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ABSTRACT

Alginate gel (A) and activated carbon prepared from apricot stone (AC) were combined to prepare
activated carbon alginate beads (A-AC) adsorbent and used to remove bisphenol A (BPA) and 2,4,5-tri-
chlorophenol (TCP) from solution in single and binary system. The zero point charge determination
(pHpzc), the scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy
(FTIR) analysis were carried out. The effects of pH solution (2-11), temperature (15°C, 25°C, 35°C,
and 45°C), initial concentration (15-400 mg/L) and contact time were investigated. The adsorption
processes fitted well with the pseudo-second-order kinetic model and Langmuir isotherm. Results
showed that the maximum adsorption capacities of A-AC for the adsorption of BPA and TCP in
single system are 419.3 and 444.3 mg/g at 25°C, respectively. In the binary system, a decrease was
observed at the adsorbed amount to 291.2 mg/g for BPA and 430.2 mg/g for TCP. The thermodynamic
parameters confirmed that the adsorption reaction was spontaneous and endothermic in nature.
Desorption tests showed that the removal efficiency of A-AC for BPA and TCP decreased slightly
after six regeneration cycles and were maintained at 83.2% and 77.6%, respectively. The results

suggest that the use of A-AC beads is a feasible strategy for the removal of BPA and TCP.
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1. Introduction

Endocrine-disrupting compounds (EDCs) are an import-
ant class of emerging contaminants that have been detected
in aquatic environments such as wastewater, groundwater,
and surface water [1]. It is widely accepted that EDCs are
highly dangerous to human beings, even at low concentra-
tion levels. They cause diseases and various disorders into
the human body. In this context, the EDCs such as bisphe-
nol (BPA), chlorophenol (CP), and their derivatives such as

* Corresponding author.

trichlorophenol (TCP) are classified as toxic and carcino-
genic pollutants and thereby pose serious hazards to aquatic
living organisms [2,3]. Therefore, the removal of these
pollutants is highly desirable and of considerable interests.

Various methods such as nanofiltration [4], reverse
osmosis [5], advanced oxidation processes [6], ozone [7],
and adsorption [8-12] have been utilized for the treat-
ment of BPA and TCP polluted solutions. Adsorption has
been proved as a cheap and highly effective method in the
removal of pollutants from water [3,8]. Several adsorbents
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such as commercial activated carbons (AC) were used for the
removal of different types of emerging pollutants [1,13], but
their use is limited due to their high costs. This makes many
researchers trying to prepare low cost alternative adsor-
bents, which may replace activated carbons used in pollution
control through the adsorption process.

Recently, natural residue materials available in large
quantities from nature have been used as low cost adsorbents
[14]. Moreover, the use of these materials directly or after
some treatments is becoming a vital concern because they
represent unused resources, which causes disposal problems.
The raw agricultural wastes such as agave bagasse, almond
shell, coconut husks, barley straw, fruit peels, coffee grounds,
olive stone, orange peel, etc., have been used as adsorbents
for purification and removal of toxic pollutants [1].

Sodium alginate (A), a linear biopolymer has received
more attention as an adsorbent for the removal of heavy
metals. It was preferred over other materials because of its
biodegradability, hydrophilicity, and abundance in nature.
Moreover, the presence of carboxylate groups (COOH) in
alginate provides the ability to form complexes with a vari-
ety of multivalent ions. However, alginate was modified
into several forms to improve its adsorption capacity and
mechanical strength. For instance, the alginate was blended
with chitosan, humic acid, polyurethane, cellulose, carbon
nanotubes, and clays to enhance the adsorption capacity for
the removal of pollutants from aqueous solution [15-17].

It is known that the materials used in the adsorption
processes lose their mass when they are used in a powder
form after unit operations, which generates a huge waste and
creates another problem for the environment [3]. Likewise,
these powdered materials cannot be used in a fixed bed
reactor because of the regeneration cost and clogging of
the reactors [18]. In general, the encapsulation of adsorbent
into alginate beads is an elegant solution to overcome this
problem. Few studies have been devoted to adsorption on
materials containing alginate and further research is needed
in this area [8,15]. In this context, the purpose of this study
is to prepare an appropriate adsorbent material by encapsu-
lating the activated carbon in alginate beads to combine the
properties and advantages of each of the two of them.

In the present work, activated carbon (AC) prepared from
a modified apricot stone, alginate (A), and their composite
(A-AC) were characterized by scanning electron microscopy

Table 1

(SEM), Fourier transform infrared spectroscopy (FTIR), and
zero point charge (pH,,.. The BPA and TCP were selected
as model of phenolic pollutants to examine the performance
of A-AC composite. The A-AC adsorbent was investigated
in single and binary systems in batch mode experiments.
In order to determine the reusability of the A-AC loaded
by BPA and TCP ions, six cycles of adsorption/desorp-
tion were carried out. To the best of our knowledge, there
are very limited published informations on the adsorption
of BPA/TCP in single and binary systems and few regener-
ation studies for the activated carbon obtained by apricot
stone/ alginate composite.

