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Abstract: Antibiotics are among the most critical environmental pollutant drug groups. One of the
methods used to remove this pollution is adsorption. In this study, activated carbon was produced
from the pumpkin seed shell and then modified with KOH. This adsorbent obtained was used in
the removal of ciprofloxacin from aqueous systems. Fourier Transform-Infrared Spectroscopy (FT-
IR), Scanning Electron Microscopy (SEM), elemental, X-ray Photoelectron Spectroscopy (XPS),
Brunauer-Emmett-Teller (BET) and Zeta analyzes were used for the characterization of the adsor-
bent. In particular, the surface area was found to be a very remarkable value of 2730 m?/g. The con-
ditions of the adsorption experiments were optimized based on interaction time, adsorbent amount,
pH and temperature. Over 99% success has been achieved in removal works carried out under the
most optimized conditions. In addition, it was determined that the Langmuir isotherm is the most
suitable model for the adsorption interaction

Keywords: Activated carbon, adsorption, ciprofloxacin, pollutant, pumpkin seed, thermodynamics.

1. Introduction

Pharmaceutical drugs have been known as hazardous class contaminants due to their
comprehensive and long-dated active mechanism on the aquatic aqueous system. Antibi-
otics are the name given to a group of drugs used to treat infections caused by sundry
microbes, such as bacteria and some parasites [1, 2]. Approximately 30-90% of the amount
of antibiotic taken into the organism can remain intact in humans or animals, and it is also
actively eliminated from the body [3]. The presence of antibiotics in the environment can
trigger antibiotic-resistant bacteria's growth even at low concentrations, harming ecolog-
ical life [4]. Fluoroquinolone (FQ) antibiotics are very popular in the medical and veteri-
nary fields [5]. Ciprofloxacin (CIP) is one of the widely preferred FQ antibiotics in the
World [6]. This antibiotic has been measured in streams and wastewater influents and
effluents at concentrations typically <1 pug L; however, higher concentrations have been
measured in wastewater from hospitals (3-87 pg L) and drug manufacturing facilities (31
mg L) [7]. Therefore, the disposal of CIP residues from the environment is a vital topic.

Many applications have been used to treat effluents rich in FQs, such as electrochem-
ical oxidation [8], biodegradation [9], photodegradation [10], catalytic degradation [11],
micro-extraction [12], oxidation (catalytic degradation) [13] and adsorption [14]. From cur-
rent methods, adsorption has proven to be a easy, high-performance and cheap technique
to remove low concentration FQ contaminants from aqueous medium [15]. Adsorption
is a overused practice for removing a wide variety of FQ contaminants due to its simple
plannig, practical handling, and relatively effortless regeneration. Activated carbon is a
generic term for a family of highly porous, amorphous carbon materials [16]. It is a useful
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adsorbent in removing FQs compared to zeolite [17], clay [18], silica [19] and carbon nano-
tube [20] due to its extensive surface area, microporous structure and superior adsorption
capacity [21]. However, Its high cost prevents its widespread use. For this reason, low-
cost alternative methods of carbon preparation are being investigated and plant-based
wastes come to the fore in this regard.

Pumpkin is one of the most important vegetables grown around the World. It is a
gourd-like squash and belongs to the Cucurbitaceae family. Pumpkin seeds, also known
as pepitas, are flattened and variable in size, shape, and colour. Pumpkin seeds have been
used to extract the oil, which has various benefits such as anti-microbial, anti-fungal and
anti-viral properties [22]. As a potential adsorbent, the pumpkin seed shell survey shows
many researchers are working on its preparation and use for contaminant removal [23-
26].

In this study, KOH modified pumpkin seed shell was used to remove CIP drug from
aqueous systems. The aim here is to show that activated carbon obtained from pumpkin
seed shell can effectively remove drug waste from aqueous systems. In practical applica-
tions using batch system adsorption technique, adsorption conditions were optimized in
terms of adsorbent amount, interaction time, pH and temperature.

