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a b s t r a c t
The purpose of this study is to determine the effectiveness of phosphoric acid activated hazelnut 
shell carbon (HSAC) in removing diclofenac (DC), ciprofloxacin (CIP) and sulfamethoxazole (SMX) 
from aqueous solutions and wastewater. Scanning electron microscopy studies showed that HSAC 
surface contains numerous irregular pits of various sizes and shapes. The Brunauer–Emmett–
Teller surface area of HSAC was found to be 1,173 m2·g–1. The effect of several parameters includ-
ing pH, contact time, initial concentration, dosage and temperature on the batch adsorption of 
DC, CIP and SMX were investigated. Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
isotherms were used to model the adsorption equilibrium of DC, CIP and SMX. The Langmuir 
isotherm was found to be compatible with the adsorption of DC, CIP and SMX onto HSAC, with 
maximum adsorption capacities of 125, 95.2 and 285.7 mg·g–1 for DC, CIP and SMX, respectively. 
The pseudo-second-order model was determined to be the most appropriate kinetic model for the 
adsorption of DC, CIP and SMX. Thermodynamic studies revealed that the adsorption of DC, CIP 
and SMX onto HSAC was spontaneous and endothermic. The results indicated that HSAC was 
an easily available, ecofriendly and effective adsorbent for the removal of DC, CIP and SMX from  
wastewater.
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1. Introduction

All living organisms require water to survive, and 
therefore, water is considered second of the most valuable 
resource on the earth after air [1]. Surface waters have fre-
quently been used as a source of drinking water in areas with 
an expanding urban population [2]. However, as a result 
of excessive use of chemicals for domestic, industrial and 
agricultural purposes, surface waters have been polluted 
[3]. Detection of micro-pollutants such as pharmaceuticals, 
endocrine disruptors (EDCs) and pesticides in the surface 
waters has been a serious concern in recent years [2–5].

The pharmaceuticals infiltrate surface waters, drinking 
waters and ground waters via effluent discharge of waste-
water treatment plants due to the incomplete elimination 
of the pharmaceuticals using conventional treatment pro-
cesses. The pharmaceuticals or their metabolites can be 
found at trace level (nanogram to microgram per liter) in 
the wastewater effluents [4,5]. Even though only trace levels 
of pharmaceuticals in environment, this results in continu-
ous exposure of on-target organisms via bioaccumulation 
in aquatic species and the food chain [5]. Pharmaceuticals 
such as diclofenac (DC) for treatment of rheumatoid arthri-
tis [3,6,7], sulfamethoxazole (SMX) for treatment of bac-
terial infections [8] and ciprofloxacin (CIP) for treatment 
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of urinary tract infections [9] have been widely used by 
patients and mostly detected in aquatic environments hav-
ing ecotoxic effects on a wide variety of organisms in the 
environment [6–9].

Removal methods of the pharmaceuticals from the 
aquatic environment include adsorption [10], ultrafiltration, 
nanofiltration, reverse osmosis [11] membrane bioreactors 
[12], photocatalytic degradation [13], advanced oxidation 
[14] and degradation by ultrasonic irradiation [15]. Among 
the different available methods, the adsorption is commonly 
utilized for the removal of pollutants such as pharmaceu-
ticals, dyes and heavy metals, due to its relative simplicity, 
efficiency, economical and environmental friendliness [16–
18]. Therefore, the development of new adsorbent materials 
that are affordable, efficient and easily available becomes 
critical as an effective removal method in wastewater treat-
ment. Using agricultural wastes to produce activated carbon 
(AC) is a desirable method because it is relatively cheaper 
and environmentally friendly as activated carbon precur-
sors, as well as allowing for efficient waste management. 
Activated carbons were fabricated from a variety of agri-
cultural wastes including orange peel [16], pumpkin peel 
carbon [18,19], rice hull [20], cherry seeds [21], corn cobs, 
corn leaves and wheat straw [22], palm shell [23], tamarind 
shell [24], coconut shell [25], walnut shell [26], hazelnut 
husk [27,28] and tea leaves [29].

Cheap, locally available and agricultural byproducts 
are preferred for the production of AC to decrease com-
mercial AC production cost. Hazelnut has been produced 
in significant quantities in Turkey, Spain, Italy, and USA. 
Hazelnut production of Turkey is about 750,000 ton/y which 
is about 60%–80% of the world production. Hazelnut shell 
(HS) is by product of hazelnut and appeared annually about 
375,000 ton. HS could be accepted to be good precursor for 
AC production due to its low cost, locally available in huge 
quantities and renewability every year. Other advantages 
of HS could be listed as low economical value compared 
some precursor used for AC production such as molasses 
[30] and wheat bran [31], and no need to workforce for 
its gathering it is ready material in the field and storabil-
ity for a long time without deterioration on the contrary of 
the precursors such as pumpkin peels [18]. Hence, the con-
version of waste hazelnut shell to the value added material 
and investigation its adsorption ability to pharmaceuticals 
such as DC, CIP and SMX from wastewater is very import-
ant. HS based adsorbent materials have been reported in 
the literature, including such as zero-valent iron@biochar 
wastes for the adsorptive removal of tetracyclines [32], 
KMnO4-modified activated carbon for adsorption of U(VI) 
from aqueous solution [33], biochar for Cu(II) adsorption 
[34], activated carbon for adsorption of copper(II) ions 
[35], magnetic biochar for adsorption of Penicillin-G from 
the contaminated water [36], nano-magnetic activated car-
bon for adsorption of arsenic and mercury [37], magnetic 
microporous biochar for removal of p-arsanilic acid [38], 
activated carbon produced with ZnCl2 activation for CIP 
adsorption [39] and activated carbon for removal of lead, 
cadmium, zinc, and copper from industrial wastewater [40]. 
According to the our literature survey, there was no study 
on the removal of DC, CIP and SMX using hazelnut shell 
activated carbon prepared with H3PO4 activation.

