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a b s t r a c t
In the presented study, the feasibility of using activated carbon and graphene oxide embedded chi-
tosan–poly (vinyl alcohol) (AC/CS-PVA and GO/CS-PVA) biocomposites as adsorbents for removal 
of ibuprofen from wastewater. The point of zero charge values, effect of AC and GO content in the 
biocomposites, optimum amount of biocomposites, optimum pH and ibuprofen concentration were 
considered. When AC and GO were embedded into CS-PVA polymer network, the ibuprofen removal 
performance increased from 11% to 83% and 94%, respectively. Adsorption isotherms were described 
by Langmuir, Freundlich, Dubinin–Radushkevich (D-R), Temkin, Halsey, Jovanovic, Elovich, and 
Harkins–Jura isotherm models. Freundlich, Temkin, Halsey, Elovich, and Harkins–Jura models were 
fitted to the adsorption better than Langmuir, D-R, and Jovanovic models. Adsorption kinetics was 
investigated by pseudo-first order, pseudo-second order, Elovich, Weber–Morris, and Bangham 
models and ibuprofen adsorption onto biocomposites represented by pseudo-second order kinetic 
model. The thermodynamic parameter, ΔH°, ΔS°, and ΔG°, values were determined and the enthalpy 
of ibuprofen adsorption was found positive supporting the endothermic nature of pharmaceutical 
pollutant adsorption. The influence of various operating variables and optimum process conditions 
for the ibuprofen adsorption was investigated using central composite design.
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1. Introduction

Pharmaceuticals and personal care products (PPCPs) 
are a wide range of important chemical compounds used to 
improve individuals’ growth, health quality and hygiene. 
PPCPs include a wide range of products such as antibiotics, 
antidepressants, anti-inflammatory medications, synthetic 
hormones, cancer drugs, perfumes, and shampoos [1–3]. 
This large chemical compound class, when discarded, enters 
various municipal water sources such as rivers, streams, 
lakes, and ground water as a result of effluents from raw or 
treated wastewater [4–6]. Due to persistence and an unde-
tected discharge of PPCPs in water, these compounds are 

defined as emerging organic environmental pollutants and 
have gained growing attention in recent years. Conventional 
wastewater treatments are insufficient to eliminate all PPCPs 
from water bodies [7–9]. On the contrary, modern treatments, 
including activated carbon adsorption, advanced oxidation 
and membrane processes, are more capable for the abate-
ment of PPCPs. Beside the type of treatment, the efficiency 
of PPCPs removal is directly affected by the hydrophobicity 
and biodegradability of compounds, temperature, chemical 
components, and the properties of the influent [10–13].

Ibuprofen is one of the most widely consumed non-
steroidal, anti-inflammatory, analgesic, and antipyretic 
medicines all over the world for all age groups. It has high 
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mobility in aquatic environments due to its being slightly sol-
uble in water and readily soluble in organic solvents [14,15]. 
A number of techniques have been developed in recent years 
for adsorption of ibuprofen, including ozonation, coagula-
tion, photo-electrocatalytic degradation, ion exchange, and 
membrane processing. Various adsorbents, such as clay 
and minerals, activated clay, mats, activated carbon, carbon 
nanotubes, and graphene oxide, have been investigated for 
adsorption of ibuprofen [16–19]. 

A considerable amount of research has been conducted 
concerning the use of activated carbons (AC) used in 
adsorption-based technologies in the search for low-cost 
technologies for decontamination processes and main-
taining high removal efficiencies [20,21]. Activated car-
bon-based technologies are a possible option to eliminate 
PPCPs from an aqueous medium or to act as concentrators 
of those pollutants for analytic purposes. Among the car-
bon-based materials, graphene and graphene oxide (GO) 
have recently received increasing attention due to their high 
adsorption capacities, high specific surface areas, and adap-
tive surface properties. GO, which has superior properties 
that are ideal for adsorption, is not only less expensive but 
also more sensitive and more reactive than other materials 
because of its buckled structure and hydrophilic nature 
with a very high negative charge density arising due to the 
oxygen-containing functional groups [22,23]. Considering 
environmental concerns, “biopolymers” have also received 
increasing attention for use as an absorbent for wastewater 
treatment. One of these adsorbent biopolymers, chitosan 
(CS) is biocompatible, biodegradable, non-toxic and formed 
in a hydrogel structure [24]. Even though CS and its deriv-
atives have been widely applied in chemical processes; CS 
has weak mechanical properties such as flexibility, poor 
solubility, and swelling ratio. To mitigate the disadvantages 
of CS, auxiliary biocomposites are needed, which have to 
be biocompatible, low-cost, and chemically stable. Polyvinyl 
alcohol (PVA) is the first material to come to mind to be 
used for biocompatibility and an excellent hydrophilicity 
property of CS. 

The present study considered uniting CS, PVA, AC, and 
GO to work together in the removal of pharmaceutical com-
pounds from wastewater. CS-PVA biocomposites, embedded 
with AC and GO separately, were synthesized for the adsorp-
tion evaluation of the PPCP, ibuprofen. The main aim and 
the originality of the current work are to test the adsorption 
behavior of AC- and GO-embedded CS-PVA biocomposites 
for removing ibuprofen from wastewater. In this way, the 
effects of temperature, pH, initial ibuprofen concentration, 
and the amount of biocomposite in the adsorption process 
were evaluated and equilibrium, kinetics, thermodynamics, 
and optimization studies (CCD) were obtained. It can be 
safely mentioned that this paper represents the first example 
in the literature to research ibuprofen adsorption onto AC- 
and GO-embedded CS-PVA biocomposites. 

2. Materials and methods

2.1. Materials

CS (deacetylation, DD: 85%; Mw: 100,000–300,000  Da) 
and PVA degree of hydrolysis: 98%; Mw: 89,000–98,000) 
were supplied by Sigma-Aldrich Chemical Co., (Steinheim, 

Germany) and used as received. All other chemicals, that is, 
glacial acetic acid, glutaraldehyde solution (25  wt.%) were 
obtained from Merck (Darmstadt, Germany). Also activated 
carbon graphene oxide and ibuprofen were purchased from 
Sigma-Aldrich Chemical Co., (Steinheim, Germany).

2.2. Preparation of CS-PVA; AC/CS-PVA, and GO/CS-PVA

AC/CS-PVA and GO/CS-PVA biocomposites were pre-
pared in two steps using the CS-PVA preparation followed 
by chemical crosslinking with glutaraldehyde (GA). First, 
deacetylated chitosan was dissolved in deionized water con-
taining 2% (w/w) acetic acid and stirred for 12 h to obtain 
a 5% (w/v) chitosan solution. PVA solution (5%, w/w) was 
dissolved in distilled water. Chitosan and PVA solutions 
were mixed in 1:1 (w/w) ratio and stirred overnight at 60°C 
to obtain a homogeneous CS-PVA solution. Then, 25% glu-
taraldehyde (GA) solution was added into the CS-PVA mix-
ture to make a 2% (w/w) of total solution and kept under 
stirring for 24 h to crosslink the CS-PVA and GA. CS-PVA 
was washed with distilled water for removal of unreacted 
compounds, dried at room temperature and further dried 
in freeze-dryer.

AC/CS-PVA and GO/CS-PVA biocomposites were pre-
pared with different AC:CS-PVA and GO:CS-PVA ratios of 
1.0–5.0 (w/w). AC and GO with defined weight fractions 
were added into CS-PVA solution and the mixtures were 
dispersed until complete dissolution to make a homogenous 
mixture. Then, GA solution was added to the AC/CS-PVA 
and GO/CS-PVA mixture. After crosslinking, biocomposites 
were washed with distilled water for removal of unreacted 
compounds, dried at room temperature and further dried 
in freeze-dryer [25]. The biocomposites were coded as AC/
CS-PVA:(1.0–5.0) and GO/CS-PVA:(1.0–5.0). The schematic 
reaction mechanism is represented in Fig. 1. 

2.3. Preparation and determination of ibuprofen

Ibuprofen stock solution was prepared using methanol 
and ibuprofen concentration was detected using UV–Vis 
spectrophotometer Shimadzu UV-1800, Tokyo, Japan at 
225  nm wavelength in methanol [26]. The UV absorption 
spectra of the ibuprofen solution prepared at 2–100 mg/L was 
recorded against methanol and the spectrum was obtained. 
Calibration graph was linear in the range 2–100 mg/L ibupro-
fen. Also, each experiment was duplicated under identical 
conditions and average results were reported.