2. Materials and methods
2.1. Materials

Apricot stones were obtained locally (region of Setif-
Algeria). Alginate (A), bisphenol A (BPA), 2,4,5-TCP, sodium
chloride (NaCl), calcium chloride (CaCl)) phosphoric acid
(H,PO,) were all purchased from Sigma-Aldrich (USA).
The physicochemical properties of phenolic compounds are
given in Table 1. Distilled water were used in all experiments.

2.2. Preparation of activated carbon

The activated carbon was prepared by chemical acti-
vation using phosphoric acid according to the method of
Shao et al. [19]. Briefly, chemical impregnation was carried
out in a round-bottom flask reactor, where 20 g of precur-
sor (Apricot Stone) reacted with a 40 wt.% H,PO, solution
at a ratio of 1:2 (AS/H,PO,) under stirring for 6 h. After
impregnation, the mixture was filtered under vacuum to
remove the excess of phosphoric acid, and then the solid
was calcined at 450°C for 1 h, defining a heating ramp of
10°C/min. The resulting carbon was washed with distilled
water in order to remove the remaining phosphoric acid
until the solution pH reaches 6.5. Finally, the solid was
dried in an oven at 110°C for 24 h. The resulting material
was named as activated carbon (AC).

2.3. Preparation of calcium alginate beads

For the preparation of (A) beads, 1% sodium algi-
nate solution was added drop wise to 4% calcium chloride

Physicochemical properties of the selected endocrine-disrupting compounds (EDCs)

Compound MW Water solubility Dissociation LogK Chemical structure
(g/mol) (mg/L), at 25°C constant (pKa)

CH3
BPA (C,H,0,) 228.29 120-300 9.6-10.2 3.32 HOHOH

CHs3

OH
Lo}

TCP (C,H,CLO) 197.45 1,200 6.7-6.94 3.66
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solution. The water-soluble sodium alginate was converted
to water-insoluble calcium alginate beads. All beads were
then washed with deionized water several times to remove
the excess of unbounded calcium chloride from beads sur-
faces. The washed beads were then dried and stored in a
clean dry glass bottle. The resulting material was named as
alginate beads (A).

2.4. Preparation of A-AC composite material

A solution of 1% sodium alginate was prepared in
deionized water in a 250 mL flask under stirring for 2 h.
The amount (2 g) of activated carbon (AC) was added. The
mixture was stirred for 24 h at room temperature (25°C).
The homogenous mixture was dropped into a flask contain-
ing CaCl, (4%, w/v) solution to produce calcium alginate/
activated carbon (A-AC) composite beads. The collected
beads were washed, dried, and stored in a clean dry glass
bottles for subsequent use.

2.5. Characterization of adsorbents

The morphological structure of the investigated samples
was examined by SEM using SEM model (JSM-6380-LV,
JEOL, Tokyo, Japan).

FTIR analysis of the adsorbent before and after adsorp-
tion was carried out in KBr pellets in the range of 4,000-
400 cm™ with 4 ecm™ resolution using the Perkin-Elmer
spectrum FTIR model 65 spectrometer.

The pH,,. values of samples were obtained using the
same method described by Djebri et al. [3]. In brief, the
initial pHs (pHi) of 0.01 M NaCl solutions (50 mL) were
adjusted to a pH range of 2-12 using HCl or NaOH. Then,
0.2 g of adsorbent was added to each sample. The disper-
sions were stirred for 48 h at 25°C, and the final pr of the
solutions were determined. The point of zero charge was
obtained from a plot of (pH, - pH) vs. pH,.

2.6. Batch adsorption studies

The effect of solution pH on the adsorption onto A-AC
was examined from pH 2 to 10. The adsorbate initial
concentration (100 mg/L) with a solid dose (1 g/L) was kept
constant. The adsorption experiments were conducted at a
constant temperature of 25°C. The pH was adjusted using
0.1 and 1.0 M HCI or NaOH.

Time dependence adsorption of BPA and TCP was car-
ried out from 0 to 96 h using 0.2 g of adsorbent with 200 mL
of adsorbate solution at a constant temperature (25°C) with
a concentration from 30 to 300 mg/L for BPA and from
15 to 400 mg/L for TCP. The concentration of adsorbate
after recorded time intervals was determined. The adsorp-
tion capacity g, (mg/L) at different contact time t (h) was
determined using the following equation:

c,-C)Vv
=570V )

m

where C, and C, (mg/L) are the concentrations of BPA or
TCP at time ¢ (h) and initial time, respectively, in the solution.

V is the volume of the solution (L) and m is the weight (g) of
the adsorbent.