The purpose of this study was to test DC, CIP and SMX 
adsorption ability of phosphoric acid activated hazelnut 
shell carbon (HSAC) from aqueous solutions and waste-
water. The produced HSAC was characterized using sev-
eral techniques including proximate analysis, elemental 
analysis, Brunauer–Emmett–Teller (BET) surface area mea-
surement, scanning electron microscopy (SEM) images 
and Fourier-transform infrared spectroscopy (FTIR). Batch 
adsorption of DC, CIP and SMX by HSAC were conducted 
to determine the influence of pH, contact time, dose, initial 
concentration and temperature. Pseudo-first-order, pseu-
do-second-order and intraparticle diffusion kinetic models 
were used to study adsorption kinetics of DC, CIP and SMX. 
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
isotherm models were used to model the adsorption equi-
librium of DC, CIP and SMX onto HSAC. Thermodynamic 
studies were also conducted to determine the free energy 
(ΔG), enthalpy (ΔH) and entropy changes (ΔS) for the 
adsorption of DC, CIP and SMX onto HSAC.

2. Experimental

2.1. Chemicals and instruments

Analytical-grade chemicals and reagents were used in 
the study. DC and SMX were purchased from Sigma-Aldrich, 
St. Louis, Missouri, USA. CIP was provided by Deva Holding 
A.Ş., Istanbul, Turkey. Aqueous stock solutions of DC and 
CIP at 500 mg·L–1, and SMX at 200 mg·L–1 was prepared. 
The standard and working solutions were daily prepared 
by the dilution of the stock solution.

An electrical vibratory sieve shaker (Retsch Model 
AS200, Retsch Technology GmbH, Haan, Germany) was 
used to determine the particle size of HS and HSAC. A tem-
perature-controlled orbital shaker (KS 4000i, IKA®-Werke 
GmbH & Co. KG, Staufen, Germany) was utilized to agi-
tate the HSAC–pharmaceutical solution suspensions. The 
pH of the solutions was adjusted to the desired pH values 
with HCl (0.1 M) and NaOH (0.1 M) solutions by determi-
nation using a Schott CG 840 pH Meter (Schott AG, Mainz, 
Germany). A UV-Spectrophotometer (Shimadzu UV-2600, 
Shimadzu Corporation, Kyoto, Japan) was used to deter-
mine the equilibrium concentrations of CIP, SMX and DC 
at wave numbers 276, 285 and 276 nm, respectively. HSAC 
was produced in a tube furnace (Protherm PTF 12, Alser 
Teknik Seramik A.Ş., Ankara, Turkey). Scanning electron 
microscopy (SEM, FEI, Quanta FEG 250, USA) was used to 
characterize the surface morphology of HSAC at DUBİT, 
Düzce University, Turkey. The BET surface area determina-
tion and non-local density functional theory (NLDFT) pore 
structure analysis were performed using Quantachrome’s 
Autosorb-6B (Quantachrome Instruments, FL, USA), and 
C,H,N elemental analysis were performed using a Leco 
CHNS-932 Analyzer (LECO Corp., MI, USA) at Central 
Laboratory of Middle East Technical University, Ankara, 
Turkey. Thermogravimetric analysis (TGA) of the HSAC 
determined by thermal analysis system (Shimadzu, Model 
DTG-60H, Shimadzu Corp., Kyoto, Japan). In the simul-
taneous removal of DC, CIP and SMX from aqueous solu-
tions and real wastewater experiments, the level of DC, 
CIP and SMX in the solutions before and after adsorption 
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were determined by a high-performance liquid chroma-
tography (HPLC, LC 20AD Prominence, Shimadzu, Japan) 
with a C18 column (4.6 mm × 250 mm inner diameter, 5 μm 
particle size, Shimadzu, Japan) at 298 K. Isocratic elution 
of acetonitrile/ammonium acetate (0.01 M) was used as 
a mobile phase in a ratio of 70/30 (v/v) and the flow rate 
was 1.0 mL·min–1. A UV diode array detector (SPD-M20A, 
Shimadzu, Japan) running at 276 nm for DC and CIP, and 
265 nm for SMX was used to detect the absorption of DC, 
CIP and SMX in the samples. Calibration was made in the 
range of 2.5–25 mg·L–1. Retention time of DC, CIP and SMX 
were 4.95, 2.24 and 2.91 min, respectively.

2.2. Synthesis and characterization of HSAC

The hazelnut shells were rinsed with deionized water, 
dried overnight at 105°C, and then ground to a size of 
1,000–1,500 μm using a steel blender. To prepare AC, equal 
amounts of H3PO4 and HS (150 g) were added to 150 mL 
of deionized water. After 24 h of the impregnation at 80°C 
in a water bath, the material was dried for 24 h at 105°C. It 
was then pyrolyzed at 600°C under N2 flow (100 mL·min–1) 
in the tube furnace. After cooling at room temperature 
under N2, the obtained material was rinsed multiple times 
with hot deionized water. It was immersed overnight in 
a 1% NaHCO3 solution to eliminate any leftover acid and 
then rinsed with distilled water until the pH of the washing 
water was 7.0. After drying at 105°C for 24 h, the obtained 
HSAC was sieved to reach a particle size of 250–500 μm 
and stored in brown glass bottles for use in the subsequent 
experiments [18,28].