2.4. Characterization of CS-PVA, AC/CS-PVA, and GO/CS-PVA

The molecular structure of the raw CS-PVA, AC/CS-PVA, 
and GO/CS-PVA was defined by a Shimadzu IR Affinity 
Spectrometer. The spectra were recorded by 16 scans with 
a resolution of 2  cm–1. N2 adsorption measurements were 
performed using a Micromeritics ASAP 2020 (Norcross, 
GA, USA) surface analyser. The specific surface area and pore 
volumes were obtained from nitrogen adsorption data at 77 K 
and surface areas were calculated by the Brunauer–Emmett–
Teller (BET) method. Purging was continued for 24 h prior 
to analysis and the experiments were done in duplicates. 
The morphology of the adsorbents was examined by scan-
ning electron microscopy (ESEM-FEG/EDAX Philips XL-30 
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Fig. 1. Schematic reaction mechanism of AC/CS-PVA and GO/CS-PVA.
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Philips, Eindhoven, Netherlands) [27,28]. The points of zero 
charges (PZC) of adsorbents were estimated using salt addi-
tion method. For the determination of PZC, 50 mL of 0.01 M 
NaCl solutions were introduced to Erlenmeyer and 0.5 g of 
adsorbents were taken in the Erlenmeyer, then pH values of 
these solutions were adjusted in 2–12 range by 0.1 M HCl/
NaOH solutions and pH values were recorded as initial pH. 
The flasks were kept for 48 h and the final pH of the solu-
tions was detected. Graphs were plotted between pHinitial vs. 
pHfinal-initial. The point of the pHinitial  =  0 was determined as 
PZC values of the adsorbents.

2.5. Batch adsorption experiments

In batch adsorption experiment, 25  mL of 40–100  mg/L 
ibuprofen solutions in methanol with pH from 3.0 to 11.0, 
by dropping 0.1  M HCl/NaOH solutions, were added to 
20–100 mg of AC/CS-PVA:(1.0–5.0) and GO/CS-PVA:(1.0–5.0) 
biocomposites in a 250 mL Erlenmeyer at 20°C–60°C ± 0.5°C; 
and adsorption experiment was performed on a mechanical 
shaker at 140 rpm during 180 min. Then the biocomposites 
were separated from solution and absorbance values of the 
supernatants were measured. Each experiment was dupli-
cated under identical conditions and average results were 
reported.

Eq. (1) is used to calculate the adsorption capacity of 
ibuprofen [28]:

q
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qe is adsorption capacity (mg/g), V is volume (L), m is 
amount of adsorbent (g), Ci and Ce are initial and equilibrium 
concentrations (mg/L), respectively.

2.6. Adsorption isotherms, kinetics, and thermodynamics

Adsorption isotherms of adsorbed ibuprofen onto 
raw CS-PVA, raw AC, raw GO, AC/CS-PVA, and GO/
CS-PVA were described by Langmuir, Freundlich, Dubinin–
Radushkevich (D-R), Temkin, Halsey, Javanovic, Elovich, 
Harkins–Jura models [29]. The isotherms were studied using 
40 mg/L ibuprofen solution in methanol with 20–100 mg of 
biocomposites at pH 3.0. 

Kinetic experiments were carried out using 40 mg/L ibu-
profen solution with defined amount of biocomposites and 
the adsorption kinetics were investigated by pseudo-first 

order, pseudo-second order, Elovich, Weber–Morris, and 
Bangham models [30]. 

Adsorption experiments were carried out for 303, 313, 
323, and 333 K at pH 3.0, ibuprofen concentration 40 mg/L 
and contact time 180 min to examine the adsorption thermo-
dynamics [31]. The thermodynamic parameters were calcu-
lated from the following equations:
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where R is gas constant (8.314 J/mol K) and T is the absolute 
temperature (K).

2.7. Experimental design and data analysis 

A five level and four variable central composite designs 
were applied to optimize the adsorption process for ibupro-
fen. The coded and actual levels of experimental variables, 
pH (3.0–11.0), temperature (20°C–60°C), amount of bio-
composites (20–100 mg) and initial ibuprofen concentration 
(20–100 mg/L), were given in Table 1 is used for optimization 
of the adsorption processes. Experimental design and statisti-
cal analysis were performed with the aid of software Design-
Expert (Stat-Ease Inc, Minneapolis, MN). The experimental 
design matrix for actual process variables and responses 
(removal percentage of Ibuprofen for AC and GO adsorbents) 
is listed in Table 2. 

3. Results and discussion

3.1. Characterization of CS-PVA; AC/CS-PVA, and GO/CS-PVA

FT-IR analysis is employed to detect the interactions 
between CS-PVA, AC and GO. Fig. 2 presents the FT-IR 
spectra for all adsorbents. The peaks at 3,300; 1,650; and 
1,400–1,000 cm–1 for GO are attributed to the O–H, C=O in 
COOH, and C–O in COH/COC groups, respectively [17]. 
Strong absorption peak of graphene oxide at 1,650  cm–1 is 
stretching vibration of benzene ring skeleton. Also, from the 
FTIR spectra of AC, the weak absorption peaks at 1,580 cm–1 
indicate the presence of aromatic C=C groups. Whereas, 
the absorption peak at 1,082  cm–1 is attributed to C–O–H 
group. As shown from FTIR spectra for CS-PVA, the broad 
band with a maximum force near 3,300  cm–1 corresponds 
to –OH and N–H stretching’s, as well as the intramolecular 

Table 1
Levels of experimental variables

Independent variable Coded Range Levels of variables

–2 –1 0 +1 +2

pH A 3.0–11.0 3.0 5.0 7.0 9.0 11.0
Temperature (°C) B 20–60 20 30 40 50 60
Amount of biocomposite (mg) C 20–100 20 40 60 80 100
Ibuprofen concentration (mg/L) D 20–100 20 40 60 80 100



O.I. Sahin et al. / Desalination and Water Treatment 179 (2020) 396–417400

hydrogen bindings and the band at 2,950 cm–1 is attributed 
to C–H bond. The broad peak at 1,650 cm–1 is confirmed by 
C=N bond formed by the reaction of amino group of chitosan 
and aldehyde groups from glutaraldehyde as a crosslinker. 
The adsorption peak at 1,080 cm–1 indicates N–H stretching 
vibration [27]. 

Several spectacular differences appeared in the FT–IR 
spectra of AC/CS-PVA and GO/CS-PVA biocomposites in 
comparison with raw CS-PVA, raw AC and raw GO. In the 
FTIR spectra of GO/CS-PVA, the peaks at near 3,300  cm–1 
shows the N–H and O–H vibration of chitosan, PVA, and 
GO. The weakened intensity at 1,650 cm–1 possibly explained 
the interaction of COOH groups of GO and O–H groups of 
CS-PVA. Also, the strong peaks between 1,000 and 1,400 cm–1 
explained by interaction between the COH/COC groups of 
GO and N–H groups of CS-PVA. It is clear from the FT-IR 
spectrum of the AC/CS-PVA, the strong peak at 3,300  cm–1 
is probably caused by an interaction between AC and O–H 

Table 2
Experimental design matrix with experimental data

Actual values of variables Responses

pH
Temperature  
(°C)

Amount of 
biocomposite (mg)

Concentration 
(mg/L)

Removal % 
(AC/CS-PVA:3.0)

Removal % 
(GO/CS-PVA:3.0)

 1 9.0 50 80 80 50 58
 2 7.0 40 60 60 68 78
 3 5.0 30 80 40 68 80
 4 9.0 30 40 80 30 44
 5 7.0 40 60 20 64 84
 6 9.0 50 40 80 39 58
 7 3.0 40 60 60 82 79
 8 7.0 60 60 60 78 94
 9 9.0 30 80 80 34 46
10 9.0 30 40 40 15 50
11 5.0 30 40 40 65 65
12 7.0 40 60 100 59 70
13 7.0 40 20 60 51 64
14 7.0 40 60 60 68 78
15 5.0 50 80 80 76 91
16 9.0 50 40 40 28 63
17 9.0 50 80 40 41 71
18 9.0 30 80 40 30 60
19 7.0 40 60 60 68 78
20 7.0 40 60 60 68 78
21 5.0 30 40 80 48 74
22 5.0 50 80 40 83 93
23 11.0 40 60 60 34 32
24 7.0 40 60 60 68 78
25 5.0 30 80 80 60 78
26 7.0 40 100 60 77 91
27 5.0 50 40 80 52 83
28 7.0 20 60 60 45 61
29 5.0 50 40 40 78 87
30 7.0 40 60 60 68 78

Fig. 2. FT-IR spectra of CS-PVA, AC/CS-PVA and GO/CS-PVA.
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and N–H groups of CS-PVA. Also, the reduced intensity of 
absorption peak at 1,580 cm–1 belongs to C=C group is prob-
ably caused by an interaction between AC and O–H groups. 
Strong absorption bands between 1,000 and 1,400 cm–1 were 
explained by interaction of C–O–H group of AC and N–H 
groups of CS-PVA. In the FT-IR spectra of AC/CS-PVA and 
GO/CS-PVA, the peaks at 2,950  cm–1 is attributed to C–H 
stretch, the most abundant functional groups available 
in CS-PVA. So, by comparing the spectrum with the FT-IR 
spectra of the AC and GO, it is revealed that the CS-PVA has 
been supported with AC and GO. Thus, for AC/CS-PVA and 
GO/CS-PVA biocomposites, the FTIR spectra confirmed the 
appropriateness of the AC and GO embedding processes 
into the CS-PVA. 