The adsorption of BPA and TCP was conducted in a
static batch experiment. An aqueous solution of a certain
concentration of adsorbate (10-500 mg/L) was shaken in
bottles of 200 mL capacity with 1 g/L of adsorbent A-AC
for 96 h. The supernatant liquid was separated out, where
the equilibrium concentration of the BPA and TCP was
determined using UV/Vis 1700 spectrophotometer at 276
and 290 nm, respectively.

Effect of temperature was examined at 15°C, 25°C, 35°C,
and 45°C for 96 h. In these experiments, 0.2 g of adsorbent
with 200 mL of 100 mg/L of BPA or TCP was employed.
After shaking, the adsorption rate was measured. The
adsorbed amount at equilibrium, g, (mg/L) was calculated by:

G, -C)V
g -GG @)

m

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

(C,-C,)-100

R(%)= z

®)

0

where C, (mg/L) is the liquid — phase concentration of
BPA or TCP at equilibrium.

2.7. Binary adsorption studies

The first step was to examine the adsorption of BPA
at equilibrium (concentration of BPA ranging from 20 to
300 mg/L) in the presence of TCP (50 mg/L). For the next
step, a series of binary solutions where the concentration
of BPA was fixed at 50 mg/L, and the concentration of TCP
were varied from 20 to 400 mg/L. These binary solutions
were stirred at 200 rpm for 96 h at 25°C + 1°C. A correction
was applied for the spectrophotometric determination of resid-
ual concentrations in mixture systems using Eqgs. (4) and (5):

k

d,—kiepd

CBPA — k TC]l;Z Al kTCPl kxz (4)
BPA1 "TCP2 - BPA2"TCP1
C kBI’Aldkz — kBI’AZd}d (5)
Tk ko —ko k
BPA1 "TCP2 BPA2 "TCP1
Where CBI’A’ CTCP’ kTCPl’ kTCPZ’ kBPAl’ kBI’AZ’ dkl’ and dkz are the

concentrations of BPA and TCP, the calibration constants
for BPA and TCP at their characteristic adsorption wave-
length (i.e., k; and k,), and the optical densities at the two
wavelengths A, and A,, respectively.

2.8. Desorption and regeneration of adsorbent

Desorption study was conducted using ethanol as a
desorption eluent. Adsorption was first conducted using the
same procedure in section 2.6 (Batch adsorption studies).
Then the A-AC with adsorbed BPA or TCP was separated
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from the solutions. Subsequently, the supernatant solutions
were discarded and the A-AC adsorbent was washed with
distilled water. Finally, the BPA or TCP were desorbed from
the A-AC with 50 mL of ethanol. To investigate the regen-
eration of the adsorbent, A-AC was reused after desorption
in adsorption experiments and the process was repeated
six times. The percentage of desorption of BPA or TCP was
calculated from the following equation:

R% = "Hes 100 ©)

ads

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

2.9. Error analysis

In order to test the best correlation of the experimen-
tal data, the regression R* and residual root-mean squared
error (RMSE) using ORIGIN program (version 8) were
evaluated using Eqgs. (7) and (8). In addition, the Akaike
information criterion (AIC) was determined by ORIGIN
program (version 2018) using Egs. (9) and (10).

n

z (Qe,t.exp.n - qe,f.ca].n )

R*=1-— 2= 7)

n

2
Z(qﬂ,t,exp.n - qe,l.exp.n)

n=1

RMSE = \/iZ(q,p “Aeran). ®)

i=1

AIC =2p - 2Ln(L) )

Ln(L)=0.5x {N X[ann +1-LnN + szj} (10)

i=1

where ¢, and g, , are the experimental adsorption
capacity at equilibrium (qg,cxp) or at any time (qtlcxp) and the
calculated adsorption capacity at equilibrium g,  or at any
| A A e.cal

time g, , from the models, respectively. N is the number of
observations and p is the number of parameters. n is the
sample size. Ln(L) is the maximum log-likelihood of the
estimated model. x, are the residuals from the nonlinear
least-squares fit.

3. Results and discussion
3.1. Characterization of A-AC composite adsorbent

FTIR spectra of A-AC before and after adsorption of BPA
and TCP are depicted in Fig. 1. The broad absorption band
at 3,300-3,600 cm™ with a maximum at about 3,424 cm™
is characteristic of the stretching vibration of hydrogen-
bonded hydroxyl groups (from carboxyls, phenols, or alco-
hols) and adsorbed water onto A-AC [20]. The v (C-H)
stretching bands are detectable at 2,922 and 2,855 cm™. The
strong asymmetric and weak symmetric stretching vibra-
tion bands of —COO observed at 1,615 and 1,415 cm™ are

caused by the alginate molecules [8,17]. The band at 800 cm™
is attributed to out-of-plane deformation mode of C-H for
different substituted benzene rings. After the adsorption of
BPA and TCP onto A-AC, many functional groups shifted
to different bands. The bands at 3,424; 1,615; 1,080; and
800 cm™ transferred to higher frequencies at 3,481; 1,635;
1,111; and 806 for TCP and 3,441; 1,633; 1,097; and 811 for
BPA, respectively. Whereas the peak at 1,415 cm™ shifted
slightly to a lower frequency band at 1,409 and 1,413 cm™,
for BPA and TCP, respectively. On the contrary, the peaks at
630 and 476 cm™ appeared after adsorption. These changes
indicated the possible interaction of surface sites of A-AC
with BPA and TCP [3].

