 
adsorbent loaded with bisphenol A and 2,4,5-trichlorophe-
nol is regenerated by elution method.

2. Materials and methods

2.1. Materials

The raw bentonite (RB) used in this study was obtained 
from Hammam Boughrara in Maghnia (West Algeria). The 
chemical composition of the RB was reported in our earlier 
publication [5]. The surfactant used for the preparation of 
organoclay is CTAB (C19H42NBr, > 98%), which is obtained 
from Sigma-Aldrich. For preparation of activated carbon, 
apricot stone was obtained locally (region Setif-Algeria). 
Bisphenol A (BPA), 2,4,5-Trichlorophenol (TCP)(toxic pol-
lutants selected for this study), sodium chloride, sulfuric 
acid were also purchased from Sigma-Aldrich. Distilled 
water was used in all experiments.

2.2. Preparation of organo-acid-activated bentonite (OAB) 

The organo-acid-activated bentonite (OAB) was pre-
pared according to the method described in our earlier pub-
lication [4]. Briefly, in the first step the purified bentonite 
was subjected to acid treatment with sulfuric acid H2SO4 1 
M (1:1 w/w) with stirring and reflux heating (90°C) for 5 h. 
The resulting solid was washed with distilled water until it 
was free from sulfate ions, dried at 80°C and named AB. For 
the second step, AB was treated with cetyltrimethylammo-
nium bromide (CTAB) by adding the amount of the cationic 
surfactant equivalent to 100% of the value CEC of benton-
ite. The surfactant was dissolved in 1 L hydrochloric acid 
(HCl 0.01 N, d = 1.18) at 80°C and stirred for 3 h. 10 g of 
the sample (AB) were added to the surfactant solution. The 
dispersion was stirred for 3 h at 80°C. The resulting solid, 
named OAB, was separated, washed several times with 
distilled water until the supernatant solution was free from 
bromide ions and dried at 80°C for 48 h.

2.3. Preparation of activated carbon (AC)

The apricot stone (AS) collected apricot was obtained 
from Algerian local markets as a precursor. The activated 
carbon was prepared by chemical activation using phos-
phoric acid as activating agent according to the previous 
work [25]. Briefly, the first step, chemical impregnation was 
carried out in a round-bottom flask reactor, where 20 g of the 
precursor reacted with a 40wt.% H3PO4 solution at a ratio of 
1:2 (g AS/g H3PO4), stirred for 6 h. After impregnation, the 
solid was filtered under vacuum to remove the excess of 
phosphoric acid and calcined at 450°C for 1 h, defining a 
heating ramp of 10°C/min. The resulting carbon was thor-
oughly washed with distilled water in order to remove the 
remaining phosphoric acid until reaching a pH 6.5. Finally, 
the solid was dried in an oven at 110°C for 24 h. The result-
ing material was named as AC activated carbon.

2.4. Preparation of calcium alginate beads (A)

Solutions of 1% sodium alginate and 4% calcium chlo-
ride were prepared separately in deionized water [5]. For 
preparation of alginate (A) beads, a 1% sodium alginate 
solution was added drop wise by a push-pull syringe 
pump to a calcium chloride solution. The water-soluble 
sodium alginate was converted to water-insoluble cal-
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cium alginate beads. All beads were then washed with 
deionized water several times to remove the excess of 
unbounded calcium chloride from the bead surfaces. The 
washed beads were then dried and stored in a clean dry 
glass bottle.

2.5. Preparation of the mixed material (A-OAB-AC)

A solution of 1% sodium alginate was prepared in 
deionized water in a 250 mL flask with stirring for 2 h. 
Then 2 g of organo-acid-activated bentonite (OAB) and 2 
g activated carbon (AC) were added, and the mixture was 
stirred for 24 h at room temperature. The homogenous mix-
ture was dropped by a push-pull syringe pump into a flask 
containing a CaCl2 (4%, w/v) solution to produce calcium 
alginate/organo-acid activated bentonite/activated carbon 
(A-OAB-AC) beads. The collected mixture material beads 
were washed thoroughly, dried and stored in a clean dry 
glass bottle for subsequent use.

2.6. Characterization of the samples (A, AC, OAB and  
A-OAB-AC)

The morphological structure of the investigated sam-
ples was examined by SEM using a SEM model (JSM-
6830LV, JEOL).

FTIR analysis of the samples A, AC, OAB was carried 
out in KBr pellets in the range of 4000–400 cm–1 with 4 cm–1 

resolution using a Mattson 5000 FTIR spectrometer. In addi-
tion, the sample A-OAB-AC was also analyzed before and 
after BPA and TCP adsorption.