Adsorption is a surface reaction and is significantly 
affected by physical properties such as surface area, pore 
structure, and particle size of the adsorbent. An adsorbent 
with a high surface area can trap more adsorbate molecules 
on its surface, thereby increasing its adsorption capacity. 

Also, another important parameter that guides the adsorp-
tion mechanism is the pore structure. The pore structure of 
the adsorbent refers to the size of the pores and the pore size 
distribution. In this work, according to the explanation about 
the adsorbent surface properties, SEM and BET analyses 
were investigated to determine the efficiency and adsorption 
capacity of the AC/CS-PVA and GO/CS-PVA. 

The SEM images of raw CS-PVA, AC/CS-PVA, and GO/
CS-PVA of the surface are shown in Fig. 3. It can be can 
observed clearly that raw CS-PVA shows essentially the 
undeveloped porous surface morphology composed of 
randomly distributed small closed pores with a pore size 
of 3–5 micrometers with a lot of interstices. Also, there are 
protrusions and reticulated structures extending from the 
surface of CS-PVA. It seems clearly that, the surfaces of 
CS-PVA changed after modification with AC and GO hav-
ing a fine three-dimensional network structure and resulted 
in a surface with porous structure. Pore size of AC/CS-PVA 
biocomposite was in the range of 8–10 micrometer and more 

Fig. 3. SEM images of CS-PVA, AC/CS-PVA and GO/CS-PVA.
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cavities were exposed to the surface. However, when com-
pared with CS-PVA, the pore size of AC/CS-PVA was larger, 
the number of round pores was higher and AC/CS-PVA 
had a different distribution of the cavities on the surface. 
This may explain the higher AC embedding capacity of the 
CS-PVA. Likewise, larger pore size can be observed in GO/
CS-PVA and SEM image for GO/CS-PVA suggests that the 
increase of GO incorporation resulted in increase of poros-
ity; pore size was in the range of 20–40 micrometers, and 
not round shapes were observed. From SEM images of GO/
CS-PVA, nonhomogenous pore distribution and larger cav-
ities formation, compared with CS/PVA and AC/CA-PVA, 
were seen. The cavities of GO/CS-PVA appeared larger than 
AC/CS-PVA and SEM images showed bigger and non-round 
cavities when compared with AC/CS-PVA and CS-PVA. 

These results can be accepted as an indication of the 
successful embedding of AC and GO. The presence of AC/
CS-PVA and GO/CS-PVA porous network structure where 
all potential binding sites are under receptive position was 
found to be responsible for the dramatic increase in the ibu-
profen adsorption. On the basis of the comparison between 
the SEM images of the AC- and GO-embedded CS-PVA, 
it can be concluded that the porous structure greatly 
facilitates the biocomposites in the removal of ibuprofen 
directly.

The BET analysis of the biocomposites is given in 
Table 3 and the table represents the effect of AC and GO 
on the specific average surface area and pore volume of 
AC/CS-PVA and GO/CS-PVA. The specific surface areas 
for the raw CS-PVA, raw AC, raw GO, AC/CS-PVA, and 
GO/CS-PVA were 2.19, 429.8, 736.3, 224.5, and 356.9 m2/g, 
respectively. However, CS-PVA exhibited the least specific 
surface area while GO has the highest and the biocompos-
ites resulted in a larger surface area than that of CS-PVA. 
The specific surface area was in the order of GO > AC > GO/
CS-PVA  > AC/CS-PVA  >  CS-PVA. Also total pore volume 
values were increased with embedding AC and GO into 
the CS-PVA. GO showed larger total pore volume, indicat-
ing that larger pores were formed in the GO/CS-PVA. The 
total pore volume values were determined as 0.0058 and 
0.0034 cm3/g for GO/CS-PVA and AC/CS-PVA, respectively. 
It can be safely stated that the improvement of the surface 
properties of the CS-PVA occurred by AC and GO acting as 
a supporting material.

The point of zero charge (PZC) for an adsorbent surface 
is the pH at which that surface has a net neutral charge. The 
adsorbent surface is positively charged at a solution pH less 
than the PZC, and thus it can be an adsorbent surface for 

anions. On the contrary, when it is negatively charged at a 
solution pH higher than the PZC, the adsorbent surface can 
absorb cations [32]. The point of zero charge for the adsor-
bent surfaces is given in Fig. 4. The raw CS-PVA sample had 
a positive surface charge at a pH lower than 8.0 owing to 
the presence of amino groups belong to chitosan; also, the 
PZC value of raw AC and raw GO was found as 7.0 and 4.2, 
respectively. The PZC values were determined as 7.5 for AC/
CS-PVA:(1.0–5.0) and 6.5 for GO/CS-PVA:(1.0–5.0) biocom-
posites. When compared with raw CS-PVA, the PZC values 
of biocomposites decreased after embedding both AC and 
GO due to the hydrogen bonding between the CS-PVA, AC, 
and GO. Also, AC/CS-PVA and GO/CS-PVA, consisting of 
both cationic and anionic functional groups, can be applied 
for treatment of wastewater including ibuprofen. 

3.2. Determination of AC and GO content, optimum amount of 
biocomposites, pH and ibuprofen solution concentration

Fig. 5 displays the removal percentages of ibuprofen 
using raw CS-PVA, raw AC, raw GO, AC/CS-PVA:(1.0–5.0), 
and GO/CS-PVA:(1.0–5.0) biocomposites as an adsorbent. 
The ibuprofen adsorption capacity (qe) values were deter-
mined as 18.5 and 19.5  mg/g for raw AC and GO, respec-
tively. Also, qe values were calculated as 11.6; 15.0, and 15.5 
using AC/CS-PVA:(1.0, 3.0, and 5.0) as an absorbent and 12.3; 
17.0; and 18.2  mg/g using GO/CS-PVA:(1.0, 3.0, and 5.0), 
respectively. Removal percentage values were detected as 
58%, 75%, 78% and 62%, 87%, 91%, using 1.0%–5.0% (w/w) 
AC- and GO-embedded biocomposites, respectively. It can be 
concluded that as AC and GO content increased from 1.0 to 
5.0 (w/w), ibuprofen adsorption removal percentages were 
boosted dramatically from 58% to 78% for AC/CS-PVA and 
from 62% to 91% for GO/CS-PVA. In addition, qe values were 
estimated as 15.0 and 17.0 mg/g; removal percentages were 
calculated as 75% and 87% using AC/CS-PVA:3.0 and GO/
CS-PVA:3.0, respectively. According to the results from Fig. 
5, qe and removal % values belonging to AC/CS-PVA:3.0&5.0 
and GO/CS-PVA:3.0&5.0 were very close to each other. Thus, 
3.0% (w/w) AC and GO contents in the biocomposite were 
used as the optimum content of AC and GO in the CS-PVA 
for experiments testing the effect of biocomposite amounts. 

Table 3
BET analysis results of biocomposites

Total pore volume 
(cm3/g)

Average specific 
surface area (m2/g)

CS-PVA <0.0001 2.19
AC 0.221 429.8
GO 0.378 736.5
AC/CS-PVA 0.0034 224.5
GO/CS-PVA 0.0058 356.9 Fig. 4. The point of zero charge for the adsorbent surfaces.
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The effect of biocomposite amount on the ibuprofen 
adsorption was investigated in the range of 20 to 100 mg of 
biocomposite for 40  mg/L ibuprofen solution (Fig. 6). The 
adsorption removal percentages increased with an increas-
ing in amount of biocomposites. As the biocomposite quan-
tity increased from 20 to 100 mg, the removal % values were 
raised from 55% to 75% and 67.5% to 85%, despite qe values 
being slightly decreased from 65.5 to 17.1 mg/g and 55.0 to 
18.3 mg/g using AC/CS-PVA:3.0 and GO/CS-PVA:3.0, respec-
tively. As can be seen from Fig. 6, amount of AC/CS-PVA:3.0 
and GO/CS-PVA:3.0 affected the ibuprofen adsorption with 
similar trends. Hence, 100 mg of each of adsorbents were pre-
ferred as the optimum amount of biocomposite and 100 mg 
of biocomposite was applied for following the pH effect on 
the ibuprofen adsorption experiments.