SEM images were taken at 50x (Fig. 2a), 150 (Fig. 2b),
and 25x (Fig. 2c) magnifications as shown in Fig. 2. The
surface of activated carbon AC (Fig. 2b) is characterized
by grooves, irregular ridges, channels, and bright spots,
which appeared undulated due to the presence of intermit-
tently spaced protrusions. The distribution of pore sizes is
irregular with variable hole sizes, which implied a wide sur-
face area for active sites for adsorption. The alginate beads
A (Fig. 2a) have a smooth surface with streaks. The struc-
ture is homogeneous with a regular surface porosity and a
relatively uniform morphology. In the case of A-AC beads
(Fig. 2c), sphericity is confirmed, their surface is relatively
smooth and has undulations. These beads exhibit a bright
and clear morphology with a heterogeneous surface [21].

For better understanding of adsorption mechanism, the
pH,,. of A and AC (figure not shown) were determined
and found to be 6.6 and 3.0, respectively; while the pH,, . of
A-AC was found to be 4.5 (see Fig. 3, Inset), indicating the
acid character of A-AC surface, which is in agreement with
the presence of acid groups appeared in the FTIR spectrum.
Below the pH,,. value, the surface of A-AC is positively
charged, favoring the adsorption of anions via electrostatic
forces attractions. Above the pH,,, the surface has a neg-
ative charge, which favors the adsorption of cation species.

3.2. Effect of pH

The removal percentage of BPA and TCP by A-AC at
different pH values is plotted in Fig. 3. As can be seen

BPA/A-AC

w TCP/A-AC

(3]

T T T T T T T 1
3200 2800 2400 2000 1600 1200 g00 400

Wavenumber (cm’1)

T T
4000 3600

Fig. 1. FTIR patterns of A-AC before and after adsorption of BPA
and TCP.
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Fig. 2. SEM images of the (a) alginate (A), (b) activated carbon
(AC), and (c) A-AC composite beads.

from this plot, the BPA and TCP removal was found to
decrease with an increase in initial solution pH from 2 to
10. In this study, the highest BPA and TCP removal was
achieved at pH 2, with maximum removal of 97.8%. Similar
results have been reported for the adsorption of 2,4-DCP
and 2,4,6-TCP by oil palm empty fruit bunch-based acti-
vated carbon [22,23], palm pith carbon [24], and Cattail
fiber [25]. The pH,,. for A-AC was 4.45 (Fig. 3. inset). At
pH below 4.45, the A-AC surface is positively charged,
and at pH < pKa (9.6-10.2) of BPA and pH < pKa (6.7-6.94)
of TCP, the EDCs compounds are in the non-dissociated

100

90

a0

70

60

50

40

Amount adsorbed, qe(mglg)

30

20

10

Fig. 3. Effect of initial pH on BPA/TCP removal from solution by
A-AC. Inset shows the pH,, . of the A-AC composite beads.

PzZC

forms. In this case, the dispersion interactions predominate
in the adsorption process [26,27]. However, at basic pH
(pH > pKa), the BPA and TCP dissociate; forming pheno-
late anions, while the surface functional groups of A-AC
are negatively charged. The electrostatic repulsion between
identical charges lowers the adsorption capacities. These
charges exist between the negative surface charge and
the phenolate anions and between phenolate-phenolate
anions in the solutions [28]. On the other hand, there might
be a competition between the OH" ions and the ionic spe-
cies of BPA or TCP, hence reducing BPA and TCP removal
amount. Despite these factors, significant removal was
observed at alkaline pH, especially for BPA (83% at pH 10),
which indicates that physisorption rather than chemisorp-
tion might be involved in the removal process [29].