Proximate analysis was used to characterize HSAC 
according to the American Society for Testing and Materials 
(ASTM) standards. The functional groups on the HSAC 
surface were determined by FTIR between the 450 and 
4,000 cm–1. The multipoint surface area of HSAC was cal-
culated using N2 adsorption–desorption isotherms at 77 K 
and calculated using the BET method. HSAC’s surface mor-
phology was investigated using SEM images. The pHPZC 
values were determined by adding 0.1 g HSAC to a 0.1 M 
serial NaCl solution with an initial pH value of between 
2 and 12. The pH of the NaCl solutions was adjusted to 
0.1 M NaOH or 0.1 M HNO3. The suspensions were then 
shaken for 24 h. Then, the equilibrium pH values of the 
solutions were determined. The differences between the 
equilibrium and initial pH values (ΔpH) were calculated. 
The point where the curve obtained by plotting the ΔpH 
values against the initial pH values intersects the x-axis was 
determined as the pHPZC value [41]. Lactonic, phenolic and 
carboxylic groups were quantified for HSAC in mmol by 
Boehm titration. HSAC was added to the individual NaOH, 
NaHCO3 and Na2CO3 solutions (0.1 M) and then the sus-
pensions were shaken for 24 h at a mixing speed of 400 rpm. 
Then, the samples were collected in an Erlenmeyer using a 
vacuum filtration. 20 mL of the filtrate was titrated with 
0.1 N HCl [42]. To determine the iodine number of HSAC, 
three different quantities (0.5, 1 and 2 g) were added to 
the solution of 5% HCl (10 mL) and the suspensions were 
boiled for 30 ± 2 s. This mixture was then added to 100 mL 
of 0.1 N iodine solutions and gently shaken for 30 ± 1 s. 

The suspensions were then filtered and titrated with a 
0.1 N sodium thiosulfate [43].

2.3. Batch adsorption experiments

The adsorption dynamics of DC, CIP and SMX with 
HSAC were evaluated by batch experiments. The effects of 
parameters such as contact time, initial concentration, HSAC 
dosage, pH and temperature were investigated. All the batch 
adsorption of DC, CIP and SMX were carried out using 
50 mL of individual aqueous solutions of DC, CIP and SMX. 
A known amount of HSAC was added to the DC, CIP and 
SMX solution at definite concentration and then the suspen-
sions were shaken for predetermined time at 25°C (except of 
temperature effect studies). The specific conditions for each 
parameter are listed under figures. Then, the suspensions 
were separated by centrifugation. The equilibrium concen-
trations of DC, CIP and SMX were measured using a UV-vis 
spectrophotometer set to 276 nm for DC and CIP, and 265 nm 
for SMX. The amounts of the pharmaceutical adsorbed 
per unit mass of HSAC and the adsorption percentages 
were calculated using Eqs. (1) and (2), respectively:

q
C C V

me
e�

�� � �0  (1)

Adsorption,% �
�� �

�
C C
C

e0

0

100  (2)

where qe (mg·g–1) is the amounts of the pharmaceuticals 
adsorbed by HSAC; C0 and Ce are the pharmaceutical con-
centrations (mg·L–1) at beginning and equilibrium, respec-
tively; V is the solution volume (L) and m is the mass of 
HSAC (g) [44].

3. Results and discussion

3.1. Characterization of HSAC

The results of elemental analysis, surface functional 
groups, proximate analysis, iodine number, pHPZC and BET 
surface analysis of HSAC are summarized in Table 1. The 
ash content of HSAC was determined to be 13.5%. High 
ash content may be due to high concentration activating 
agent’s and inorganic content of hazelnut shell. High ash 
content of AC’s can causes clogging of the pores resulting 
decrease in the surface area [45]. According to Rodríguez-
Mirasol et al. [46], high ash content effectively reduced the 
surface area and porosity of activated carbon products, 
while activated carbons with low ash level showed better 
adsorption capacity. Moisture of HSAC was found to be 
6.4%. In the literature, the moisture of AC’s derived from 
hazelnut shell [47], pig manure [4] and pumpkin [20] was 
found to be 7.84%, 7.7% and 8%, respectively. The volatile 
matter percentage of HSAC was determined as 10.9%. It 
was reported that when pyrolysis temperatures increase, 
the release of volatile compounds also increases, resulting 
in less carbon production [48]. However, as the concentra-
tion of activator increased, the amount of volatile substances 



S. Tünay et al. / Desalination and Water Treatment 277 (2022) 155–168158

decreased, causing changes in the adsorption properties of 
activated carbon. Low volatile matter, low moisture and low 
ash content contributed to the superior quality of activated 
carbon [49]. Kołodyńska et al. [50] has reported the volatile 
matter content of cow manure AC as 11.67%.