2. MATERIAL and METHOD

2.1. Material

2.2. Preparation of the Adsorbent

First, the raw sample was carbonized for one hour by applying a heating rate of 10
°C/min at 500 °C. The charred sample was mixed with KOH in the presence of sufficient
water and dried. The dried sample was activated by nitrogen for one hour at 800 °C (heat-
ing rate 10 °C/min). After removing the sample from the oven, it was cooled to room tem-
perature and washed with dilute HCI until defoaming by heating with water. It was then
washed with distilled water for chlorine testing. Finally, the sample was ground and
stored in plastic containers.

2.3. Characterization of the Adsorbent

Fourier Transform-Infrared Spectroscopy (FT-IR) analysis was performed to prove
that the activated carbon obtained from the pumpkin seed shell was functionalized with
KOH. Scanning Electron Microscopy (SEM) analysis was used to examine the morpholog-
ical structure of the adsorbent in detail. Also, the elemental analysis technique was ap-
plied to determine the elemental composition of the adsorbent. Besides, the net load of the
adsorbent was determined by Zeta analysis. X-ray Photoelectron Spectroscopy (XPS) was
also used for measuring the elemental composition of the surface of the material, and it
also determines the binding states of the elements. At the same time, BET (Brunauer-Em-
mett-Teller) analysis was performed to determine the surface area of the adsorbent.

2.4. Adsorption Studies

Batch system was preferred for CIP removal from aqueous systems. Adsorption stud-
ies were carried out according to the interaction time, adsorbent amount, pH and temper-
ature parameters. Afterwards, practical applications continued under optimized condi-
tions. UV-VIS spectrometer (UV-VIS 754, CHINA) was used to determine the amount of
CIP before and after adsorption and was studied at 275 nm wavelength [27]. The calcula-
tion of the adsorption (%) was made according to the following equation.

Adsorption (%) = (C";—Ce)x 100(Eq 1)
o
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In Equation 1, Co: is the starting concentration of CIP in solution (mg/L); Ce: final CIP
concentration in solution (mg/L).

Within the scope of adsorption works, interaction time study was performed first.
Measurements were taken in the period of 1-90 min, and the sample was taken in a volume
of 1.5 mL each time and centrifuged at 3000 rpm. Then the focus was on the optimum
amount of adsorbent (5-50 mg). For the pH study, experimental applications were carried
out in the range of 3.0-9.0. Finally, adsorption experiments were carried out at three dif-
ferent temperatures (15, 30, 45 °C) under pre-determined optimum conditions.

3. RESULTS

3.1. Characterization

The effect of the CIP adsorption on the IR spectra is shown in Figure 1. The spectra
of bare activated carbon and CIP adsorbed activated carbon were examined, and no sig-
nificant difference was detected. In both spectra, in the range of 3450-3700 cm, the band
derived from the group —OH is visible. The C-H bending vibration and C-O stretching
peaks (2700-3000, 1250-1500, 500-700 cm™) should be especially highlighted. The peak at
1690 cm can occur from the C=C group. However, it was observed that the intensity of
the C-H bands in the spectrum of CIP adsorbed activated carbon was higher. This may be
due to CIP adsorbed on the structure.
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Figure 1. FT-IR spectra of activated carbons.

When the SEM analysis of the adsorbent is examined, it is particularly striking that it
has a porous structure (Figure 2). The porous structure of construction is considered an
essential advantage for adsorption [28-32].
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Figure 2. SEM images of modified activated carbon.

Elemental analysis results of the adsorbent are given in Table 1. The remarkable de-
tail from the data obtained is that the sum of the elements carbon, hydrogen, nitrogen and
sulfur constitutes approximately 98.5% of the total mass. This result can be interpreted as
that 1.5% of the total mass can be composed of potassium and oxygen elements.

Table 1. Elemental analysis results of the adsorbent

Element Name Amount
Nitrogen 1.2331

Carbon 96.9629
Hydrogen 0.313
Totals 98.509

XPS studied the chemical composition of the surface. The identification of potassium
as well as the carbon atom in the spectrum is interpreted as a result of the KOH treatment
on the adsorbent (Figure 3).
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Figure 3. XPS spectrum of KOH modified activated carbon.