The effect of pH on ibuprofen adsorption from 40 to 
100  mg/L ibuprofen solution using 3.0% AC- and GO- 
embedded CS-PVA is shown in Fig. 7. The results indicated 
that the ibuprofen adsorption capacities of both AC/CHT-
PVA:3.0 and GO/CS-PVA:3.0 decreased significantly with 
rising pH from 3.0 to 11.0. It can be followed from the figure 
that; the removal percentages of ibuprofen were higher at 
acidic and neutral pHs than basic pH values. At pH 3.0, the 
maximum removal percentage values were at nearly 75% 
for AC/CS-PVA:3.0 and 85% for GO/CS-PVA:3.0 in 40 mg/L 
ibuprofen solution. Also, the removal percentage for AC/
CS-PVA:3.0 decreased from 75% to 35% with an increasing 
pH value from 3.0 to 11.0, while it increased from 55% to 
85% from pH 11.0 to pH 3.0 for GO/CS-PVA:3.0. 

The plausible explanation of the pH effect might be 
that AC/CS-PVA and GO/CS-PVA consisting of hydrogen, 
hydroxyl, carbonyl, aldehyde, amine and carboxyl groups 
can be applied for adsorption of ibuprofen in acidic and 
neutral pH values due to these anionic and cationic groups 
affecting the interactions between the biocomposites and 
ibuprofen. In addition, considering the dissociation of ibu-
profen (nearly pKa: 5.0) [33], it presents in solution a neg-
ative charge over pH 5.0. Thus, between pH 5.0 and PZC 
of the biocomposite surface (PZCAC/CS-PVA  =  7.5 and PZCGO/

CS-PVA = 6.5), ibuprofen molecules can be adsorbed effectively 
by π–π interactions, the hydrophilic–hydrophobic interac-
tions and the electrostatic interactions. Moreover, at pH 9.0 
and 11.0, the repulsion of ibuprofen and the dissociation of 

functional groups of biocomposites were established result-
ing in a decrease in the interaction. Since the superficial 
charge of biocomposites was negative above pH 6.5, when 
the pH increased to 9.0, the electrostatic repulsion force 
occurred and –OH ions in the solution competed with ibu-
profen anions to gain the sorption active sites and this com-
petition decreased the adsorption efficiency. It can be con-
cluded that when pH values were 3.0 and 5.0 the surfaces of 
the biocomposites became positively charged, which began 
to adsorb –OH groups belonging to ibuprofen through the 
electrostatic force of attraction. The maximum adsorption 
rates were obtained below neutral and acidic pH values as 
positive charge surfaces of both AC/CS-PVA:3.0 and GO/
CS-PVA:3.0. Therefore, pH 3.0 was selected as the optimum 
pH value for ibuprofen adsorption. Fig. 7 also indicates the 
effect of ibuprofen solution concentration on adsorption.  
It was found that the ibuprofen removal percentage decreased 
from 75% to 65% and 85% to 63% using AC/CS-PVA:3.0 and 
GO/CS-PVA:3.0, respectively, with an increase in ibupro-
fen concentration from 40 to 100  mg/L at pH 3.0. In addi-
tion to this, the removal percentages decreased from 73% to 
53% using AC/CS-PVA:3.0 and from 85% to 63% using GO/
CS-PVA:3.0 in an ibuprofen concentration range between 
40 and 100 mg/L at pH 5.0 and also the adsorption removal 
percentages of both AC/CS-PVA and GO/CS-PVA showed a 
similar downward trend at 7.0. However, qe values attained 

Fig. 5. Adsorption capacity and removal percentages of ibuprofen using biocomposites with different AC and GO content.

Fig. 6. Effect of amount of biocomposite on ibuprofen adsorption.



O.I. Sahin et al. / Desalination and Water Treatment 179 (2020) 396–417404

maximum at 18.3 mg/g for 40 mg/L, 22.1 mg/g for 60 mg/L, 
29.7 mg/g for 80 mg/L, and 32.3 mg/g for 100 mg/L ibuprofen 
solution, using AC/CS-PVA:3.0 at pH 3.0. The qe values for 
GO/CS-PVA:3.0 were determined as 17.1 mg/g for 40 mg/L, 
22.8 mg/g for 60 mg/L, 29.4 mg/g for 80 mg/L and 32.1 mg/g 
for 100 mg/L ibuprofen solution at the same pH value. 

The reason for this behavior is attributed to the saturation 
of adsorption sites. Saturation of active sites is a case in which 
adsorbed phase volume is totally filled with adsorbate and 
the density of the adsorbed phase reaches maximum. When 
surface excess is adsorbate molecules in the adsorbed phase, 
lowered by the adsorbate amount that would attend the 
same adsorbed phase, then adsorption cannot occur effec-
tively [34]. Therefore, active sites of the AC/CS-PVA:3.0 and 
GO/CS-PVA:3.0 were totally filled and closed with ibuprofen 
molecules at low concentrations (40 and 60 mg/L), so adsorp-
tion efficiency declined significantly with an increasing ibu-
profen concentration. 

Considering all preliminary adsorption experiments, the 
plausible adsorption mechanism between ibuprofen and AC- 
and GO-embedded CS-PVA biocomposites can be explained 
with characteristics of carbonaceous adsorbents. Two import-
ant factors affect the ibuprofen adsorption: hydrogen-bond 
interaction between the biocomposites and ibuprofen mole-
cules and π–π interactions between π electrons of ibuprofen 
and π electrons of benzene rings of carbonaceous biocom-
posites [25,27]. As ibuprofen molecule has a benzene ring 
[15], the essential intermolecular force between ibuprofen 
and GO/CS-PVA biocomposites might be the π–π interac-
tion. In addition, Simsek et al. [25] introduced that hydrogen 
bonding between OH group in both ibuprofen and AC- and 
GO-embedded CS-PVA biocomposites could be involved in 
the adsorption reaction.

In the present study, according to the point of zero charge 
values, the effect of AC and GO content in the biocompos-
ites, the amount of biocomposites, the pH and the ibuprofen 
concentration onto adsorption; equilibrium studies; adsorp-
tion isotherms; adsorption kinetics; and the thermodynamic 
study of ibuprofen were conducted with AC/CS-PVA:3.0 and 
GO/CS-PVA:3.0 biocomposites. 

3.3. Adsorption isotherms

The relationship between the ibuprofen adsorption 
and the equilibrium concentrations are defined by the 

following models: Langmuir [29], Freundlich [35], Dubinin–
Radushkevich (D–R) [36], Temkin, Halsey [37], Jovanovic 
[36], Elovich [38], and Harkins–Jura [39]. The linearized form 
of the isotherm equations is followed from Table 4. Model 
parameters can be obtained from the slope and intercept of 
the related plots. 

Also, Fig. 8 and Table 5 represent the adsorption iso-
therm parameters and correlation coefficients (R2) of ibu-
profen adsorption onto raw CS-PVA, raw AC, raw GO, AC/
CS-PVA:3.0 and GO/CS-PVA:3.0.

Fig. 7. Effect of pH and ibuprofen solution concentration (mg/L) onto adsorption (a) AC/CS-PVA:3.0 and (b) GO/CS-PVA:3.0.
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Fig. 8. Adsorption isotherms of ibuprofen.
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The Langmuir isotherm model explains the surface cov-
erage by counterbalancing the relative rates of adsorption 
and desorption. The adsorption process depends on the 
open active sites of the adsorbent surface, while desorp-
tion depends on the covered adsorbent surface. Also, the 
Langmuir isotherm is used to demonstrate the relation-
ship in monolayer coverage of the adsorbent. The model 
considers that the homogeneous active sites occur at the 
adsorbent surface and there are no interactions between 

two adsorbed molecules during the adsorption process. 
KL is the Langmuir constant that presents the adsorption 
energy. Also, RL indicates the adsorption to be unfavor-
able when RL is over 1.0, favorable when RL is in the range 
of 0.0 and 1.0, and irreversible when RL =  0 [40]. The lin-
ear regression coefficient (R2) values changed between 
0.87 and 0.96, and the isotherm can be accepted fitting the 
Langmuir isotherm model well according to these results. 
KL values were adjusted as 0.0062  L/mg for raw CS-PVA, 

Table 5
Adsorption isotherm model parameters of ibuprofen adsorption

Raw CS-PVA Raw GO Raw AC AC/CS-PVA:3.0 GO/CS-PVA:3.0

qe,exp (mg/g) 5.8 11.5 12.8 10.0 17.0

Langmuir isotherm model

qm,theo (mg/g) 36.49 45.45 45.45 52.35 66.67
KL (L/mg) 0.0062 0.514 0.142 0.025 0.054
RL 0.80 0.15 0.046 0.50 0.32
R2 0.89 0.96 0.91 0.92 0.87

Freundlich isotherm model

KF (mg/g) 25.70 15.84 6.60 2.09 4.07
1/n 3.72 0.362 0.557 1.69 0.75
R2 0.93 0.98 0.92 0.96 0.90

Dubinin–Radushkevich (D–R) isotherm model

qm,theo (mol/g) 45.60 36.96 45.60 62.80 31.50
β (mol2K/J2) 1 × 10–6 3 × 10–6 8 × 10–5 2 × 10–5 5 × 10–5