BET surface area, total pore volume, average pore vol-
ume and pore-size distribution of AC’s are critical metrics 
providing important information about AC’s adsorption 
capacity. According to the multi-point BET analysis, the 
surface area of HSAC was found to be 1,173 m2·g–1. The sur-
face area of peach seeds AC and hazelnut husk AC were 
reported to be 1,387.30 [51] and 980.9 m2·g–1 [52], respectively. 
According to the elemental analysis results, HSAC contains 
81.1% C, 1.6% H, 1.1% N. Carbon percentage of pumpkin 
shell biochar [20], hazelnut shell AC and almond shell AC 
[53] were reported to be 63%, 51.4% and 49.0%, respectively. 
The pHPZC value for HSAC was determined as 4.24, indicat-
ing that it is neutral at pH 4.24, cationic at pH < 4.24, and 
anionic at pH > 4.24. Baccar et al. [54] has stated that the 
pHPZC value of AC is an excellent indicator of the chemical 
and electronic properties of the surface functional groups.

The FTIR analysis was used to determine the func-
tional groups on the HSAC its surface. The FTIR spectrum 
of HSAC is shown in Fig. 1. The peak observed at 3427 cm−1 
could represent O–H stretching vibration of phenolic, alco-
holic and acidic functional groups. The absorption peaks 
at 2923 and 2850 cm−1 could be ascribed to the presence of 
C−H stretching vibration of alkyl groups [55]. The appear-
ance of the peaks around 1623 cm–1 could be attributed to the 
stretching vibration of the aromatic C=C stretching and the 
lignin structure [56]. The peak observed at 1566 cm–1 could 
be corresponded to the result of C–O stretching. The peak 
presented at 1387 cm–1 could be attributed to the aromatic 

C–C functional group and/or C–H asymmetric deformation 
[57]. The peak at 1125 cm–1 was indicative of C=O stretching 
in primary alcohols [58].

The surface morphology of HSAC was determined 
by SEM examination (Fig. 2). According to the acquired 
results, numerous irregular pits of various sizes and 
shapes were discovered randomly distributed on the 
HSAC surface [59].

N2 adsorption/desorption isotherm of HSAC are shown 
in Fig. 3a. According to IUPAC classification, the produced 
isotherm exhibited hysteresis in I(b) and H4 types [60]. Type 
I isotherms are found in microporous solids with very small 
outer surfaces. Type I(b) isotherms have been described 
for materials with a wider range of pore-size distribution, 
including larger micropores and possibly narrow meso-
pores (<~2.5 nm). H4-type hysteresis has been frequently 
reported in micro mesoporous carbons [60]. The pore-
size distribution plot in Fig. 3b showed that HSAC has a 
small pore-size distribution.

Thermogravimetric analysis (TGA) of HSAC is given in 
Fig. 4. The first weight loss around 100°C may be caused by 
the thermodesorption of physically adsorbed materials, such 
as water, hydrocarbons and volatile matters. There was no 
significant weight loss till 600°C. The second loss between 
600°C–1,000°C was a gradual weight loss and may be due 
to the loss of carbon in the form of CO2 and CO from surface 

Table 1
Characterization data of HSAC

Parameter Conditions Value

Elemental analysis (%)
C 81.1
H 1.6
N 1.1
Surface functional groups 
(mmol·g–1)
Carboxylic 0.19
Phenolic 0.51
Lactonic 0.22
Total acidic groups 0.92
Proximate analysis (%)
Moisture 150°C, 3 h 6.4
Ash 650°C ± 25°C, 6 h 13.5
Volatile matter 950°C ± 25°C, 7 min 10.9
Fixed carbon By difference 75.6
Water solubility 1.5
Iodine number (mg·g–1) 588.8
pHpzc 4.24
BET surface area (m2·g–1) 1,173.0
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Fig. 1. FTIR spectrum of HSAC.

Fig. 2. SEM images of HSAC with 5,000x magnification.
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oxygen groups, which were formed during oxidation. As 
shown in the differential thermal analysis (DTA) curve, 
there was a negative peak at 91.2°C and 966.4°C, indicating 
that the process was an endothermic process [61,62].

3.2. Effect of initial pH

The pH of the solution is critical in its effect on adsorp-
tion performance, since it has a considerable effect on the 
degree of ionization of the adsorbent’s surface functional 
groups and the adsorbent’s surface charge. Additionally, 
pKa of the pharmaceuticals is very important for interaction 

between adsorbent surface functional groups and the 
pharmaceuticals. The influence of pH on the adsorption 
of DC, CIP and SMX was investigated in the solution pH 
range of 6–10 and the experimental findings are given in 
Fig. 5a. While SMX adsorption is highly affected, DC and 
CIP adsorption are less affected by pH change of aque-
ous solution. The DC adsorption onto HSAC was slightly 
decreased by raising the pH from 6.0 to 10.0. This behav-
ior may be due to increasing negative surface charge of 
HSAC and deprotonating of DC molecules by raising the 
pH of aqueous phase [63]. The SMX adsorption onto HSAC 
sharply decreased by increasing of pH from 6.0 to 7.0 and 
then the decrease continued to pH 10.0. The decrease in 
the adsorption of SMX may be due to decrease of electro-
static attraction between HSAC surface and SMX [64]. The 
adsorbed amount of CIP onto HSAC slowly increased with 
raising the pH from 6.0 to 10.0. Since CIP was a zwitterionic 
compound with two pKa values (pKa1 = 6.1; pKa2 = 8.7), it 
exhibited a cationic form at pH < 6.1 and an anionic form at 
pH > 8.7 due to deprotonation at the carboxylic group. With 
increasing pH, the partial positive form transformed into 
the zwitterionic form and the adsorption capacity of CIP 
increased due to the reduced competition and enhanced 
electrostatic attraction [65]. In the subsequent adsorption 
experiments, DC, CIP and SMX solutions at their original 
pH values was prepared and used.