As a result of Zeta analysis, the potential of the adsorbent at pH: 8.0 was calculated
as 18.5 mV. In addition, it was determined that the isoelectric point of the adsorbent was
9.41. Accordingly, at the pH: 9.41 point, the adsorbent is uncharged, it is positive at the
points below this value and negatively charged at the points above it. At the end of BET
analysis, the surface area of the adsorbent was found to be 2729.7 m2/g. This value is enor-
mously high, and it is proof that the adsorption ability of the adsorbent is very high. Such
a high surface area value has not been found among the studies examined in the literature.
This result is, therefore, one of the most prominent parameters of this study.

3.2. Adsorption

In studies aimed at optimizing the adsorption conditions, first, the optimum interac-
tion time was determined. The results of the adsorption experiments conducted in the
range of 1-90 minutes are presented in Figure 4. As can be seen, until the 45th minute, the
amount of CIP adsorbed increased significantly, but after this minute, no significant in-
crease was observed in the amount of CIP adsorbed. The reason for this situation is that
the adsorption regions of the adsorbent are completely filled with CIP. The study con-
ducted to determine the optimum adsorbent amount shows that the adsorption rate was
almost fixed after 20 mg of adsorbent amount (Figure 5). At this point, nearly all of the
CIP in the environment was adsorbed by active carbon. For this reason, 20 mg of activated
carbon was determined as the most suitable adsorbent amount. In adsorption studies car-
ried out at different pH values, the highest adsorption rate was reached at pH: 8.0 point
(Figure 6). The charge distribution between activated carbon and CIP changes with the
change of pH value of the environment, and the most effective interaction is provided at
this point. Besides, CIP adsorption at different concentrations was carried out at three dif-
ferent temperatures (Figure 7). As can be seen from the graph, the rate of CIP removal
increased as the temperature increased in the adsorption applications with the same con-
centration of the solution. Accordingly, it can be said that the interactions that are effective
for adsorption are non-ionic interactions (hydrophobic).
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Figure 4. The effect of interaction time on the amount of adsorption. (CCIP: 40 mgL-
1, adsorbent amount: 37.5 mg, temperature: 30 °C)
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Figure 5. The effect of the amount of adsorbent on adsorption. (CCIP: 100 mgL-!, in-
teraction time: 45 min, temperature: 30 °C)
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Figure 6. The effect of pH change on adsorption. (CCIP: 300 mgL-!, interaction time:
45 min, adsorbent amount: 20.0 mg, temperature: 30 °C)
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Figure 7. Effect of temperature change on adsorption. (Interaction time: 45 min, ad-
sorbent amount: 20.0 mg, pH: 8.0)

3.3. Isotherm and Kinetics

Linear adsorption isotherm models [Freundlich, Langmuir-1, Langmuir-2, Lang-
muir-3, Langmuir-4, Langmuir-5, Temkin ve Dubinin—-Radushkevich (D-R)] were used
to explain the structure (surface properties, adsorption mechanism and capacity) of CIP
adsorption on active carbon at 288, 303 and 313 K. The equations and parameters of the
linear isotherm models used, are shown in Table 2 together with the relevant references
[33-36].

Equilibrium data were applied to the five linear Langmuir isotherm model equations
and the Linear Freundlich isotherm model. The equilibrium data and the Langmuir-1 iso-
therm model showed a high correlation (R?) (Table 2). The Langmuir model assumes ho-
mogeneous adsorption energies to the surface, and there is no adsorbate transition on the
surface plane [34, 37-42]. The Langmuir equation can be written as:

CebCe

qe = (Eq2)

€ 1+bC,

CIP's adsorption data on active carbon were analyzed to fit five linearized expres-
sions of the Langmuir isotherm model. Details of these five different forms of linearized
Langmuir equations and the values of Langmuir constants qm and b are explained in Table
2. Among the correlation coefficient values of five different types of linearized Langmuir
isotherm equations, Langmuir-1 was the most appropriate. Maximum adsorption capac-
ity values determined using Langmuir-1 expression are higher than experimentally ad-
sorbed amounts and correspond to adsorption isotherm plateaus. On the contrary, accord-
ing to the single-layer adsorption capacities and correlation coefficients obtained by using
the other four linear expressions of the Langmuir model, it is seen that the Langmuir-1
isotherm better matches the experimental Data [34]. This result shows that adsorption
takes place in a single layer and is homogeneous [43, 44].