Energy (J/mol) 79.05 408.24 707.10 158.43 100.58
R2 0.78 0.85 0.75 0.76 0.74

Temkin isotherm model

Kt (L/g) 8.62 7.66 2.60 5.04 2.50
b (J/mol) 392.9 320.9 335.7 88.73 138.4
R2 0.87 0.93 0.99 0.98 0.85

Halsey isotherm model

nH –1.12 –2.95 –3.22 –0.59 –1.33
KH (mg/g) 2.99 0.0009 0.0003 0.15 1.90
R2 0.93 0.93 0.97 0.86 0.90

Jovanovic isotherm model

qm,theo (mg/g) 2.00 15.25 16.94 4.71 9.77
KJ 0.047 0.038 0.025 0.127 0.082
R2 0.91 0.95 0.97 0.90 0.97

Elovich isotherm model

qm,theo (mg/g) 163.9 11.3 12.8 12.9 23.7
KE 3.62 19.29 28.91 32.18 34.3
R2 0.50 0.96 0.97 0.85 0.91

Harkins–Jura isotherm model

A (g/mg) 9.7 303 322 107 90
B (mg/g) 1.64 1.60 1.03 1.07 1.18
R2 0.93 0.95 0.95 0.96 0.82
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0.32  L/mg for AC/CS-PVA:3.0, and 0.054  L/mg for GO/
CS-PVA:3.0, respectively. RL values were calculated as 0.80, 
0.15, 0.46, 0.50, and 0.32 for raw CS-PVA, raw AC, raw GO, 
AC/CS-PVA:3.0, and GO/CS-PVA:3.0, respectively (Fig. 8a). 
RL values for all adsorbents were estimated between 0.0 
and 1.0, and it can be concluded that ibuprofen adsorption 
was favorable. Despite the R2, RL and KL values being suit-
able for fitting the model, qm,theo and qm,exp were estimated as 
36.49 and 5.8; 45.45 and 11.5; 45.45 and 12.8; 52.35 and 10; 
and 17.0 and 66.67 mg/g for raw CS-PVA; raw AC; raw GO; 
AC/CS-PVA:3.0 and GO/CS-PVA:3.0, respectively (Table 5). 
Because of the differences between the experimental and 
theoretical qe values, the Langmuir model did not fit the 
ibuprofen adsorption sufficiently.

The Freundlich isotherm is suitable for adsorption pro-
cesses occurring on heterogeneous surfaces [41]. This model 
remarks the surface heterogeneity and the exponential distri-
bution of active sites of the adsorbents [40]. KF and 1/n indi-
cate the relative adsorption capacity and the heterogeneity 
factor of the surface, respectively. The value of 1/n illustrates 
the adsorption to be favorable when 1/n is lower than 1.0, 
difficult when 1/n is between 0.5 and 1.0, and unfavorable 
when 1/n is over 1.0. The values of KF and 1/n in the model 
were estimated as 25.70  mg/g and 3.72 for raw CS-PVA, 
and 2.09  mg/g and 1.69 for AC/CS-PVA:3.0, as indicated 
in Table 5. For the ibuprofen adsorption onto raw CS-PVA 
and AC/CS-PVA:3.0, 1/n values were higher than 1.0, so the 
Freundlich model is not favorable for the ibuprofen adsorp-
tion. Also, KF and 1/n values were calculated as 4.07 and 
0.75 for GO/CS-PVA:3.0, 15.84 mg/g and 0.362 for raw AC, 
and 6.60 mg/g and 0.557 for raw GO. The R2 values of these 
adsorbents varied between 0.90 and 0.98, which are higher 
than those for the Langmuir isotherm (Fig. 8b, Table 5). 
It can be stated that for adsorbents having 1/n values lower 
than 1.0, the Freundlich model can be applied effectively for 
ibuprofen adsorption. 

The Dubinin–Radushkevich (D–R) isotherm model 
expresses an adsorption mechanism with Gaussian energy 
distribution onto heterogeneous surfaces [42]. The model 
osculates the pore-filling mechanism [43]. The model 
assumes the multilayer character associated with Van der 
Waal’s bonds and physical adsorption. Also, the characteris-
tic factor of the D–R model is temperature dependent. Values 
of qm and β (Table 5) were calculated as 45.60 and 1 × 10–6, 
36.96 and 3 × 10–6, 45.60 and 8 × 10–5, 62.80 and 2 × 10–5, and 
31.5  mg/g and 5  ×  10–5  mol2K/J2 for raw CS-PVA, raw AC, 
raw GO, AC/CS-PVA:3.0, and GO/CS-PVA:3.0, respectively. 
The coefficient of determination calculated between 0.74 
and 0.85 indicated a poor fit compared with the Freundlich 
model. ‘Energy’ is the Polanyi potential and mean free 
energy of adsorption, which are calculated using Table 4. An 
adsorption process is called physical if the value of ‘Energy’ 
is less than 8  kJ/mol, and it is called chemisorption if the 
‘Energy’ values are between 8 and 16 kJ/mol [44]. The mean 
free energies were calculated between 79.05 and 707.10  J/
mol (Fig. 8c, Table 5), which reflected the chemisorption 
of ibuprofen.

The Temkin isotherm model assumes that the heat of 
adsorption declines linearly while the adsorbent active 
sites are covered by adsorbent molecules, the adsorption 
is defined by a uniform distribution of binding energies of 

the adsorbent molecules, and the model approves the adsor-
bate–adsorbent interaction [45,46]. As shown in the equa-
tion in Table 4, KT values were determined as 8.62, 7.66, 2.60, 
5.04, and 2.50  L/g for raw CS-PVA, raw AC, raw GO, AC/
CS-PVA:3.0, and GO/CS-PVA:3.0, respectively. Also, the heat 
of adsorption (b) values decreased from raw CS-PVA (392.9 J/
mol) to GO/CS-PVA:3.0 (138.4  J/mol) biocomposites using 
ibuprofen adsorption. Based on the R2 values (between 0.85 
and 0.99) for all adsorbents, it is concluded that this model 
fits well to the equilibrium data.

The Halsey isotherm (Fig. 8e, Table 5) is suitable for 
multilayer adsorption onto a heterogeneous adsorbent sur-
face [29]. The model fits the experimental data of ibuprofen 
adsorption well due to high correlation coefficient values, 
which can be an aspect of the heterogeneous distribution of 
active sites and multilayer adsorption on the raw materials 
and biocomposites [47]. Table 5 declares the better fitting to 
the adsorption data with regression coefficient in the range 
of 0.86 and 0.97 than the Langmuir isotherm; this result 
confirmed the heterogeneous surface of all the materials 
in the present study. Moreover, the Freundlich adsorption 
model results also confirmed the applicability of this model.

The Jovanovic model osculates on the theory of the 
Langmuir model, with the model assuming mechanical 
contact between the adsorbate and adsorbent. This is dis-
played in Fig. 8f and Table 5, for Jovanovic model’s R2 val-
ues were positioned within 0.91–0.97, which referred to an 
effective fit to the ibuprofen adsorption onto all materials. 
The Langmuir adsorption model’s regression coefficient val-
ues being between 0.89 and 0.96 also confirmed the appli-
cability of this model. Moreover, the openness of the qm,theo 
values (15.25, 16.9, and 9.77 mg/g for raw AC, raw GO, and 
AC/CS-PVA:3.0, respectively) and qm,exp results (11.5, 12.3, and 
10.0 mg/g, respectively) did not suggest using this isotherm 
model and this model cannot be applied effectively for ibu-
profen adsorption. 

The Elovich isotherm model assumes that the active site 
of the adsorbent increases exponentially during the adsorp-
tion process and this implies a multilayer adsorption [38]. 
The Elovich maximum adsorption capacity and the Elovich 
constant can be calculated from the slope and intercept of 
the plot represented in Fig. 8, and model constants were 
calculated and are exhibited in Table 5. According to the 
results, qm,theo and qm,exp values were determined as 11.3 and 
11.5, 12.8 and 12.3, 12.9 and 10.0, and 23.7 and 17.0  mg/g 
for raw AC, raw GO, AC/CS-PVA:3.0, and GO/CS-PVA:3.0, 
respectively. The results illustrate that the Elovich isotherm 
model can be applied to ibuprofen adsorption using these 
adsorbents. Also, the R2 values of raw CS-PVA (0.50) and 
qm,theo (163.9 mg/g) and qm,exp (5.8 mg/g) values do not promote 
the model for using raw CS-PVA for ibuprofen adsorption 
(Fig. 8g, Table 5).

The Harkins–Jura isotherm model assumes multilayer 
adsorption occurring on an adsorbent surface having a het-
erogeneous pore distribution [48]. The values of constants 
A and B of the isotherm were calculated from plot 1/qe

2 vs. 
logCe (Fig. 8h, Table 5). This model showed a better fit to 
the adsorption data than the Langmuir, D–R, and Halsey 
isotherm models, with R2 values in the range of 0.82 and 0.96. 