The pHPZC(point of zero charge) values of A, AC, OAB 
and A-OAB-AC (figure not shown) were obtained using 
published a method [25]. In brief, the initial pHs (pHi) of 
aqueous solutions (50 mL) were adjusted to a pH range of 
2–10 using HCl or NaOH. Then, 50 mg of adsorbent was 
added to each sample. The dispersions were stirred for 48 
h at 25°C, and the final pH of the solutions (pHf) was deter-
mined. The point of zero charge was obtained from a plot of 
(pHf–pHi) versus pHi.

2.7. Batch adsorption studies

The adsorption of adsorbates (BPA and TCP) was con-
ducted in a static batch experiment. An aqueous solution 
of a certain concentration of adsorbate (20–500 mg·L–1) was 
shaken in bottles of 200 mL capacity with 1 g·L–1 of adsor-
bent A-OAB-AC for 96 h. The supernatant liquid was sepa-
rated out, where the equilibrium concentration of the BPA 
and TCP was determined using UV/Vis 1700 spectropho-
tometer at 276 and 290 nm, respectively.

The effect of initial pH on A-OAB-AC was examined 
from pH 2 to 11, at fixed A-OAB-AC dosage of 0.2 g, con-
stant initial concentration of 100 mg·L–1, and temperature 
of 25°C. The pH was adjusted using 0.1 and 1.0 M HCl or 
NaOH.

Effect of temperature was examined at 15, 25, 35 and 
45°C and constant pH of 7.0 and 4.0 for BPA and TCP, 
respectively. In these experiments, 0.2 g of adsorbent 
A-OAB-AC with 200 mL of 100 mg·L–1 of BPA or TCP was 
employed. After shaking, the adsorption rate was mea-

sured. The adsorbed amount at equilibrium, qe (mg·g–1) was 
calculated by:

q
C C V

me
e=

− ⋅( )0 � (1)

The percentage removal (R%) by the adsorbent was 
described by the following:

R
C C

C
e(%)

( )
=

− ⋅0

0

100
� (2)

where C0 and Ce (mg·L–1) are the liquid-phase concentration 
of BPA or TCP at initial and equilibrium, respectively, V is 
the volume of the solution (L) and m is the weight (g) of the 
adsorbent.

2.8. Kinetic study

Effect of time was carried out by contacting 0.2 g of 
adsorbent with 200 mL bottles of definite concentration of 
adsorbate (50, 200 and 300 mg·L–1 of BPA or TCP). The con-
centration of adsorbate after recorded time intervals was 
determined. The adsorption capacity qt (mg·g–1) at different 
contact time t (h) was determined using the following equa-
tion:

q
C C V

mt
t=

− ⋅( )0 � (3)

where Ct (mg·L–1) is the concentration of BPA or TCP at time 
t (h) in the solution

2.9. Desorption and regeneration of A-OAB-AC

Desorption study was conducted using ethanol as a 
desorption eluent. Adsorption was first conducted using 
the optimal procedure in section 2.7. Then the A-OAB-AC 
with adsorbed BPA or TCP was separated from the solu-
tions. Subsequently, the supernatant solutions were dis-
carded and the A-OAB-AC adsorbent was washed with 
distilled water. Finally, the BPA or TCP were desorbed from 
the A-OAB-AC with 50 mL of ethanol with stirring during 6 
h. After desorption process, the beads, with a size of about 
1 mm, were washed with distilled water. To investigate the 
regeneration of the adsorbent, the A-OAB-AC was reused in 
adsorption experiments and the process was repeated for 
six times. The percentage of desorption of BPA or TCP was 
calculated by the following equation:

R
m
m

des

ads

(%) = × 100 � (4)

where mdes(mg) and mads (mg) are the amounts of desorbed 
and adsorbed BPA or TCP, respectively.

3. Results and discussion

3.1. Characterization results 

SEM images were taken at 4000× (Fig. 1a), 150× (Fig. 
1b) and 50× (Fig. 1c,d) magnifications to observe the surface 
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morphologies of OAB, AC, A, and A-OAB-AC, as shown 
in Fig. 1. The surface of OAB (Fig. 1a) shows aggregated 
morphology with a large number of crumpled structure 
small flakes and the plates become relatively flat layers. 
More voids are seen due to an increase of basal space in 
organoclays [4,5], while the surface of activated carbon 
AC (Fig. 1b) is characterized by grooves, irregular ridges 
and channels which appeared highly undulated due to the 
presence of intermittently spaced protrusions indicated by 
bright spots [12,21]. The surface shows an irregular distri-
bution of pore sizes which matched a honeycomb structure 
of variable hole sizes. This variability in pore size implied 
a wide surface area for active sites for sorption to poten-
tially take place. The surface of (A) beads (Fig. 1c) had a 
relatively uniform morphology. From Fig. 1d the intro-
duction of OAB and AC in the structure of biopolymer, A, 
revealed that the beads have spherical shape, their surface 
is relatively smooth and has undulations, and shows that 
the A-OAB-AC beads exhibit a bright and clear morphology 
with a heterogeneous surface.