Freundlich's constant (Kr) depending on the adsorption capacity ranged from 265.58
mg/g to 418.56 mg/g with the temperature range studied. The value of Kr increased with
increasing temperature, which means that the adsorption interaction is endothermic. The
n value is a constant that determines the type of process: If n =1, adsorption is linear; If n
<1, adsorption is a chemical process; If n> 1, adsorption is a physical process. From Table
2, the 1/n value is 0.2152, 0.2079 and 0.1736 at 288, 303, and 318 K, respectively. So, the n
value in this study was determined as 4.6472, 4.8094, 5.7614 for all temperatures exam-
ined. The n>1 case is the most common. It can be caused by any factor that causes the
distribution of surface areas or a decline in the adsorbent-adsorbate interaction with in-
creased surface density. Values in the range 1-10 represent proper CIP adsorption and
physical adsorption on active carbon [45].
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According to the Temkin isotherm, the decrease in the heat of adsorption of all mol-
ecules occurs in a linear order. This indicates that the binding energy is homogeneous.
[46]. While the typical binding energy range for the ion exchange mechanism is reported
to be in the 8-16 k]J/mol range, the adsorption energies of physical absorption processes
are said to be less than —40 kJ/mol. The shallow b values (0.0190 - 0.0222 kJ/mol) obtained
in the present study show a weak ionic interaction between the sorbate and the existing
sorbent, and removal of CP appears to involve physisorption [47].

The Langmuir and Freundlich isotherms are insufficient to clarify the physical and
chemical properties of adsorption. The D-R isotherm is more general than the Langmuir
isotherm because it does not assume a homogeneous surface or a constant sorption po-
tential [48]. Average adsorption energy (E) gives information about chemical and physical
adsorption. When the size of E <8 kJmol, the adsorption process is physical adsorption,
and when E is between 8 kjmol-1 and 16 kJmol~, the process is chemical adsorption [49].
As seen in Table 2, the adsorption interaction is physical since the E value is <8 kjmol-'.

Table 2. Isotherm models
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Isotherm Linear form Constants Temp. Constant parameters
1
Freundlich Ing, = InK, +~InC, Kr (Lmg"): Adsorption capacity. n 1n Kr (mg/g) i
n
n: Heterogeneity factor. 288 4.6472 0.2152 265.58 0.8732
303 4.8094 0.2079 311.35 0.8902
318 5.7614 0.1736 418.56 0.9470
L ir-1 ! (1)1+1 (mgg"): Maxi dsorpti
angmuir - —= )+ = m (mgg'): Maximum adsorption
e 7.~ \bglc. " 4, A (msg P b (L/mg) qn (mg/g) r
ity. 288
capacly 0.0836 804.88 0.9940
b (Lmg"): the constant related to the 303
0.2781 819.61 0.9972
free energy of adsorption. 318
0.4176 884.90 0.9983
L ir-2 ._1¢ L (mgg):  Maxi dsorpti
angmuir - —=— — m (mgg'): Maximum adsorption
e @ an " b dn (meg P B (Limg) o (mg/g) R
ity. 288
capacity 0.0951 79256 0.9537
b (Lmg?): the constant related to the 303
0.7119 774.08 0.9598
fi f ad: tion. 318
ree energy of adsorpfion 1.0181 832.22 0.9502
Langmuir - 3 Ge = Qm — (l)k (mgg'): Maximum adsorption
B! e == 3T, an (mgg): P b (L/mg) qm (mg/g) R?
ity. 288
capacly 0.1013 78418 0.8899
b (Lmg"): th tant related to the 303
(mg?): the constant related to the 0.6941 777.83 09119
fi f ad: tion. 318
ree energy of adsorpfion 0.9797 838.99 0.8881
Langmuir - 4 L_ bgy = bq. gm (mgg'): Maximum adsorption
Ce b (L/mg) qm (mg/g) R?
ity. 288
capacly 0.0901 80284 0.8899
b (Lmg"): the constant related to the 303
0.6329 785.65 0.4683
free energy of adsorption. 318
0.8701 850.73 0.8881
L ir-5 1y b (mgg'): Maxi dsorpti
angmuir 7, = bamy gm (mgg'): Maximum adsorption b (Umg) o (mgg) -
ity. 288
capacly 0.0894 80428 0.9537
b (Lmg"): the constant related to the 303
0.6790 778.93 0.9379
free energy of adsorption. 318
0.9588 839.61 0.9502
Temkin qe = BrlnKr + BilnCe Br= (RT)/b Br (Jmol"): Adsorption heat. b /o Kt WUmg) -
j/mol /m,
Kr (Lmg'):  Temporal coefficient 288 0,019 2,032 09043
and adsorption capacity. 303 00192 25038 09264
T (K):  Absolute temperature. 318 0.0222 22,1366 0.9754
R: Universal gas constant
(8.314 JK-'mol).
Dubinin-Radushkevich Inge =Ingm — Be2 m 1): D - R ad ti
ubinin-Radushkevic Inge = Ingm — B¢ qn (mgg) adsorption o ) T ©
1
& =RTIn [1 + 7] capacity. 288
Ce 717.2100 0.1622 0.9424
1
E, = [—= PkJ2):  Ad: ti 303
“ L/Z_ﬁ] B (molF) sorption average 780.3484 02427 0.9430
free energy coefficient. 318 836.7270 0.6597 0.8905