Based on the correlation coefficients (R2), qm values and 
other parameters of the models, the Freundlich, Temkin, 
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Halsey, Elovich, and Harkins–Jura isotherm models were 
fitted to the adsorption better than the Langmuir, D-R, and 
Jovanovic models. It can be concluded that the ibuprofen 
adsorption process occurred on the heterogeneous raw 
CS-PVA, AC, GO, and 3.0% (w/w) AC- and GO-embedded 
CS-PVA surfaces. Also, ibuprofen adsorption can be said 
to occur in a multilayer phase onto heterogeneous biocom-
posite surfaces. Active sites of the biocomposites increased 
logarithmically during the adsorption process because of the 
occurring multilayer adsorption and multilayer ibuprofen 
adsorption on the biocomposite surfaces having a hetero-
geneous pore distribution. Moreover, the heat of adsorption 
decreased linearly while the adsorbents’ active sites were 
caked by ibuprofen molecules. The ibuprofen adsorption was 
characterized by a uniform bonding energy of the AC- and 
GO-embedded CS-PVA. 

3.4. Adsorption kinetics

The effect of time on the adsorption of ibuprofen from 
wastewater is illustrated in Fig. 9. The ibuprofen adsorp-
tion onto raw CS-PVA was lower than for the other adsor-
bents during the 180 min. The adsorption kinetic curve for 
ibuprofen onto raw CS-PVA showed that the adsorption 
process reached equilibrium after 120  min and remained 
constant until the end of the experiment. Also, the adsorp-
tion processes with raw AC, raw GO, AC/CS-PVA:3.0, and 
GO/CS-PVA:3.0 reached equilibrium at the end of 100 min 
and Ce values were determined as nearly 5.8, 3.4, 9.5, and 
3.5 mg/L, and qe values were measured as 17.0, 18.3, 15.2, and 
18.2  mg/g for raw AC, raw GO, AC/CS-PVA:3.0, and GO/
CS-PVA:3.0, respectively, in this period. For AC/CS-PVA:3.0, 
nearly 76% of the ibuprofen was decontaminated after 
100  min, while raw AC achieved this percentage within 
50  min. Also, GO/CS-PVA:3.0 and raw GO presented the 
same recovery percentage after 100 min. It is clearly seen that 
the ibuprofen adsorption rate obtained by 3% (w/w) AC- and 
GO-embedded CS-PVA biocomposites make them effective 
as raw materials.

The kinetic studies were carried out with 100  mg of 
each adsorbent with 40 mg/L ibuprofen solution at 140 rpm 
during 180  min. The adsorption kinetics was described 
using the pseudo-first order, pseudo-second order [49], 

Weber–Morris [50], Elovich, and Bangham [27] models. The 
pseudo-first order model can be used for the adsorption of 
solid/liquid system, the pseudo-second order adsorption 
rate equation [51] considers the rate-determining step of the 
chemical reaction, and the Weber–Morris intraparticle dif-
fusion model with a multilinearity correlation explains the 
mass transfer phenomena of the adsorption. The Elovich 
model explains heterogeneous systems for chemical sorption 
and the Bangham model assumes that pore diffusion controls 
the sorption rate [50]. The model equations are represented 
in Table 6. 

The kinetic parameters of the models describing ibupro-
fen adsorption were estimated from the slope and intercept 
of the plots from the model equations (Table 7). The plots 
of ln(qe–qt) and t/qt vs. time (min) were drawn (Figs. 10a 
and b), kinetics parameters were calculated from slope and 
intercept for pseudo-first order and pseudo-second order 
reaction kinetics, respectively, and rate constants k1 (min–1), 
k2 (g/mg min) and initial adsorption rate h (mg/g min) were 
determined as constants of the models. Also, the plots of 
qt against t0.5 for the Weber–Morris intraparticle diffusion 
kinetic model are presented in Fig. 10c, and kid (mg/g min0.5) 
values were calculated as the rate constant. The plots of qt vs. 
lnt for Elovich’s model are exhibited in Fig. 10d. According 
to the model, α (mg/g min) and β (g/mg) values represent the 
adsorption rate constant and the number of available sites 
for adsorption. The Bangham kinetic model is displayed 
in Fig. 10e. The calculated values of k1, k2, kid1, kid2, k0, h, α, 
β, qe,theo, and the R2 values of ibuprofen adsorption onto the 
biocomposites are demonstrated in Table 7.

For the pseudo-first order model, although the exper-
imental qe values (qe,exp) were found as 5.8, 11.5, 12.8, 10.0, 
and 17.0  mg/g for raw CS-PVA, raw AC, raw GO, AC/
CS-PVA:3.0, and GO/CS-PVA:3.0, respectively. The qe val-
ues were calculated from the model as 11.36, 17.6, 32.3, 
15.1, and 26.2  mg/g for the same biocomposites, and the 
R2 values changed between 0.95 and 0.99. According to the 
results, qe values determined from the significantly differ-
ent from experimental qe values indicated the model is not 
suitable for describing the ibuprofen adsorption (Fig. 10a, 
Table 7).

For the pseudo-second order kinetic model, the R2 values 
were estimated between 0.95 and 0.99 for all biocomposites, 

Fig. 9. Effect of time onto ibuprofen adsorption.
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and the experimental qe values were nearly the same as 
the calculated ones (for raw CS-PVA qe,exp  =  5.8  mg/g and 
qe,cal = 6.6 mg/g; for raw AC qe,exp = 11.5 mg/g and qe,cal = 9.9 mg/g; 
for raw GO qe,exp =  12.8 mg/g and qe,cal =  16.4 mg/g; and for 
GO/CS-PVA:3.0 qe,exp  =  17.0  mg/g and qe,cal  =  21.5  mg/g). 
The adsorption rate constants, h, were calculated as 0.16, 

0.24, 0.27, 0.53, and 0.87  mg/g  min for raw CS-PVA, raw 
AC, raw GO, AC/CS-PVA:3.0, and GO/CS-PVA:3.0, respec-
tively (Fig. 10b, Table 7). These results implied that, the ibu-
profen adsorption onto all biocomposites was represented 
better by the pseudo-second order kinetic model than the 
other.
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Table 7
Kinetic model parameters of ibuprofen adsorption

Raw CS-PVA Raw AC Raw GO AC/CS-PVA:3.0 GO/CS-PVA:3.0
qe,exp (mg/g) 5.8 11.5 12.8 10.0 17.0

Pseudo-first order kinetic model

qe,cal (mg/g) 11.36 17.6 32.3 15.1 26.2
k1 (min–1) 0.015 0.035 0.037 0.032 0.045
R2 0.82 0.98 0.78 0.86 0.95

Pseudo-second order kinetic model

qe,cal (mg/g) 6.6 9.9 16.4 13.5 21.5
k2 (g/mg min) 3.7 × 10–3 2.5 × 10–3 1.0 × 10–3 2.9 × 10–3 1.9 × 10–3

h (mg/g min) 0.16 0.24 0.27 0.53 0.87
R2 0.97 0.99 0.95 0.98 0.98

Weber–Morris intra-particle diffusion kinetic model

kid1 (mg/g min0.5) 0.68 1.45 0.94 0.66 1.93
R2 0.91 0.90 0.87 0.84 0.84
kid2 (mg/g min0.5) 0.53 0.13 0.31 0.13 0.04
R2 0.81 0.89 0.77 0.80 0.98

Elovich kinetic model

β (g/mg) 0.54 0.25 0.20 0.35 0.21
α (mg/g min) 2.30 5.99 15.6 4.06 11.2
R2 0.91 0.94 0.89 0.91 0.93

Bangham kinetic model

k0 (L/g) 1.86 1.34 1.86 1.12 1.69
α 0.25 0.31 0.38 0.23 0.37
R2 0.94 0.94 0.92 0.93 0.92
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The R2 values for Weber–Morris intraparticle diffusion 
were calculated between 0.84 and 0.91, which was lower 
than the pseudo-second order kinetic model. From Fig. 10c 
and Table 7, two separate multilinear phases were indicated, 
which can be explained as different mass transfer phenomena 
occurring. The first sharper linear part (phase I, first 40 min) 

showed the boundary layer diffusion effect and mass trans-
fer through the external surface of biocomposites. The second 
linear part (phase II) characterized the intraparticle diffusion 
effect and gradual mass transfer. According to Table 7, kid1 
and kid2 for all biocomposites demonstrated that intraparti-
cle diffusion rates were slower than the boundary layer mass 

Fig. 10. Kinetic study of ibuprofen adsorption.
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transfer rate. Also, kid1 and kid2 constants for AC/CS-PVA:3.0 
and GO/CS-PVA:3.0 were calculated as kid1 = 0.66 mg/g min0.5 

and kid2 = 0.13 mg/g min0.5 and also kid1 = 1.93 mg/g min0.5 and 
kid2 =  0.04  mg/g  min0.5, respectively. These results described 
the boundary layer mass transfer rate as fivefold and fifty-
fold the interior mass transfer for AC/CS-PVA:3.0 and GO/
CS-PVA:3.0 biocomposites, respectively. 