FTIR spectra of A, OAB, AC and A-OAB-AC are shown 
in Fig. 2a. Broad peaks between 3,100 and 3,700 cm−1 were 
due to stretching vibration of O–H bond in hydroxyl 
groups. FTIR spectrum of alginate (A) shows absorption 
bands at 3,390, 1,618 and 1,412 cm−1 that are assigned to 
vibrations of –OH, and –COO asymmetric stretching, 
symmetric stretching, respectively. The band at 2,924 cm−1 

is attributed to the C–H stretching vibration, the band at 
1,125 cm−1 is due to the C–O stretching of ether groups and 
the band at 1,065 cm−1 is assigned to the C–O stretching of 
alcoholic groups [5]. In the case of OAB, the bands at 2,925, 
2,853, 1,475 and 792 cm−1 are assigned to the antisymmetric, 
symmetric stretching, the scissoring and rocking vibration 
of methylene group (CH2) of hexadecyl chain, respectively. 
These observed FTIR peaks also confirm the intercalation 
of the surfactant cations into the interlayer galleries of the 
bentonite. The band at 1,040 cm–1 is attributed to the Si–O 
stretching vibrations of the tetrahedral sheet and the bands 
at 518 and 465 cm–1 are due to Si–O–Al and Si–O–Si bend-
ing vibrations. The infrared spectrum of the prepared acti-
vated carbon is illustrated in Fig. 2a. The broad absorption 
band at 3,300–3,600 cm−1 with a maximum at about 3,438 
cm−1 is characteristic of the stretching vibration of hydro-
gen-bonded hydroxyl groups (from carboxyls, phenols 
or alcohols) and water adsorbed in the activated carbon. 
The ν(C–H) stretching bands at 2,922 and 2,850 cm−1 (C–H 
stretching in –CH–) are detectable for the activated carbon. 
The band at 805 cm−1 is due to out of-plane deformation 
mode of C–H for different substituted benzene rings. The 
small band at about 1,742 cm−1 is usually assigned to C–O 
stretching vibrations of ketones, aldehydes, lactones or car-
boxyl groups. The spectrum of the prepared activated car-
bon also show a band at 1,630 cm−1 due to C–C vibrations 
in aromatic rings. The shoulder at 1,094 cm−1 was ascribed 

(b) 

(c) (d) 

(a) 

Fig. 1. SEM images of the (a) OAB, (b) A, (c) AC and (d) A-OAB-AC samples.
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to ionized linkage P+–O– in acid phosphate esters, and to 
symmetrical vibration in a P–O–P chain [26]. In the case 
ofA-OAB-AC, the wide band at about 3,449 cm−1 is due to 
stretching vibration of O–H (hydroxyl) groups. The bands 
at 2925, 2,853 and 800 cm−1 are assigned to the antisymmet-
ric stretching, symmetric stretching and rocking vibration 
of methylene group (CH2) of hexadecyl chain, respectively. 
Peaks located around 1,629 and 1,036 cm−1 could be related 
to C=C stretching for unsaturated aliphatic structures and 
–COO alcoholic [27,28] groups, respectively. The vibration 
band at 1,091 cm–1 can be assigned to the stretching C–O 
vibrations of carboxylate and ether structures, and the 
bending O–H modes of phenol structures [29]. Also, the 
bands at 520 and 469 cm−1 are characteristic of Al–O stretch-
ing and Si–O bending of OAB clay. These results provide 
clear evidence of the presence of alginate, modified benton-
ite and also activated carbon in the A-OAB-AC adsorbent.

The FTIR spectra of the A-OAB-AC loaded with BPA 
(A-OAB-AC (BPA) and TCP (A-OAB-AC (TCP)) are given 
in the same figure (Fig. 2b). These spectra indicate that the 
peaks due to the A-AC-OAB functional groups are slightly 
affected in their position and intensity. The first change in 
FTIR spectra as a result of BPA or TCP adsorption is a slight 
shift of carboxylate anion band from 1,629 cm−1 to 1,623 and 
1,626 cm−1 after adsorption of BPA and TCP, respectively, 

which could be assigned to the electrostatic binding of 
phenol to the binding sites. Similarly, the band position of 
the –OH stretching vibration is shifted from 3,449 to 3,414 
(BPA) and 3,435 cm−1 (TCP), and the band intensities of OH 
stretching (3,449 cm−1) vibrations was decreased after TCP 
adsorption. These phenomena indicate that OH functional 
groups on the composite materials interacted with hydroxyl 
groups contained in BPA and TCP resulting in hydrogen 
bonding [30].