3.3. Effect of contact time and initial concentration

Contact time is an important parameter to determine
the equilibrium time and kinetics of the adsorption process.
Fig. 4 shows the effect of contact time on the removal of
BPA and TCP onto A-AC for different initial concentrations
(15, 40, 75, 160, 260, 320, and 400 mg/L) for TCP and (30,
60, 100, 235, 275, and 335 mg/L) for BPA at 25°C. Similar
plots are observed for both adsorbates. All plots have the
same general feature: a very fast increase in the adsorbed
amount at the beginning for all concentrations, followed
by a long period of much slower uptake till equilibrium.
This phenomenon could be attributed to the abundant
availability of active sites on the adsorbent surface. After
occupancy of these sites, the remaining vacant sites were
difficult to be filled because of the repulsive forces between
the solute molecules on the solid phase and consequently,
the adsorption became less efficient [30]. The equilibrium
period was dependent on initial TCP/BPA concentrations.
At TCP/BPA concentration of 15, 40, 75, 160 mg/L and 30, 60,
100 mg/L, the equilibrium time was achieved at 40 h. More
TCP/BPA concentrated solutions (260, 320, and 400 mg/L
for TCP, 235, 275, and 335 mg/L for BPA) require more
time to reach equilibrium (almost 60 h).
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Fig. 4. Effect of contact time on the adsorption of TCP and BPA
onto A-AC.

3.4. Kinetics of BPA and TCP adsorption on A-AC

The pseudo-first-order equation [31], pseudo-second-
order equation [32], and the intraparticle diffusion model
[33], were used to describe the rate of solute uptake at the
solid-solution interface.

According to Table 2 and the non-linear fitted plots
presented in Fig. 4, it can be seen that the R?,, RMSE, and
AIC values for the pseudo-first-order model did not show
a consistent trend and the experimental g, () values did
not well agree with the calculated ones (g, ). This shows
that adsorption of the EDCs BPA and TCP onto A-AC does
not follow a pseudo-first-order kinetic model. However, the
pseudo-second-order model generally provided improved
goodness of fit values observed as a reduction of AIC, as
well as an increase in the determination coefficient R* close
to one and with a good agreement between the experi-
mental g, and the calculated g, , values. These results
indicate that the pseudo-second-order model describes bet-
ter experimental data. According to previous studies, the
pseudo-second-order model assumes that the rate-limiting

step is the chemical binding process involving sharing or
exchange of electrons between adsorbent and adsorbate
[30]. Several authors reported a successful application of
the pseudo-second-order model for the representation of
experimental kinetics data of BPA/TCP adsorption on dif-
ferent adsorbents [1,9,10].

In addition, the experimental data were also tested by
the intraparticle diffusion model. This model indicates
that when the experimental data present linearity and
passes through the origin in the graph of g, vs. 2 the
mechanism of adsorption is controlled by intraparticle
diffusion. According to this model [33], the plots of g, vs.
2 (Fig. 5.) are non-linear for the whole range of studied
concentrations, indicating that intraparticle diffusion is
not the only-limiting step, but another process may also
be involved in the adsorption process [19]. It was observed
that there were three sections in the curves represented by
straight lines, indicating the BPA and TCP were transported
to macro-, meso- and then slowly diffused into micropores
[33]. The values of k, were determined from the slopes of the
linear plots and presented in Table 3. This table shows the
obtained values of k, generally increased as the initial BPA
or TCP concentration increased, which can be attributed
to the greater driving force.

3.5. Adsorption isotherm studies

Adsorption isotherm studies were done to predict
the interactions between the adsorbate molecules and the
surface of the adsorbent material. In this part, the adsorp-
tion isotherms of BPA and TCP onto A-AC were studied in
single and binary systems.

3.5.1. Single system

The non-linear form of the Langmuir [34], Freundlich
[35], Sips [36], and Redlich-Peterson [37] isotherm mod-
els are presented in S.M. From the AIC, R?, and RMSE val-
ues, its indicated that the adsorption data are well fitted
with Langmuir model for TCP and BPA (Table 4) indicat-
ing monolayer molecular adsorption of BPA and TCP on
A-AC surface. As shown in Table 4, the predicted maxi-
mum adsorption capacity of A-AC at 298 K obtained by the
Langmuir model is 419.6 mg/g for BPA and 444.7 mg/g for
TCP. The g, values in single compound systems indicated
that the actives sites of the A-AC are more selective for TCP
than BPA [38]. Adsorption intensity parameters (1/n) evalu-
ated from the Freundlich model were ranged between 0 and
1 (0.453 for TCP and 0.593 for BPA), confirming the favor-
able adsorption process. The Redlich-Peterson isotherm
was developed to improve the fit between Langmuir and
Freundlich equations. If the value of its parameter g =1, then
the Langmuir model is better, if g = 0, then the Freundlich
model is better. In our case, g = 1.6, and 1.1 for BPA and
TCP, respectively, which indicates that the Langmuir model
is more adequate. The Sips isotherm is a combination of
Langmuir and Freundlich isotherms. The value of g, deter-
mined by Sips model is 432.6 mg/g for BPA and 479.4 mg/g
for TCP, it is slightly higher than that determined by the
Langmuir model and the experimental value. From the anal-
ysis of all these isotherms, we conclude that the model of
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Table 2
Adsorption kinetics of TCP and BPA onto A-AC beads