The correlation coefficients (R2) for the Elovich model 
were determined to be 0.89–0.94 and the initial adsorption 
rate (α) values of all the biocomposites increased signifi-
cantly with embedding activated carbon and graphene 
oxide into the CS-PVA (αAC/CS-PVA:3.0  =  4.06  mg/g  min and 
αGO/CS-PVA:3.0  =  11.2  mg/g  min). It can be safely stated that 
Elovich’s model fits sufficiently the ibuprofen adsorption 
(Fig. 10d). 

The R2 values were determined to be between 0.92 and 
0.94 for the Bangham model, so pore diffusion played an 
important role during the ibuprofen adsorption.

3.5. Thermodynamics

The standard thermodynamic parameters during the 
adsorption process were evaluated and are presented in 
Table 8. The adsorption of ibuprofen by AC/CS-PVA.3.0 
and GO/CS-PVA:3.0 was spontaneous with the negative val-
ues of ΔGo [27,28]. The negative Gibbs free energy showed 
that adsorption was a spontaneous process and decreased 
with increasing temperature, which indicates the sponta-
neous behavior of ibuprofen adsorption onto biocomposites 
changed inversely with temperature.

For all temperatures and both biocomposites, negative  
Gibbs free energy values pointed out that AC- and GO- 

embedded CS-PVA biocomposites spontaneously adsorbed 
ibuprofen. ΔS° values were determined as 176.5  kJ/mol 
and 241.3  J/mol K for AC/CS-PVA:3.0 and GO/CS-PVA:3.0, 
respectively. The positive ΔS° values indicated an increas-
ing disorderliness and chaos at the biocomposite/ibuprofen 
interface and the affinity of biocomposites toward ibuprofen. 
ΔH° values of ibuprofen adsorption were calculated as 51.6 
and 67.3 kJ/mol using AC/CS-PVA:3.0 and GO/CS-PVA:3.0, 
respectively. This described that the ibuprofen adsorption 
onto these biocomposites was endothermic in nature. The 
endothermic behavior of ibuprofen adsorption was proved 
by the positive values of enthalpy and also the positive/
negative values can be used to identify chemical or physi-
cal adsorption. For chemical adsorption, ΔH° is higher than 
35  kJ/mol, while for physical adsorption it is lower than 
35 kJ/mol. As can be seen clearly from Table 8, the positive 
ΔH° values indicated ibuprofen adsorption for AC- and 
GO-embedded CS-PVA were an endothermic reaction, so an 
increase of temperature promotes the adsorption reaction. 
As a result, it can be concluded that ibuprofen adsorption 
using AC/CS-PVA:3.0 and GO/CS-PVA:3.0 as adsorbents is a 
chemical adsorption process. 

3.6. Modeling of the adsorption process using the central 
composite design

According to the CCD experimental design matrix, the 
adequacy of models that were evaluated (linear, two factors 
interactive [2FI], quadratic, and cubic models) was described 
in Table 9. Linear, interactive (2FI), quadratic, and cubic 
models were adapted to the experimental studies to obtain 

Table 8
Thermodynamic parameters of ibuprofen adsorption

Biocomposite ΔH° (kJ/mol) ΔS° (J/molK) ΔG° (kJ/mol)

303 K 313 K 323 K 333 K

AC/CS-PVA:3.0 51.6 176.5 –1.8 –3.6 –5.4 –7.1
GO/CS-PVA:3.0 67.3 241.3 –5.8 –8.2 –10.6 –13.0

Table 9
Regression statics models of ibuprofen adsorption

Source Standard R2 R2
adj R2

pre Press

Deviation

AC/CS-PVA:3.0

Linear 10.25 0.74 0.69 0.63 3,716.09
Interactive (2FI) 10.26 0.80 0.69 0.37 6,307.13
Quadratic 8.05 0.90 0.81 0.44 5,599.20 Suggested
Cubic 9.98 0.93 0.71 –9.10 100,476.00 Aliased

GO/CS-PVA:3.0
Linear 7.41 0.80 0.77 0.71 2,016.56
Interactive (2FI) 7.98 0.82 0.73 0.64 2,481.48
Quadratic 3.42 0.97 0.95 0.85 1,010.40 Suggested
Cubic 2.94 0.99 0.96 –0.26 8,724.00 Aliased
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the regression statistics models. The adequacy of the mod-
els was decided by two different tests, which are sequen-
tial model sum of squares and model summary statistics 
tests [51,52].

In the present study, the fit summary of the data displays 
that the quadratic model was statistically extremely signif-
icant, the p value of the model was lower than 0.0001, and 
also the standard deviation and regression coefficient of the 
model were acceptable for ibuprofen adsorption using both 
biocomposites. These results also pointed out that the qua-
dratic model was statistically powerful for adsorption of 
ibuprofen and the quadratic model is suggested to describe 
the relationship between responses and independent pro-
cess variables. From Table 9, it was found that the quadratic 
model has a relatively high R2

adj and a smaller standard 
deviation than in the other models. R2 and standard devia-
tion values were determined to be 0.90 and 8.05 using AC/
CS-PVA:3.0 and 0.97 and 3.4 using GO/CS-PVA:3.0. It can be 
stated that the terms in the regression quadratic model have 
a significant correlation with ibuprofen removal percentage. 
The cubic model was found to be aliased. Although R2

adj and 
R2 values were higher than in the quadratic model, the stan-
dard deviation and R2

pre values were not suitable for selecting 
this model. Hence, the quadratic model was selected as the 
suitable model for further analysis.

The statistical significance of the regression equation 
was checked by ANOVA analysis and Fisher’s F-test value 
(F-value) for the response surface quadratic polynomial 
model, which is shown in Table 10. 

An empirical relationship between the responses and the 
four independent variables has been expressed in quadratic 
model equations in terms of actual variables in Eq. (4) for AC/
CS-PVA:3.0 and Eq. (5) for GO/CS-PVA:3.0: 
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where A, B, C, and D are expressed as a pH, temperature 
(°C), amount of biocomposite (mg) and ibuprofen concen-
tration (mg/L), respectively, for quadratic model equations 
(Table 10). The equation terms, such as AB, AC, BC, BD, and 
CD, symbolize the interaction of two independent variables, 
A2, B2, C2, and D2 symbolize the squared effect of indepen-
dent variables. The negative and positive signs of parame-
ter coefficients show decrease and increase in the responses, 
with an increase in the independent process variables. 

Eqs. (4) and (5) indicate not only the independent variables 
but also the interactions and squared effects of independent 
variables, which were very important for removal of ibupro-
fen by using AC- and GO-embedded CS-PVA as adsorbents. 

Experimental data were examined using ANOVA anal-
ysis, and the analysis was used to control the statistical sig-
nificance of the quadratic model by checking the p-value 
(probability value) and the F-value. In the ANOVA analysis, 
a model with a high F-value and a low p-value (less than 0.05) 
is considered to be suitable [52]. The outputs of the ANOVA 
of the quadratic model and the F-values for the removal 
of ibuprofen using AC/CS-PVA:3.0 and GO/CS-PVA:3.0 
are given in Table 10. As can be seen from the table, it was 
found that the p-values of both models were smaller than 
0.0001. Moreover, the F-values were determined as 9.9 for 
the model of AC/CS-PVA:3.0 and 41.1 for GO/CS-PVA:3.0. 
The very low p-values and relatively high F-values in both 
models indicated that the quadratic models were signif-
icant and suggest a good relation between response and 
independent variables for the ibuprofen adsorption using 
AC- and GO-embedded CS-PVA. On the other hand, the 
lowest calculated p-value or the highest calculated F-value 
of model variables showed the most effective variables on 
the response. According to p-values, A, B, C, AD, A2, B2, and 
D2 for AC/CS-PVA:3.0 and A, B, C, D, AD, and A2 for GO/
CS-PVA:3.0 were extremely significant model variables. 
Furthermore, according to the F-values, the most effective 
model variables for AC/CS-PVA:3.0 and GO/CS-PVA:3.0 
were observed as A (pH) with 82.9 and 310.1, respectively. 
Besides, the most effective variables on the response were, 
in order, B > C > AD > A2 > B2 = D2 using AC/CS-PVA:3.0 and 
B > A2 > C > D > AD using GO/CS-PVA:3.0 as adsorbents for 
ibuprofen adsorption.