The second change, related to the van der Waals inter-
action between the phenyl ring of BPA or TCP and –CH2– 
group of modified bentonite through hydrogen bonds, can 
be another mechanism for the adsorption of BPA or TCP 
onto A-OAB-AC. This may be attributed to the interac-
tion between the functional groups of alginate, modified 
bentonite and activated carbon with phenolic compounds 
during the adsorption process. These results confirm the 
participation of carboxylic, hydroxyl and –CH2– groups of 
A-OAB-AC blended beads as potential active binding sites 
for adsorption of phenolic compounds.

To better understand the adsorption mechanism, the 
pHPZC points values of A, AC, OAB and A-OAB-AC were 
determined (figure not shown). The point of intersection 
for which the pHf–pHi equals zero was detected as the 
pHPZC of the adsorbent. The pHPZC of A, AC and OAB were 
found to be 6.6, 3.0 and 5.9 while pHPZCof A-OAB-AC was 
found to be 5.2, which indicates the acid character of the 
A-OAB-AC surface, in agreement with the presence of acid 
groups from the FTIR results above. Below the pHPZC value, 
the surface of A-OAB-AC is positively charged due to pro-
tonation, favoring the adsorption of anions via electrostatic 
force of attraction. Above the pHPZC, the A-OAB-AC sur-
face has a negative charge which favors the adsorption of 
cation species.

3.2. Effect of pH 

Generally, the pH has an important effect on the adsorp-
tion of target compound by affecting the existing form of 
compound and the charge type and density on the sorbent’s 
surface. In this study, the effect of pH on the adsorption of 
BPA (pKa = 9.6–10.2) and TCP (pKa = 6.7–6.94) on A-OAB-AC 
material was studied in the pH range of 2.0 to 11.0. The 
results are shown in Fig. 3. The results showed that the high-
est removal percentage of BPA and TCP was found at pH 
7.0 and 4.0, respectively (80.1% for BPA and 89.6% for TCP). 
This percentage gradually decreased up to a certain pH (at 
pH 11.0, 70.6% for BPA and 27.0% for TCP). At a higher pH, 
the repulsion of the negatively charged BPA or TCP species 
and the dissociation of functional groups of adsorbent may 
decrease the interaction of adsorption system. The ionic frac-
tion of the phenols ions increased with increasing pH (pH > 
pKa), and phenolate became negatively charged as the pH 
increased, the competitive adsorption of OH– ions can also 
result in a decrease in adsorption capacity. In addition, the 
pHPZC of the A-OAB-AC was 5.2. Below pHPZC the A-OAB-AC 
presented a superficial positive charge, and above pHPZC the 
surface of the A-OAB-AC was negatively charged. As can be 
seen in Fig. 3, adsorption of BPA and TCP occurred when 
the surface of the A-OAB-AC was positively charged. Similar 
results were also reported by several authors [19,31,32] for 
the removal of BPA and TCP.

(b) 

(a) 

Fig. 2. FTIR spectra of all samples: A, AC, OAB and A-OAB-AC 
(a) A-OAB-AC before and after adsorption of BPA (A-OAB-AC 
(BPA)) and TCP(A-OAB-AC(TCP)) (b).
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3.3. Effect of contact time and initial concentration

Fig. 4. shows the effect of contact time at various ini-
tial BPA or TCP concentrations on the adsorption capacity 
of A-OAB-AC. It can be seen that the adsorption capacity 
increased with increasing contact time and initial concen-
tration of the adsorbate, remaining virtually constant after 
equilibrium had been attained. This phenomenon was due 
to the fact that a large number of vacant surface sites was 
available for adsorption during the initial stage, namely, the 
external surface sorption or faster sorption stage, and after 
a lapse of time, the remaining vacant surface sites were dif-
ficult to be occupied due to repulsive forces between the 
solute molecules on the solid and bulk phases, namely, the 
interior surface sorption or gradual sorption stage. The time 
necessary to achieve equilibrium increased with increasing 
adsorbate concentration, being 30, 48 and 51 h for adsorbates 
(BPA and TCP) concentrations of 50, 200, and 300 mg·L−1, 
respectively, and the amount of BPA and TCP adsorbed by 
the A-OAB-AC adsorbent at equilibrium increased from 50.8 
to 233.9 mg·g–1 and from 37.5 to 296.0 mg·g–1 as the initial 
concentration increased from 50 to 300 mg·L–1. The effect can 
be attributed to the greater rate of collision rate between BPA 
or TCP and A-OAB-AC surface at higher initial concentra-
tion. This indicates that the initial concentration plays a sig-
nificant role in the adsorption capacity of BPA and TCP onto 
A-OAB-AC adsorbent. Similar observations were reported 
for the adsorption of BPA and TCP [31–34].