e (kJ* /moP):  Polanyi adsorption

potential.
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E. (Kjmol'): D-R adsorption free
energy.
T (K): Absolute temperature.

R : Universal gas constant

(8.314 JK-1mol-1).

The thermodynamic behaviour of CIP adsorption on active carbon was evaluated
using the AG®, AH® and AS° (entropy change) [35]. In order to find the Gibbs free energy
of the adsorption process performed at a certain temperature, first the equilibrium con-
stant Kc is calculated with the help of equation 3.

Kc=Ca/Ce (Eq3)

Kc  :Equilibrium constant

Ca  :Concentration of substance retained by the adsorbent (mg/L)

Ce  :Concentration of residual substance in solution (mg/L)

AGY=-R T InKc (Eq 4)
AS®  AH®

InK, = ————= (Eq 5)

Here, R (8.314 Jmol 'K ) is the ideal gas constant, and T (K) is the temperature at
Kelvin. AHo is the enthalpy change, and ASe is the entropy change in a given process.

If K¢, found with the help of Equation 3, is replaced in Equation 4, the Gibbs free
energy of adsorption is found.

Using Equation 5, AHe is calculated from the slope of the line formed by plotting the
InKc value against the 1/T value, and AS° from the cut-off point. The values of AG° and
AH?®, AS° for CIP adsorption on activated carbon are given in Table 3.

Table 3. Thermodynamic data for CIP adsorption

Co AH®, kj/mol AS°, j/mol AG?®, kj/mol

288 K 303 K 313 K
100 39.39 150.87 -4.34 -5.72 -8.93
150 25.71 101.54 -3.63 -4.84 -6.70
200 18.77 70.14 -1.53 -2.27 -3.66
250 16.43 59.14 -0.61 -1.45 -2.39
300 9.62 33.85 -0.16 -0.58 -1.18

It can be observed from Table 3 that the values of AH® are positive, indicating that
the adsorption reaction is endothermic [47, 50, 51]. Negative AG® values indicate the de-
gree of the spontaneity of the adsorption process, and a more negative value indicates an
energetically positive adsorption process. The decrease in AG® with increasing tempera-
ture showed that adsorption at high temperature is more suitable. The value of G° was
found negative for the adsorption of CIP on activated carbon at all temperatures, confirm-
ing the applicability of this adsorbent and the spontaneity of the adsorption process [47].
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4. CONCLUSION

Within the scope of the study, CIP removal from aqueous systems with activated
carbon obtained from pumpkin seed shell was achieved at a very high rate. The fact that
the adsorbent has a very high surface area has been one of the most outstanding points in
terms of work. It was determined that the adsorption interaction, which was made more
efficient with optimization studies, fit the Langmuir model. Accordingly, we can say that
CIP adsorption on activated carbon occurred as homogeneous and single layer. When the
thermodynamic data obtained are examined, it is seen that adsorption takes place under
the influence of physical forces. As a result, it can be said that the present adsorbent is a
suitable material for CIP removal from aqueous media.
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