3.7. Response surface analysis

Three-dimensional (3D) response surface plots are very 
useful to explain the interaction effects of the variables on 
the responses. Also, 3D-response surface graphs (Figs. 11a–f 
and Figs. 12a–f) for ibuprofen adsorption percentage were 
obtained based on the quadratic polynomial model (Eqs. (4) 
and (5)). Since the regression model has four independent 
variables and two factors remained constant at the cen-
ter levels, so six response 3D surfaces were obtained. The 
3D-response surfaces presented the reasonable interactions 
between each of the independent factors and the ibuprofen 
removal percentage. 

In the present study, the effects of independent param-
eters on ibuprofen adsorption were examined. 3D-response 
surface plots were drawn based on the quadratic model 
established Eqs. (4) and (5) and illustrated in Figs. 11 and 
12 for AC/CS-PVA:3.0 and GO/CS-PVA:3.0 biocomposites, 
respectively. 

Figs. 11a–c and Figs. 12a–c indicate the effects of pH on 
ibuprofen removal percentage while keeping the other two 
factors at the center level. Increasing pH values displayed 
a negative effect on the adsorption of ibuprofen using both 
adsorbents. As the pH of the solution ranged from the 
acidic region to the basic, the adsorption of ibuprofen was 
negatively affected due to the electrostatic repulsive forces 
between the ibuprofen molecules and the surface of the 
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biocomposites. It can be followed from Figs. 11a and 12a that 
the ibuprofen adsorption percentage was higher at acidic 
and neutral pHs than at basic pH values. The maximum 
removal percentages were found at pH 3.0 and 5.0 and ibu-
profen removal percentage values were determined as 82% 
at pH 3.0 and 83% at pH 5.0 using AC/CS-PVA:3.0 (Fig. 11a). 
Also, the removal percentage values were found at pH 7.0 
with 94% and pH 5.0 with 93% for GO/CS-PVA:3.0 (Fig. 12a). 
At lower pHs, the positive charge on the surface of the bio-
composite increased because of the PZC of the biocompos-
ites and that enabled it to adsorb ibuprofen with interaction 
between the molecules. Additionally, the surface charges of 
the biocomposites were negative in the basic pH region, the 
electrostatic repulsion force occurred, and adsorption effi-
ciency decreased sharply. Similar results were also reported 
in the literature for different adsorbent systems.

The combined effects of temperature with pH, the 
amount of biocomposite, and the ibuprofen concentration 
are shown in Figs. 11a, d, e and Figs. 12a, d, e, respectively. 
The temperature displayed a positive quadratic effect on the 
ibuprofen removal percentage (Table 10). It was clearly seen 
from Fig. 11a that the temperature showed a positive effect 
between 20°C and 50°C and also indicated a negative effect 
above 50°C for the removal percentage of ibuprofen using 
AC/CS-PVA:3.0 as an adsorbent. The maximum and mini-
mum removal percentages of ibuprofen were determined 
as 83% and 15% at 50°C and 20°C, respectively. Besides, the 
ibuprofen removal percentage showed the same trend (Fig. 
12a) between 20°C and 60°C, with the maximum removal 
percentage being found at 60°C with a 94% removal percent-
age using GO/CS-PVA:3.0. As the temperature increased in 
the range between 20°C and 60°C, the ibuprofen removal 

Table 10
ANOVA analysis and F-test data of ibuprofen adsorption

Source Sum of squares df Mean square F-value p-value prob > F

AC/CS-PVA:3.0
Model 8,973.4 14 641.0 9.9 <0.0001 Significant
A 5,370.0 1 5,370.0 82.9 <0.0001
B 1,107.0 1 1,107.0 17.1 0.0009
C 805.0 1 805.0 12.4 0.0031
D 35.0 1 35.0 0.5 0.47
AB 0.063 1 0.063 0.00096 0.98
AC 0.063 1 0.063 0.00096 0.98
AD 588.1 1 588.1 9.07 0.01
BC 22.6 1 22.6 0.35 0.56
BD 3.1 1 3.1 0.05 0.83
CD 14.1 1 14.1 0.22 0.65
A2 532.5 1 532.5 8.22 0.01
B2 342.0 1 342.0 5.2 0.04
C2 231.7 1 231.7 3.5 0.08
D2 342.0 1 342.0 5.2 0.04
Residual 972.1 15 64.8
GO/CS-PVA:3.0

Model 6,722.1 14 480.1 41.1 <0.0001 Significant
A 3,626.0 1 3,626.0 310.1 <0.0001
B 1,247.0 1 1,247.0 106.6 <0.0001
C 477.0 1 477.0 40.8 <0.0001
D 176.0 1 176.0 15.1 0.0015
AB 3.1 1 3.1 0.3 0.62
AC 10.6 1 10.6 0.9 0.36
AD 95.1 1 95.1 8.1 0.01
BC 5.06 1 5.1 0.4 0.52
BD 7.56 1 7.6 0.6 0.43
CD 39.1 1 39.1 3.3 0.09
A2 1,032.5 1 1,032.5 88.3 <0.0001
B2 11.1 1 11.1 0.9 0.35
C2 11.1 1 11.1 0.9 0.35
D2 15.9 1 15.9 1.4 0.26

Residual 175.4 15 11.7
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percentage increased effectively, demonstrating that ibu-
profen adsorption was encouraged at rising temperatures. 
This can be explained by the incremental increase of the 
kinetic energy of the ibuprofen molecules. 

The combined effects of the amount of biocomposite 
corresponding with pH, temperature, and ibuprofen con-
centration are presented in Figs. 11b, d, f and Figs. 12b, d, f, 
respectively. From the figures, biocomposite amount had 

a positive effect on the removal percentages for ibuprofen 
adsorption while the dosage of the adsorbent increased 
from a low to a high level. An incremental increase in the 
amount of AC- and GO-embedded CS-PVA biocomposites 
enhanced the surface area and pore volume of the adsor-
bent as well as the accessibility of active sites to ibupro-
fen; hence the ibuprofen removal percentage was boosted 
effectively.

Fig. 11. Effect of process variables on ibuprofen adsorption using AC/CS-PVA.

Fig. 12. Effect of process variables on ibuprofen adsorption using GO/CS-PVA.
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The interaction between ibuprofen concentration, pH, 
temperature, and amount of biocomposite is given in 
Figs. 11c, e, f and Figs. 12c, e, f. The removal percentage 
of ibuprofen increased as the initial ibuprofen concentra-
tion increased from 20 to 60  mg/L using AC/CS-PVA:3.0 
and from 20 to 40 mg/L using GO/CS-PVA:3.0. It decreased 
sharply above 40 and 60  mg/L using AC/CS-PVA:3.0 and 
GO/CS-PVA:3.0, respectively. This can be explained by the 
ibuprofen molecules reaching the active sites on the biocom-
posite surfaces with low ibuprofen solution concentration. 
After 40 and 60  mg/L, the active sites are filled with ibu-
profen molecules and the removal percentages decreased 
sharply. The percentage of ibuprofen removal declined with 
an increase in ibuprofen concentration at a high level and 
the unavailability of active sites for ibuprofen molecules 
on biocomposites due to higher concentrations can be the 
reason for this situation.

3.8. Process optimization

The batch ibuprofen adsorption experiments at the opti-
mal conditions were further conducted to justify the suitabil-
ity of the introduced model. According to the results indicated 
in Table 11, the experimental results for ibuprofen removal 
percentage were attained at 83% and 93% which is close to 
the predicted values of 82.5% and 97.9% for AC/CS-PVA:3.0 
and GO/CS-PVA:3.0, respectively. This illustrated the high 
compatibility of the model with the experimental data. 

Comparison of the maximum pharmaceutical com-
pounds removal % values of different adsorbents with that 
of previously reported adsorbents/composites is investigated 
and the results are represented in Table 12. The table shows 
that AC- and GO-embedded CS-PVA can be used effectively 
for the removal of ibuprofen from wastewater.

4. Conclusion

In the present study, AC- and GO-embedded CS-PVA bio-
composites were synthesized and applied for adsorption of 
ibuprofen, a nonsteroidal anti-inflammatory drug. Ibuprofen 
removal performances increased from nearly 83% to 94% by 
increasing AC and GO content. Adsorption isotherms have 
been expressed by the models of Langmuir, Freundlich, 
Dubinin–Radushkevich (D–R), Temkin, Halsey, Jovanovic, 
Elovich, Harkins–Jura, and Freundlich. It was found that the 
isotherm models of Temkin, Halsey, Elovich, and Harkins–
Jura were fitted to ibuprofen adsorption. Also, adsorption 
kinetics was investigated and ibuprofen adsorption onto 
the biocomposites represented by the pseudo-second order, 
Bangham, and Elovich kinetic models. By evaluating the data 
of adsorption isotherms, kinetic and thermodynamic param-
eters, and optimization data, it can be safely concluded that 
AC- and GO-embedded CS-PVA biocomposites have the 
potential to be the most efficient adsorbents for the adsorp-
tion of pharmaceutical pollutants from wastewater.
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