3.4. Adsorption kinetic

The kinetic data in this study were applied on pseudo 
first-order and pseudo second-order models [24]. The pseu-
do-first order kinetic model is an equation for the adsorption 
in a solid/liquid system based on the difference between 
equilibrium adsorption capacity, qe, and actual solid phase 
concentration, qt, measured at a given time t. The linear form 
of the pseudo-first-order equation is given by Eq. (5) [35]:

Ln q q q k te t e( ) ln /− = − 1 � (5)

where k1 (h–1) is the equilibrium rate constant of pseu-
do-first-order equation. The rate constants are obtained 
from the straight line plots of Ln(qe–qt) vs. t (figure not 
shown) where the values are given in Table 1.

The pseudo-second-order model is based on the 
assumption of chemisorption of the adsorbate on the adsor-
bent [36]. This model is given by Eq. (6):

t q k q t qt e e/ ( / ) ( / )= +1 2
2 � (6)

where k2 (g·mg−1·h−1) is the rate constant of pseudo-sec-
ond-order kinetics. The linear plots of t/qt vs. t (Fig. 5.) were 
used to obtain the rate parameters given in Table 1.

The results of kinetic adsorption of BPA and TCP by 
A-OAB-AC under various concentrations were calculated 
from the related plots and the results are listed in Table 
1. For both investigated adsorbates, the correlation coef-
ficients for the pseudo-second-order kinetic model were 
higher than those for the pseudo-first-order model. In 
addition to the high R2 values (>0.96 for all tested con-
centrations), the qe values estimated from the pseudo-sec-
ond-order kinetic model were also in agreement with the 

Fig. 3. Effect of solution pH on the adsorption of BPA and TCP 
on A-OAB-AC adsorbent at 25°C.

Fig. 4. Effect of contact time and initial concentration on the ad-
sorption of BPA and TCP on A-OAB-AC adsorbent at 25°C.
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experimental values, qexp, for all tested concentrations (Table 
1). The two kinetic models describe the uptake behavior of 
BPA and TCP over the whole adsorption process, however, 
these models do not account for the diffusion mechanism. 
Moreover, the overall rate of the BPA and TCP adsorption 
is likely monitored by chemically sharing of electrons or 
by covalently exchanging of electrons between adsorbent 
and adsorbate [37]. Several authors showed the successful 
application of pseudo-second order model for the represen-
tation of experimental kinetics data of pollutants adsorp-
tion on various adsorbents [32,35–39].

3.5. Adsorption mechanism

Intraparticle diffusion is a transport process involving 
movement of species from the solution bulk to the solid 
phase. In a well stirred batch adsorption system, the intra-
particle diffusion model is used to describe the adsorption 
process occurring on a porous adsorbent. The transport of 
adsorbate from solution to the surface of adsorbent is con-
sidered to be completed in following steps: (a) movement of 
adsorbate from solution to the surface of adsorbate known 
as film or external diffusion, (b) transfer of adsorbate from 
boundary layer to surface, (c) diffusion of BPA or TCP mol-
ecule to the adsorption sites either by pores diffusion pro-
cess or through solid surface diffusion mechanism, and (d) 
adsorption of adsorbate at adsorbent sites.

A plot of the amount of adsorbate adsorbed, qt (mg·g–1) 
and the square root of the time, gives the rate constant by 
calculating the plot slope. This model can be described by 
the following equation [5]:

q k t Ct = +3
� (7)

where k3 (mg·g–1·h–0.5) and C are diffusion coefficient and 
intraparticle diffusion constant, respectively. C is directly 
proportional to the thickness of the boundary layer [15,37].

Fig. 6 shows a plot of the amount of BPA or TCP 
adsorbed versus t  or t0.5 for different initial concentrations. 
The regression was not linear over the whole time range, 
which suggests that more than one mode of adsorption 
along with intraparticle diffusion, is involved in the BPA 
and TCP adsorption. The values of K3 as well as the cor-
relation coefficients, R2 obtained from the plots are given 
in Table 2. The values of K3 generally increased as the ini-
tial BPA or TCP concentration increased, which can be 
attributed to the greater driving force. 