3.3. Effect of contact time

The variations in the quantity of DC, CIP and SMX 
adsorbed per gram of HSAC depending on the contact time 
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Fig. 3. (a) N2 adsorption/desorption isotherms of HSAC and (b) pore-size distribution of HSAC.

-40

-30

-20

-10

0

10

20

0

20

40

60

80

100

120

0 200 400 600 800 1000 1200

W
eig

ht
 lo

ss
 (%

)

Temperature (°C)

TGA DTA

Fig. 4. TG and DTA of HSAC.



S. Tünay et al. / Desalination and Water Treatment 277 (2022) 155–168160

are illustrated in Fig. 5b. Adsorption of DC, CIP and SMX 
was rapid at first, but slowed down after 600 min. This may 
be due to the fact that initially empty and easily accessible 
adsorption sites of HSAC were later loaded by DC, CIP and 
SMX, and so their adsorptions continued in the inner pores 
of HSAC and required additional time to reach the inner 
pores [52]. The adsorption of DC, CIP and SMX reached 
equilibrium at 1,440 min.

3.4. Effect of HSAC dosage

DC, CIP and SMX solutions at a concentration of 
200 mg·L–1 were mixed for 24 h with HSAC in amounts rang-
ing from 25 to 300 mg to determine the effect of HSAC dos-
age on the adsorption, and the obtained results are depicted 
in Fig. 5c. When the HSAC amount was increased from 

25 mg to 300 mg, the percent adsorption increased from 26% 
to 98.5% for DC; 26% to 99.9% for CIP and 62.4% to 99.1% 
for SMX. Increasing HSAC mass caused in an increase in 
adsorption zones, resulting in an increase in percent removal. 
While the adsorption percentage increased, the amount of 
DC, CIP and SMX adsorbed per gram of HSAC (qe) decreased 
due to the inverse relationship between the HSAC dosage 
and the amount of the pharmaceuticals adsorbed [28,66,67].

3.5. Effect of temperature

Individual DC, CIP and SMX solutions at 100 mg·L–1 
were mixed with 0.05 g HSAC at 25°C, 35°C and 45°C for 
24 h to determine the influence of temperature on the 
adsorption. The results are shown in Fig. 5d. The adsorp-
tion of DC, CIP and SMX onto HSAC increased with 
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Fig. 5. Effect of parameters the adsorption of DC, CIP and SMX onto HSAC: (a) pH, (b) contact time, (c) HSAC dosage, 
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increasing temperature showing endothermicity of the 
process [7,9,32,33]. Similar trends were observed for SMX 
adsorption with humic acid [68].

3.6. Effect of initial concentration

The effect of the initial concentrations of DC, CIP and 
SMX on the adsorption onto HSAC is illustrated in Fig. 5e. 
The adsorbed amount of DC, CIP and SMX onto HSAC 
increased with the increasing initial concentrations until 
saturation of HSAC adsorption zones with the adsorbates 
observed at initial concentrations of 400 mg·L–1 for DC and 
CIP, 175 mg·L–1 for SMX. At low initial concentrations of 
DC, CIP and SMX, there were available empty adsorption 
zones onto HSAC surface; thus increasing DC, CIP and SMX 
concentrations caused increases on the adsorbed amounts 
per gram of HSAC. However, once the adsorption zones 
on HSAC surface were fully loaded, there were no more 
available zones for adsorption [44,52]. Hence the adsorp-
tion of DC, CIP and SMX did not increase significantly 
above their initial concentrations of 400 mg·L–1 for DC and 
CIP, 175 mg·L–1 for SMX. Additionally, it was observed that 
the adsorption percentages of DC, CIP and SMX on HSAC 
decreased as the initial concentrations of DC, CIP and SMX  
increased.

3.7. Adsorption kinetics by HSAC

In the adsorption processes, the relationship between 
contact time and adsorption is critical for determining 
the rate and equilibrium time. The analysis of kinetic data 
aids in the comprehension of the adsorption mechanism. 
In this study, the adsorption kinetics of DC, CIP and SMX 
on HSAC were investigated with pseudo-first-order [69] and 
pseudo-second-order [70] and intraparticle diffusion [71] 
models using Eqs. (3) (4) and (5), respectively.

Pseudo-first-order: ln lnq q q k te t e�� � � � 1  (3)

Pseudo-second-order: t
q k q

t
qt e e

� �
1

2
2  (4)

Intraparticle diffusion: q K t ct � � �id
1 2/  (5)