EDCs Pseudo-first-order model Pseudo-second-order model
BPAC, 4., 4 k, RMSE  AIC R? . k,10°° RMSE  R? AIC
30 28.3 25.5 0.265 2.49 24.876 0.928 27.3 13.7 1.53 0.973 13.191
60 53.3 49.7 0.157 3.95 35.899 0.957 55.4 3.6 2.42 0.984 24.193
100 94.0 86.3 0.093 6.62 45.8855 0.962 99.42 1.2 4.3 0.984 36.634
235 186.4 170.6 0.153 15.60 71.643 0.948 191.95 0.95 10.2 0.978 61.393
275 2141 192.4 0.163 17.13 73.128 0.949 215.21 0.92 10.6 0.980 62.234
335 2479 2234 0.201 19.27 73.964 0.951 246.3 1.0 11.8 0.981 62.236
TCPC, 4, qo k, RMSE  AIC R? . k,10°° RMSE  R? AIC
15 14.6 14.2 0.29 1.82 17.32 0.760 15.0 31.2 1.28 0.932 8.864
40 40.1 355 0.57 3.85 35.285 0.790 374 2211 2.28 0.963 22.78
75 72.5 67.0 0.30 5.93 45.591 0.896 71.2 6.21 3.3 0.980 31.580
160 147.7 138.5 0.24 12.71 63.989 0.897 148.4 2.35 7.97 0.974 52.771
260 239.2 224.8 0.35 17.74 71.979 0.916 238.3 2.14 8.64 0.988 54.710
320 285.6 259.6 0.27 24.7 79.334 0.894 277.8 1.38 14.54 0.976 66.35
400 323.8 297.3 0.23 29.24 84.883 0.881 320.9 1.02 18.28 0.971 73.976
C, (mg/L), g, (mg/g), k, (1/h), k, (g/mg/h).
TiE B B 235m 3 Langmuir is the most plausible to describe the isotherm data
240 o 275 ?ng,L o 3359 mg/L ¢ V- e of BPA and TCP adsorption onto A-AC in single systems.
3 s
- @
EZ BPA/A-CA /O/ _+* g — 3.5.2. Binary system
= 180
== The presence of diverse micropollutants in the solu-
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Fig. 5. Intraparticle diffusion model for TCP and BPA adsorption
onto A-AC.

formed by fixing either the concentration of BPA at 50 mg/L
and varying that of TCP or by fixing the concentration of TCP
(50 mg/L) and varying that of BPA. The effect of competitive
adsorption of BPA and TCP onto A-AC are shown in Fig. 6.
The isotherm data of the binary solution systems were ana-
lyzed using the Langmuir (Eq.SM1), Freundlich (Eq.SM2),
and extended Langmuir models (Egs. (11) and (12)).
The extended Langmuir model can be expressed as [39]:

x K, x C
q( = _ qm 1 (11)
©1+K, C KL ZCL )
6, = 9, %K ,%xC,, (12)
' 1 + KL/lcz,l + KL/ZC(’/Z
where K. Ko 9. and g, , are the Langmuir isotherm

model parameters obtained from Eq. (13) in the single solute
system. From Egs. (11) and (12), we have Eq. (13):

K. .C.,
K C,

L17e,1

_Twie2
qm,qu,l

(13)

The linear form of extended Langmuir isotherm in
binary system Eq. (11) was obtained [40]:
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Table 3
Intraparticle diffusion parameters for the adsorption of TCP
and BPA onto A-AC beads

Intraparticle diffusion model

BPA concentration C, k, C RMSE R?
30 2.7 7.0 3.74 0.840
60 5.6 9.4 6.31 0.891
100 9.9 10.5 10.12 0.907
235 20.9 25.3 20.83 0.912
275 23.0 32.0 23.31 0.909
335 25.5 45.0 31.46 0.870
TCP Concentration C, k, C RMSE R?
15 14 4.6 2.06 0.823
40 3.2 14.4 6.31 0.721
75 6.7 20.7 10.4 0.808
160 14.3 38.4 19.9 0.840
260 22.0 73.7 38.3 0.770
320 26.8 73.4 38.5 0.831
400 32.2 76.3 37.7 0.881
k, (mg/g/h'?), k, (1/h)
C C C
el - 1 +é,]+ qe,Z el (14)

Ger Kisus Gua 9eallnz

The affinity of the adsorbent toward the particular
components in the binary systems is indicated by the selec-
tivity ratio (S;;). Based on the morphology, surface struc-
ture, and pore distribution of an adsorbent, selectivity ratio
investigates the adsorbent preference toward one solute
in the presence of another [42-43], which is defined as:

Qu _ Qs (15)

Sm) = 15 Q
b jos

where Q, and Q, represent the adsorption capacity of
component i in the binary and single-component solu-
tion. The value of S being less than one implies that the
adsorbent has more affinity toward component j than the
component i [44].