As shown in Fig. 6, the plots in this experiment for both 
adsorbates, for all initial concentrations the data exhibit 
multi-linear plots (two steps occurred in the process). 
This suggests that both surface adsorption and intra-par-
ticle diffusion were simultaneously occurring during the 
process and contribute to the adsorption mechanism. The 
first, sharper portion was the external surface adsorption or 
the instantaneous adsorption. The second portion was the 
gradual adsorption stage where intraparticle diffusion was 
rate-limiting. The R2 values (Table 2) for the intraparticle 
diffusion model provide a better fit but not than the pseudo 
second order kinetic model. Similar observations have been 
reported in previous studies [20,28,40–43].

Fig. 5. Pseudo-second-order kinetics for adsorption of BPA and 
TCP on A-OAB-AC at 25°C.

Table 1
Pseudo-first and second- order models parameters for BPA and TCP adsorption by A-OAB-AC at 25°C

Pseudo-first-order model Pseudo-second-order model

C0
qe, exp qe, cal k1·102 R2 qe,cal k2·102 R2

BPA 50 50.8 69.7 6.2 0.800 54.3 0.2 0.969
200 171.8 146.6 4.5 0.904 173.3 0.1 0.983
300 233.9 176.6 4.2 0.972 240.4 0.1 0.991

TCP 50 37.5 27.8 6.7 0.811 37.8 1.0 0.996
200 216.4 210.7 1.4 0.830 215.1 0.1 0.993
300 296.0 191.9 4.2 0.951 296.6 0.1 0.994
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3.6. Adsorption isotherm

To optimize the design of an adsorption system for the 
adsorption of adsorbates, it is important to establish the 
most appropriate correlation for the equilibrium curves. 
The adsorption isotherm results for BPA and TCP onto 

A-OAB-AC were fitted using two famous isotherm models 
(Langmuir and Freundlich models) to evaluate a suitable 
model for describing the adsorption process. 

The Langmuir equation hypothesizes that the adsorption 
process happens on a homogeneous surface in the mono-
layer pattern, and the sorption energies are equivalent. The 
Langmuir equation can be expressed as follows [44]:

q q K C K Ce m L e L e= +( )/( )1 � (8)

Eq. (8) can be rearranged by a linear equation as:

C q C q K qe e e m L m
/ / /= + 1 � (9)

where Ce (mg·L–1) is the equilibrium concentration of BPA 
and TCP, qm (mg·g–1) represents the maximum adsorption 
capacity, KL (L·mg–1) is the Langmuir constant related to 
the energy of adsorption and represents the affinity within 
adsorbent and adsorbate. 

The Freundlich equation hypothesizes that the adsorp-
tion process happens on a heterogeneous surface in the 
multilayer pattern of varied affinities. It is based on the fact 
that, the stronger binding sites are occupied first and that 
the binding strength decreases as the degree of site occupa-
tion increases, and it is expressed as [45]: 

q K Ce F e
n=

1 � (10)

Eq. (10) can be rearranged by a linear form as:

log( ) log( ) log( )q k
n

Ce F e= +
1

� (11)

where n is the Freundlich constant reflecting the intensity of 
the adsorption, KF ((mg·g–1) (L·mg–1) 1/n) is a constant indicat-
ing the adsorption capacity of the adsorbent. The calculated 
constants of the two isotherm equations along with R2 val-
ues for both components are presented in Table 3.

The highest values of the R2 for both Langmuir and 
Freundlich models showed that the adsorption isotherms 
of BPA and TCP by A-OAB-AC (Table 3, Fig. 7.) were repre-
sented by the two models, but Freundlich model was better, 
which also supports the proposed physisorption mecha-
nism, and two kinds of organic molecules are bonded as 
multilayer on the surface of the A-OAB-AC. The monolayer 
saturation capacities were obtained at 25°C to be 368.2 and 
385.1 mg·g–1 for BPA and TCP onto A-OAB-AC respectively. 
From Table 3, it is shown that the KF value of TCP adsorp-
tion is larger than this of BPA adsorption, which implies 
that the adsorption of TCP by this adsorbent is much stron-
ger than the adsorption of BPA. It was also observed that 
the values of 1/n were all less than 1.0, indicating that the 
BPA and TCP adsorption onto the A-OAB-AC was favorable 
[34]. Similar results were obtained using composite materi-
als [29,46,47].