where qe and qt denote the pharmaceutical quantities 
adsorbed on HSAC at equilibrium and time t, respectively, 
and k1 (min–1) and k2 (g·mg–1·min–1) denote the pseudo-first- 
order and pseudo-second-order adsorption rate constants, 
respectively. The intraparticle diffusion rate constant is Kid 
(mg·g–1·min–1/2), while the boundary layer thickness con-
stant is c (mg·g–1). The slope and intercept of the linear curve 
obtained from the plot ln(qe–qt) vs. t are used to determine the 
k1 and qe,cal. The values of qe,cal and k2 are determined from the 
slope and intercept of the t/qt vs. t plot. The constants Kid and 
c are calculated using the slope and intercept of the qt vs. t1/2 
graphs. Table 2 summarizes the calculated kinetic parame-
ters for DC, CIP and SMX adsorption. When the correlation 
coefficients of the pseudo-first-order and pseudo-second- 
order models were compared, it was observed that the r2 val-
ues obtained with the pseudo-second-order model for DC, 
CIP and SMX adsorption was higher and also closer to unity 
than those obtained with the pseudo-first-order model. When 
the closeness of the pseudo-second-order model’s estimated 
qe values (qe,cal) to the empirically determined qe values (qe,exp) 
were compared, it was obvious that the pseudo-second- 
order model’s qe,cal values were closer to the experimental 
ones. As a result, it was concluded that the pseudo-second- 
order kinetic model was better appropriate for explaining 
the adsorption kinetics of DC, CIP and SMX onto HSAC 
implying that chemical adsorption occurred between the 
adsorbates and the HSAC surface functional groups [72]. It 
was reported that the pseudo-second-order kinetic model 
was more consistent with the adsorption kinetics of CIP 
on wheat bran-AC [39] and SMX on pine wood-AC [8].

An intraparticle diffusion model was adopted to investi-
gate the adsorption mechanism and to characterize the rate 

Table 2
Kinetic parameters for DC, CIP and SMX adsorption on HSAC

Kinetic model Parameter Adsorbate

DC CIP SMX

Pseudo-first-order

qe,exp (mg·g–1) 112.1 91.8 178.6
k1 (min–1) 2.1 × 10–3 2.5 × 10–3 2.5 × 10–3

qe,cal (mg·g–1) 97.6 92.6 126.3
r2 0.99 0.88 0.98

Pseudo-second-order
k2 (g·mg–1·min–1) 6.3 × 10–5 6.3 × 10–5 7.2 × 10–5

qe,cal (mg·g–1) 117.7 93.5 185.2
r2 0.99 0.95 0.99

Intraparticle diffusion

Kid,1 (mg·g–1·min–1/2) 3.4 3.6 6.3
r2 0.99 0.99 0.96
c1 (mg·g–1) 6.4 1.1 21.0
Kid,2 (mg·g–1·min–1/2) 1.6 2.2 0.88
r2 0.99 0.99 0.93
c2 (mg·g–1) 52.1 7.4 144.01
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control step. The adsorbate is typically transported from 
the solution to the adsorbent surface in two or three steps. 
The first step illustrates the passage of the adsorbate from 
solution to solid surface (film diffusion). The second-step 
reflects the adsorbate transition to the interior of adsorbent 
particles (intraparticle diffusion), and the third step involves 
molecule adsorption to the interior of adsorbent pores. The 
final step is extremely fast and thus negligible [29]. As seen 
in Fig. 6, the adsorption of DC, CIP and SMX on HSAC pro-
ceed in two stages: film diffusion and intraparticle diffusion. 
The figure qt vs. t0.5 for the adsorption of DC, CIP and SMX 
on HSAC did not pass through the origin, and there were 
two areas representing two distinct stages in the adsorp-
tion process [52]. This demonstrates that intraparticle dif-
fusion was not the only control mechanism; film diffusion 
also influenced the adsorption [73,74].

3.8. DC, CIP and SMX adsorption isotherms by HSAC

Adsorption isotherms reveal the relationship between 
qe and Ce at constant temperature and describe adsorbent–
adsorbate interactions. Equilibrium curves obtained from 
experimental data is critical for designing adsorption pro-
cesses. The Langmuir, Freundlich, Temkin and Dubinin–
Radushkevich isotherm models were used to assess the 
adsorption equilibrium of DC, CIP and SMX onto HSAC. The 
linear forms of Langmuir, Freundlich, Temkin and Dubinin–
Radushkevich isotherm equations expressed by Eqs. (6)–(9), 
respectively.

C
q

C
q K q

e

e

e

L

� �
max max

2  (6)

log log logq
n

C Ke e F� �
1  (7)

q R T
b

K R T
b

Ce T e�
�

�
�ln ln  (8)

ln lnq qe m� � �� �2  (9)

where Ce (mg·L–1) and qe (mg·g–1) are the concentration of 
the pharmaceuticals at equilibrium and the amounts of 
the pharmaceuticals adsorbed by HSAC, respectively. qmax 
(mg·g–1) and KL are the Langmuir constant, which express 
maximum adsorption capacity, and the equilibrium con-
stant or adsorption energy of the adsorbate–absorbent 
interaction. The plot of Ce/qe for the function of Ce enables 
the determination of the Langmuir constants. KF and 1/n 
are the Freundlich constants that represent the adsorption 
capacity and the intensity of adsorption, respectively [59]. 
In Temkin isotherm equation, R is the gas constant and T 
is the absolute temperature. b and KT are the Temkin iso-
therm constant and the equilibrium bonding constant (L·g–1) 
respectively, and could be determined from the graph of 
qe vs. lnCe [75]. In the Dubinin–Radushkevich model [76], 
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β is the isotherm constant associated with the adsorption 
energy (mol2·kJ2), qm is the theoretical adsorption capac-
ity (mol·g–1), and ε is the Polanyi potential. ε could be cal-
culated by ε = RT is ln(1 + 1/Ce), where R is gas constant 
(kJ·mol–1·K–1) and T is temperature (K) [59].