According to Eq. (11), the values of C, /g, had a lin-
ear correlation with C,, and g,,C, /g, 4,,, if the adsorption
describes the extended Langmuir model. According to
Fig. 10 and the high values of R? the adsorption of BPA
and TCP from binary solutions was best described by the
Langmuir isotherm model, indicating that the adsorbate
molecules were adsorbed at well-defined sites and with-
out interactions between those adsorbed on adjacent sites
[38]. In addition, the values of ¢° (binary solution system)/
g (single solution system) for both BPA (0.6949) and TCP
(0.9673) were found to be less than 1.0, suggesting that
simultaneous presence of both BPA and TCP molecules
reduced the adsorption capacity through competition
for binding sites on the A-AC. According to the obtained
results (Table 4), the Langmuir model fitted well the binary
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Fig. 6. Adsorption isotherms of BPA and TCP onto A-AC in
single and binary systems.

system isotherms data. These results showed that the binary
system adsorption onto A-AC is monolayer and homoge-
neous in nature. Compared to those of the single emerging
compound system, the q__ values of the two compounds
decreased in binary systems. The g of TCP and BPA
decreased from 444.7 to 430.2 mg/g and from 419.6 to
291.5 mg/g, respectively. This means that the adsorption
of TCP or BPA onto A-AC was affected by the presence of
BPA or TCP, respectively. The results indicate that there is
a competition between the EDCs for the adsorption sites
on A-AC [36]. The results confirm also that the preferen-
tial adsorption by A-AC was given to TCP. This difference
in behavior is probably attributed to the values of octanol-
water partitioning coefficients (logK_ ) of each compound,
which results in different hydrophobic interaction densities
with A-AC adsorbent. Indeed, TCP is more hydrophobic
(K,, = 3.66) than BPA (K = 3.32). This difference deter-
mines the extent of the adsorption affinity, resulting in the
preferential adsorption of TCP. Similar results have been
reported in previous works [2]. This is corroborated by the
estimated selectivity ratio, S, value of TCP (1.05), which is
greater than unity, whereas, its value for BPA (0.90) is less
than one. The results confirmed that the A-AC adsorbent
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has more affinity toward TCP than BPA. Similar antago-
nistic analogous trends could be noticed also in the binary
dyes solution of remazol brilliant blue (RBB) and disperse
orange (DO) [45], methylene blue (MB), and methyl orange
(MO) [46], and methyl orange (MO) and phenol [42].

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

Table 5 lists the maximum monolayer adsorption capac-
ities for TCP and BPA on various adsorbents. The high
adsorption capacity of A-AC found in this study reveals
that this composite is a promising adsorbent for TCP and
BPA removal.

Table 4

Langmuir, Freundlich, Sips, Redlich-Peterson, and extended
Langmuir isotherm parameters for the adsorption of TCP and
BPA onto A—CA beads in single and binary systems

Parameters BPA BPA +50 mg/L TCP TCP + 50 mg/L
TCP BPA
Langmuir
/. 419.6 2915 4447  430.2
. 0.019  0.025 0.045 0.023
R? 0.989  0.989 0972  0.994
RMSE 9.76 8.26 2230 8.18
AIC 4955 46.54 64.43 43.33
Freundlich
K, 19.55 18.0 51.4 40
1/n 0593 0.55 0453 04
R? 0.982  0.988 0.963  0.890
RMSE 13.120 9.450 25.620 13.160
AIC 54.87  48.97 66.91  50.93
Sips
/. 4326  398.0 4794  437.5
K 0.019  0.029 0.05 0.023
m 0976  0.792 0.908 0.985
R? 0.987  0.991 0.967  0.993
RMSE 1053  7.740 23980 8.957
AIC 56.73  51.19 7154  52.65
Redlich—Peterson
A 5.99 11.69 1719 8.74
B, 0.0006 0.1640 0.0220 0.0078
g 1.66 0.72 1.1 1.2
R? 0.990  0.990 0.966  0.993
RMSE 9290 8.22 24.030 8.685
AIC 54.47 52.28 71.57 52.16
Extended Langmuir
T 257.1 392.2
K, 0.036 0.029
R? 0.965 0.956

3.7. Thermodynamics of adsorption

The thermodynamic parameters were estimated to eval-
uate the feasibility and nature of the adsorption process.
Gibb’s free energy (AG®°, kJ/mol), enthalpy (AH®, kJ/mol),
and entropy (AS°, kJ/mol) changes were calculated at var-
ious temperatures (288, 298, 308, and 318 K) and were
estimated using the following equations [8]:

AG =-RTInK (16)
1 o o
Log 000xq, | __AS° ~ AH (17)
C, 2.303R 2.303RT

where g, is the adsorbed amount of BPA or TCP per unit
of mass of A-AC (mg/g), C, is the equilibrium concentra-
tion of TCP or BPA (mg/L), R is the universal gas constant
(8.314 J/mol K), and T is the temperature in Kelvin (K).