3.7. Effect of temperature 

The effect of temperature on the adsorption capacity 
of BPA and TCP onto A-OAB-AC was studied at pH≈6.5 
employing adsorbent dose of 1 g·L−1 under different tem-

Fig. 6. Intra-particle diffusion plots for the adsorption of BPA 
and TCP by A-OAB-AC adsorbent at 25°C.

Table 2
Intraparticle diffusion parameters for adsorption of BPA and 
TCP by A-OAB-AC at 25°C

Toxic pollutants C0 Intra-particle diffusion model

Step 1 Step 2

K3 R2 K3 R2

BPA
50 1.2 0.979 3.0 0.969
200 13.4 0.910 7.7 0.985
300 13.5 0.953 16.1 0.942

TCP 50 5.6 0.913 1.8 0.956
200 12.9 0.953 11.4 0.956
300 16.1 0.939 15.9 0.948
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peratures at 15, 25, 35 and 45°C (figure not shown). The 
adsorption capacity of the A-OAB-AC increased from 63.5 to 
83.1 mg·g–1 and from 76.8 to 87.7 mg·g–1 as the temperature 
increased from 15 to 45°C for BPA and TCP, respectively. 
The data indicate that the adsorption process of BPA and 
TCP onto A-OAB-AC was favored at higher temperature, 
in agreement with an endothermic adsorption process. This 
was due to a higher affinity of adsorbent for the both adsor-
bates or the increasing in the number of active sites on the 
A-OAB-AC surface [27]. The endothermic nature of adsorp-
tion was similarly reported for removal of 2,4-dichlorophe-
noxyacetic and hydroxy-Al from aqueous solution using 
activated carbon [48], and montmorillonite [49].

3.8. Thermodynamics of adsorption

The thermodynamic parameters reflect the feasibility 
and the spontaneous nature of a sorption process. Four 
different temperatures, 288, 298, 308 and 318 K were stud-
ied for the determination of thermodynamic parameters 
of adsorption, such as Gibb’s free energy (ΔG°), enthalpy 
change (ΔH°), and entropy change (ΔS°) are calculated at 
different temperatures using the following equations:

ΔG RT Ln K° = − ∗1000 � (12)

Log
q

C
S

R
H

RT
e

e

1000
2 303 2 303

0 0×





= −
Δ Δ
. .

� (13)

Where qe is the amount of BPA and TCP adsorbed per 
unit mass of A-OAB-AC (mg·g–1), Ce is the equilibrium con-
centration (mg·L–1), R is the universal gas constant (8.314 
J·K–1·mol–1), t is the temperature in Kelvin (K) and K is the 
equilibrium constant for BPA/TCP between the solution 
and the adsorbent surface. From the plot of Log (1000 × 
qe/Ce) vs. 1/T (Fig. 8), the intercept and slope were used 
to determine the values of ΔH° and ΔS°, respectively. The 
thermodynamic adsorption parameters determined are 
summarized in Table 4. All ΔG° values are negative and 
increase with increasing temperature, indicating that the 
BPA or TCP adsorption process on A-OAB-AC was spon-
taneous. Additionally, the magnitude of ΔG° may also give 
an idea about the nature of adsorption process whether it 
is chemisorption (i.e. –400 to –80 kJ mol–1) or physisorption 
(i.e. –20 to 0.0 kJ mol–1) [24]. The obtained values of ΔG° 
for the adsorption of BPA and TCP using A-OAB-AC were 
within the ranges of _17.9 to _22.6 kJ mol–1 and –19.4 to –23.5 
kJ mol–1, respectively. The obtained results do not fall into 
a range of pure chemical adsorption process, indicating a 

Fig. 7. Langmuir and Freundlich isotherms for BPA and TCP ad-
sorption on A-OAB-AC at 25°C.

Fig. 8. Vant Hoff’s plot for the adsorption of BPA and TCP by 
A-OAB-AC.

Table 3
Fitting parameters of adsorption model isotherm for BPA and 
TCP onto A-OAB-AC

Isotherm model BPA TCP

Langmuir

qmax (mg·g–1) 368.2 385.1
KL·102 (L·mg–1) 1.55 2.77
R2 0.978 0.986
Freundlich

KF ((mg·g–1) (L·mg–1) 1/n 16.81 26.23
1/n 0.57 0.53
R2 0.999 0.992

Table 4
Thermodynamic parameters for adsorption of BPA and TCP 
onto A-OAB-AC

Toxic pollutants T(K) ΔG° 
(kJ·mol–1)

ΔH° 
(kJ·mol–1)

ΔS° 
(J·mol–1 
K–1)