Experimental curves for the adsorption of DC, CIP and 
SMX with HSAC and the estimated curves by Langmuir, 
Freundlich, Temkin, and Dubinin–Radushkevich equations 
are shown in Fig. 7. When the experimentally obtained curve 
was compared with the predicted curves, the curve antici-
pated by the Langmuir equation was quite compatible with 
the experimental ones for DC, CIP and SMX adsorption 
onto HSAC. Langmuir, Freundlich, Temkin, and Dubinin–
Radushkevich constants for adsorption of DC, CIP and 
SMX with HSAC are listed in Table 3. According correla-
tion coefficients of DC, CIP and SMX adsorption, Langmuir 
isotherm provides higher correlation coefficients (r2 ≥ 0.99) 
than Freundlich, Temkin, and Dubinin–Radushkevich 
models. This reveals that the adsorption of DC, CIP and 
SMX with HSAC was monolayer adsorption that occurs on 
the homogeneous surface of HSAC [77].

DC, CIP and SMX adsorption capacities by various 
adsorbents reported in the literature [8,54,72,78–84] were 
compared with HSAC (Table 4). The DC adsorption capac-
ity of HSAC was higher than olive waste-AC [54] and cocoa 
pod husk-AC [79]. The CIP adsorption capacity of HSAC 
was higher than bamboo-AC [81] and sugarcane bagasse-AC 
[84]. SMX adsorption capacity of HSAC was higher 
than rice straw-AC [74] and pine tree-AC [8].

A wide variety of methods have been utilized for the 
removal of DC, CIP and SMX from various water sources, 
including UV/H2O2 [85] for DC, CIP and SMX, nanofiltration 
[86] for DC and SMX, reverse osmosis [86] for DC and SMX, 
photocatalytic O3/UVA/TiO2 [87] for DC, CuO/TiO2 ceramic 
ultrafiltration membrane [88] for CIP, electrochemical oxi-
dation [89] for CIP and Fe-based catalytic ozonation (O3/Fe0) 
[90] for SMX removal. Comparison of the methods reported 
in the literature with adsorption by HSAC for removal of 
DC, CIP and SMX are listed in Table 5. The removal of DC 
by UV/H2O2 [85], nanofiltration [86], reverse osmosis [86], 
photocatalytic O3/UVA/TiO2 [87]and HSAC were reported 
to be >99.0%, 99.7%, 99.9%, 100%, and 94.2%, respectively. 
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The removal of CIP by UV/H2O2 [85], nanofiltration [86], 
reverse osmosis [86], CuO/TiO2 ceramic ultrafiltration mem-
brane [88], electrochemical oxidation [89] and HSAC were 
reported to be >99.0%, 98.1%, 99.8%, 99.5%, 89.5% and 
74.8%, respectively. The removal of SMX by UV/H2O2 [85], 
Fe-based catalytic ozonation (O3/Fe0) [90] and HSAC were 
listed to be >99.0%, >99.0% and 73.9%, respectively.

3.9. DC, CIP and SMX adsorption thermodynamics by HSAC

The adsorption thermodynamics of DC, CIP and SMX 
on HSAC were examined by performing adsorption stud-
ies at 25°C, 35°C and 45°C. The investigation on the influ-
ence of temperature on the adsorption reveals more precise 
information regarding thermodynamic parameters such 
as heat of adsorption (ΔH), entropy change (ΔS) and Gibbs 

free energy of adsorption (ΔG) [78]. The thermodynamic 
equations are given by Eqs. (10)–(12).

� � � � �G H T S  (10)

� � �G RT Kdln  (11)

lnK H
RT

S
Rd � �

�
�
�  (12)

where R is the universal gas constant (8.314 J·mol–1·K–1) 
and T is the temperature (K). Kd is the distribution constant 
calculated by Eq. (13).

K
C
Cd
a

e

=  (13)

Table 3
Parameters of Langmuir and Freundlich isotherms for DC, 
CIP and SMX adsorption onto HSAC

Isotherm model Parameter Adsorbate

DC CIP SMX

Langmuir
qmax (mg·g–1) 125.0 95.2 285.7
KL (L·mg–1) 0.06 0.07 0.17
r2 0.99 0.99 0.99

Freundlich 

KF (mg·g–1)
(mg·L–1)1/n

27.4 30.0 70.0

n 3.73 4.98 3.25
r2 0.97 0.99 0.94

Temkin
b 16.98 10.61 43.25
KT 3.33 16.00 5.30
r2 0.98 0.98 0.99

Dubinin–Radushkevich
qm (mg·g–1) 94.5 76.0 228.4
β (mmol2·J–2) 3.73 4.98 3.25
r2 0.78 0.73 0.80

Table 4
Comparison of DC, CIP and SMX adsorption capacity of 
HSAC with some other adsorbents reported in the literature

Adsorbent qmax (mg·g–1) References

DC CIP SMX

Olive waste AC 56.2 – – [54]
Rice straw AC – – 3.7 [78]
Alligator flag AC – – 2 [78]
Cocoa pod husks AC 5.5 – – [79]
Pine tree AC – – 131 [8]
Peach stones AC 200 – – [80]
Bamboo AC – 36.0 – [81]
Palm leaves AC – 133.3 – [82]
Tea leaves AC – 238.1 – [83]
Commercial AC 487 – – [63]
Sugarcane bagasse AC – 9.5 – [84]
Hazelnut shell AC 125 95.2 285.7 This study

Table 5
Comparison of DC, CIP and SMX adsorption capacity of HSAC with some other removal processes reported in the literature

Removal process Removal efficiency References

Diclofenac

UV/H2O2 >99.0 [85]
Nanofiltration 99.7 [86]
Reverse osmosis 99.9 [86]
Photocatalytic O3/UVA/TiO2 100 [87]
HSAC 94.2 This study

Ciprofloxacin

UV/H2O2 >99.0 [85]
Nanofiltration 98.1 [86]
Reverse osmosis 99.8 [86]
CuO/TiO2 ceramic ultrafiltration membrane 99.5 [88]
Electrochemical oxidation 89.5 [89]
HSAC 74.8 This study

Sulfamethoxazole
UV/H2O2 >99.0 [85]
Fe-based catalytic ozonation (O3/Fe0) >99.0 [90]
HSAC 73.9 This study
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where Ca is the adsorbed concentration of the pharma-
ceuticals and Ce is the equilibrium concentration of the 
pharmaceuticals after their adsorption [78].