By investigating the plot of Log(1,000xq/C) vs. 1/T
(R?*=0.97 and 0.92 for BPA and TCP, respectively) (Fig. 7),
the intercept and the slope values were used to calculate
AH® and AS°, respectively. The thermodynamic parame-
ters are listed in Table 6. The values of AG® are negative,
indicating the feasibility of the process and suggesting that
the adsorption of BPA and TCP onto A-AC is a spontaneous
and physical process. The positive values of AH® (24.2 and
26.0 kJ/mol for BPA and TCP, respectively) indicate that the
adsorption process is endothermic in nature. The positive
values of AS° suggest that the degree of freedom increases
at the solid-liquid interface during the adsorption of TCP
and BPA.

3.8. Adsorbent regeneration

The regeneration step is an important process used
to restore the adsorption capacity. The viability of regen-
erating the exhausted A-AC saturated with both TCP and
BPA was evaluated using the ethanol desorption technique.
The results of the regeneration studies are graphically

9.8
96 |
94 e
92 |

9,0 |

In(1000"9,/C,)

8,8 |-

TCP,R*=0,923
BPA R’=0,968
8.4 |- °
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3.10 3,15 3,20 325 3,30 3,35 3,40 3,45 3,50

1T '*107)

Fig. 7. Effect of temperature on the adsorption of BPA and TCP
onto A-AC.
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Table 5
Comparison of the adsorption capacity of A-AC with various adsorbents for BPA/TCP removal

EDCs Adsorbents C, (mg/L) Isotherm Kinetic q, (mg/g) Reference

model model

BPA Calcium alginate/activated carbon (A-AC) 30-300 L Ps2 419.6 This study
[-Cyclodextrin capped graphene-magnetite 10-200 L Ps2 59.6 [39]
Activated carbon prepared from potato peels 0-300 L Ps2 454.62 [40]
Graphene 10-500 L Ps2 94.06 [41]
Montmorillonite Modified with DDDMA 5-500 L Ps2 256.41 [42]

TCP Calcium alginate/activated carbon (A-AC) 15-400 L Ps2 444.7 This study
Bentonite 10-250 L Ps2 200.6 [43]
MgAI-SDBS organo-layered double hydroxides 10-250 L Ps2 240.5 [10]
Organo-montmorillonite 25-300 L Ps2 368 [44]
Organophilic-bentonite 10-100 L Ps2 72.14 [9]

L: Langmuir, Ps2: Pseudo-second order

Table 6
Thermodynamic parameters for the adsorption of TCP and BPA
onto A-AC beads

EDCs T(K) AG°(kJ/mol) AH°(kJ/mol) AS°(J/mol K)
TCP 288  -20.86 24.18 156.40
298 -2242
308 -23.99
318 -2555
BPA 288 2021 26.01 160.49
298 -21.82
308 -23.42
318 -25.03

presented in Fig. 8. This figure shows BPA and TCP adsorp-
tion removal (%) for six cycles of successive adsorption/
desorption. It can be observed that the amount of desorbed
BPA or TCP was quite high and that the total adsorption
capacities are slightly decreased (11% and 7% for BPA
and TCP, respectively) after the sixth regeneration. This
small drop in adsorption capacities could be ascribed to
the fact that the regeneration process might result in a
decrease of binding sites [37,39]. Furthermore, regenera-
tion experiments confirm the good stability of A-AC after
multicycle tests.

4. Conclusion

In this study, the removal of BPA and TCP from aque-
ous solution in single and binary solution systems, using
the eco-friendly composite adsorbent material (A-AC) was
investigated. The adsorption of BPA and/or TCP from aque-
ous solutions was found to be feasible, especially in an acidic
medium. In fact, it decreased as the pH increased due to the
simultaneous change in A-AC surface charges and partial
solute ionization. The pseudo-second-order model fitted
well the experimental kinetics data. The removal of BPA
and TCP from aqueous solution by A-AC increased with
increasing temperature, indicating that an endothermic

100 N BPAN TCP

80

60

40

Adsorption efficiency (%)

20

3 4 5 6

2
Cycle number

Fig. 8. Adsorption/desorption cycles of BPA and TCP onto A-AC.

process occurred. The equilibrium adsorption data were
well-fitted to the Langmuir model and the monolayer sat-
uration capacities were found to be 419.3 and 444.7 mg/g
for BPA and TCP, respectively. The obtained data from the
adsorption—desorption experiments illustrate the efficient
and stabilized performance of A-AC during repeated cycles.
The present study concludes that the A-AC composite sig-
nificantly removes BPA and TCP compounds from aque-
ous solutions and shows excellent regeneration capacity.
This composite may be used as an efficient and economic
adsorbent for the removal of BPA and TCP from water in
single and binary systems.
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