BPA 288
298
308
318

–17.97
–19.51
–21.05
–22.58

26.3 153.80

TCP 288
298
308
318

–19.43
–20.78
–22.13
–23.48

19.4 134.80
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adsorbent is its reusability qualities [29,52]. To investigate 
the reusability of A-OAB-AC as adsorbent for BPA and 
TCP removal, six cycles of desorption/adsorption were 
undertaken with ethanol desorbing agent. Six regener-
ation adsorption capacities of A-OAB-AC are shown in 
Fig. 9, for two toxic pollutants. It was observed that at 
the first adsorption step, the adsorption capacities for the 
BPA and TCP reached the values of 76.0 and 82.9 mg·g–1, 
respectively. After six cycles, the adsorption capacity of 
A-OAB-AC adsorbent decreased from 76.0 to 62.0 and from 
82.9 to 73.3 mg·g–1 for BPA and TCP, respectively. As seen 
from the figure, the total adsorption capacities of both BPA 
and TCP slightly decreased after six-time regeneration; 
not more than 18 and 11% when compared with the virgin 
adsorption capacity for BPA and TCP, respectively. This 
could be ascribed to the fact that the regeneration process 
might result in the decrease of binding sites [5,24,27]. The 
obtained data from the adsorption–desorption tests illus-
trate efficient and stabilized performance of A-OAB-AC 
in repeated cycles. This also proves that A-OAB-AC is a 
promising material that could be used successfully for pol-
lution remediation.

4. Conclusion

The newly prepared eco-friendly composite hydrogel 
(A-OAB-AC) showed high adsorption capacities for the 
removal of BPA (368.2 mg·g–1) and TCP (385.0 mg·g–1) from 
aqueous solution. The kinetics of the adsorption followed 
pseudo second-order equation. The mechanism involved 
both chemical and physical processes. Freundlich model 
showed satisfactory fit to the equilibrium adsorption data 
of A-OAB-AC composite.  After adsorption, the interaction 
between the adsorbates and the composite was confirmed 
by FTIR spectroscopy. The thermodynamic study showed 
that the adsorption process was spontaneous and endo-
thermic. The composite displayed an excellent regenera-
tion capacity; it may be used as a promising adsorbent and 
shall be recommended for testing in larger scale industrial 
facilities. 

combination of physisorption and chemisorption where 
the former is the dominating mechanism. The positive 
ΔH° values (26.3 and 19.4 kJ·mol–1) of both BPA and TCP 
adsorption on A-OAB-AC confirmed the involvement of an 
endothermic process. The values of enthalpy changes ΔH° 
were lower than 84 kJ·mol–1, which indicate a physisorp-
tion adsorption process. Also the positive values of entropy 
changes (ΔS°) (153.8 and 134.8 J·K–1·mol–1 for BPA and TCP, 
respectively) show, randomness nature of process at the 
solid/solution interface and the affinity of A-OAB-AC for 
BPA and TCP adsorption [24,27,50].

3.9. Comparison of adsorption of BPA and TCP on various 
adsorbents

Table 5 presents the comparison of the maximum 
adsorption capacity of the BPA and TCP monolayer on dif-
ferent adsorbents. Based on the recorded data, it can be con-
cluded that the efficiency of BPA and TCP adsorption on the 
adsorbent tested in this study(A-OAB-AC) was greater than 
that obtained for the other adsorbents. A-OAB-AC is more 
reliable alternative adsorbent in terms of high capacity effi-
ciency and fast adsorption rate.

3.10. Desorption and regeneration of A-OAB -AC

Regeneration studies were carried out in order to 
know the reusability of the adsorbent because one of the 
extremely essential ways to economically assess a good 

Fig. 9. Histogram of regeneration test for the adsorption of BPA 
and TCP onto A-OAB-AC adsorbent.

Table 5
Comparison of the monolayer adsorption capacity of BPA and 
TCP by various adsorbents

Adsorbate Adsorbent qmax 

(mg·g–1)
Ref

BPA A-OAB-AC
Organo-acid-activated 
bentonite

368.2
127.7

This study
[4]

Activated carbon prepared 
from olive-mill waste

399.5 [18]

Commercial activated 
carbon

164.4 [18]

Cationic-modified zeolite 37.8 [46]
Hybrid multi-willed 
carbon nanotubes-alginate-
polysolfone

24.5 [47]

Organo-montmorillonite 114.9 [48]
TCP A-OAB-AC

Organo-acid activated 
bentonite

385.1
244.6

This study
[4]

Organophilic-bentonite 72.2 [25]
β-cyclodextrinmesoporous 
attapulgite composites 

65.2 [45]

Modifiednatural bentonite 160.4 [49]
MgAl-SDBS organo-layered 
double hydroxides 

240.5 [50]
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