For the adsorption of DC, CIP and SMX on HSAC, ΔH 
and ΔS were computed from the slope and intercept of the 
plots of lnKd and 1/T. The calculated thermodynamic param-
eters are shown in Table 6. Increasing negative values of ΔG 
imply that the adsorption of DC, CIP and SMX on HSAC 
occurs spontaneously and is facilitated by increasing the 
temperature [78]. A positive value for ΔH suggests an endo-
thermicity of DC, CIP and SMX adsorption on HSAC [59]. 
The ΔH was less than 40 kJ·mol–1 suggesting a physisorp-
tion process [72,91]. The ΔH of DC adsorption is less than 
40 kJ·mol–1, indicating that DC adsorption is of a physical 
nature. For CIP and SMX adsorptions, the standard enthalpy 
changes are higher than 40 kJ·mol–1. So, CIP and SMX 
adsorptions onto HSAC are chemisorption. Positive values 
of ΔS show an increase in the probability of randomness at 
the solid–liquid interface during the adsorption of DC, CIP 
and SMX on HSAC, implying an increase in the system’s 
disorder [59].

3.10. Simultaneous removal of DC, CIP and SMX from aqueous 
solutions and real wastewater

An aqueous solution containing 10 mg·L–1 DC, 10 mg·L–1 
CIP and 10 mg·L–1 SMX was prepared. Various amount of 
HSAC between 25 and 100 mg were added to the solutions 
(100 mL) and remaining level of DC, CIP and SMX in the 
solutions were determined by HPLC. The obtained results 
are depicted in Fig. 8. When the HSAC amount was increased 
from 25 to 100 mg, the percent adsorption increased from 
69% to 100% for DC; 40.6% to 100% for CIP and 62% to 
100% for SMX.

The real wastewater sample was collected from 
Adapazarı urban wastewater treatment plant of Turkey. 
The wastewater was spiked with 10 mg·L–1 DC, 10 mg·L–1 
CIP and 10 mg·L–1 SMX. The initial concentrations of DC, 
CIP and SMX were determined by HPLC as 9.5, 10.5 and 
11.2 mg·L–1, respectively. HSAC amounts in the range of 
25–100 mg were added to 100 mL of the wastewater and 
the suspensions were shaken for 24 h at ambient tempera-
ture. After adsorption, the remaining concentrations of DC, 
CIP and SMX were measured using HPLC. The obtained 
results are depicted in Fig. 9. When the HSAC amount 

was increased from 25 to 100 mg, the percent adsorption 
increased from 34.98% to 91.41% for DC; 26.94% to 92.76% 
for CIP and 44.1% to 90.88% for SMX. Overall, HSAC could 
be accepted as an excellent adsorbent for DC, CIP and 
SMX removal in real wastewater.

4. Conclusions

In this study, an activated carbon from hazelnut shell 
with activation using phosphoric acid was found to be 
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Table 6
Thermodynamic data for DC, CIP and SMX adsorption onto HSAC

Pharmaceutical t (°C) T (K) Kd ΔG (kJ·mol–1) ΔH (kJ·mol–1) ΔS (J·mol–1·K–1)

DC
25 298.15 2.37 –2.1

17.0 63.835 308.15 2.67 –2.5
45 318.15 3.66 –3.4

CIP
25 298.15 1.96 –1.7

43.8 152.035 308.15 2.98 –2.8
45 318.15 5.99 –4.7

SMX
25 298.15 12.33 –6.2

86.1 309.335 308.15 31.25 –8.8
45 318.15 110.11 –12.4
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efficient for removal of DC, CIP and SMX from aqueous 
solution and wastewater. The AC was easily prepared form 
waste hazelnut shell with high surface area. Adsorption 
of DC, CIP and SMX onto HSAC was affected by pH, con-
tact time, initial concentrations of the pharmaceuticals and 
temperature. The optimum contact period for DC, CIP and 
SMX was determined to be 1,440 min. Increasing of initial 
concentrations of DC, CIP and SMX caused an increase the 
adsorbed amount of the pharmaceutical per gram HSAC. 
The adsorption equilibriums of DC, CIP and SMX were 
compatible with the Langmuir isotherm equation. The max-
imum adsorption capacities of DC, CIP and SMX by HSAC 
were found to be 125, 95.2 and 285.7 mg·g–1. The adsorp-
tion kinetic of DC, CIP and SMX followed the pseudo- 
second-order model. Thermodynamic studies showed 
that the adsorption of DC, CIP and SMX on HSAC was a 
spontaneous and endothermic.

In summary, HSAC could be deemed as an efficient, envi-
ronmentally friendly, easily accessible and low-cost adsor-
bent for the removal of DC, CIP and SMX from wastewater.
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