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Abstract A new adsorbent formed from pistachio shell powder that was coated with ZnO

nanoparticles (CPS) was examined in terms of simultaneous adsorption of tetracycline (TEC),

amoxicillin (AMO), and ciprofloxacin (CIP) from an aqueous solution. Initially, the characteriza-

tion properties of a CPS-like surface morphology, functional groups, and structure were obtained

using advanced analysis of TEM, SEM, XRD, EDS, and FT-IR. Post coating with ZnO nanopar-

ticles, several surface and structural characteristics relating to the adsorption ability of the pistachio

shell were significantly improved. The correlation of the kinetic data by a pseudo second-order

model was successful for three antibiotics. High compatibility resulted between the TEC and CIP

isotherm data and the Fruendlich model. However, the Langmuir model produced a better fit to

the AMO isotherm curves. In addition, its spontaneous and exothermic nature was the main feature

for the adsorption process of the three antibiotics onto CPS. Through the results, the chemical

adsorption has been governed by the AMO, CIP, and TEC reaction onto the homogeneous and

heterogeneous sites of CPS surfaces. The CPS exhibited a highest adsorption capacity for AMO

(132.240 mg/g), then for TEC (98.717 mg/g), and CIP (92.450 mg/g). These results place CPS

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2019.10.010&domain=pdf
mailto:tariq.almusawi@iu.edu.jo
https://doi.org/10.1016/j.arabjc.2019.10.010
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2019.10.010
http://creativecommons.org/licenses/by-nc-nd/4.0/


4630 A.A. Mohammed et al.
one among the highly efficient adsorbents that can be used to eradicate wastewater containing

antibiotics.

� 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

At the present time, pollution of water resources by pharma-
ceutical wastes is one of the greatest and serious environmental
challenges facing communities, especially in places where there
is reliance on these sources for drinking purposes (Gasser
et al., 2008; Oh et al., 2017). Excessive pharmaceutical com-
pounds in environmental matrices are classified as hazardous
materials that can damage the natural ecosystem by changing
the status of the equilibrium (Kalhori et al., 2018; Ji et al.,
2014). These chemicals can enter the aquatic bodies including
surface and ground water through various anthropogenic
activities, such as, waste streams from hospitals and pharma-
ceutical and veterinary industries, from their manufacture to
disposal (BIO Intelligence Service, 2013). Antibiotics are a part
of pharmaceutical compounds, which are consumed in great
quantities, as they are highly effective in treating a wide spec-
trum of bacterial diseases in humans, livestock, poultry, and
fish (Soori et al., 2016; Huang et al., 2017; Hassani et al.,
2014; Legnoverde et al., 2014). Among the various types of
antibiotics; tetracycline, amoxicillin, and ciprofloxacin are
widely used in the world as efficacious therapeutic agents in
the treatment of a variety of bacterial diseases (Al-Musawi
et al., 2019; Mohammed and Kareem, 2019; Samarghandi
et al., 2015). The discharge of pharmaceutical wastewater
loaded with antibiotics can cause lethal health risks to non-
target humans and biota, related to their chronic or acute
exposure, as they contain toxic and carcinogenic elements.
Besides, they may cause fetal abnormalities (Shi et al., 2019;
Bondarczuk and Piotrowska-Seget, 2019; Pouretedal and
Sadegh, 2014). From another side, various studies have
reported that the disinfection of by-product chemicals, which
are considered as carcinogenetic agents, were detected in the
final treating stages due to the chlorination of wastewater con-
taining antibiotics. Therefore, there is an urgent need to reduce
the antibiotic compounds to the permissible limits prior to
being discharged into water bodies (Balcioglu and Otker,
2004). Without a doubt, antibiotics are characterized by their
stability in the environment and their long degradation time.
Moreover, they are not completely removed using conven-
tional treatment methods (Xian et al., 2010; Davis et al.,
2003). With regard to the last point of characterization, an effi-
cacious and advanced technology has to be applied to treat
wastewater containing antibiotics. One of the most interesting
treatment methods is the adsorption process (Al-Musawi et al.,
2018; Zou et al., 2019).

The adsorption treatment method is an efficient, simple,
and universal advanced treatment technology. This treatment
method employs using natural or synthesized material (known

as sorbent, adsorbent, or biosorbent) for the abatement of pol-
lutant molecules (known as adsorbates) from contaminated
solutions (Zou et al., 2019; Ahalya et al., 2003; Al-Musawi

et al., 2018). For the adsorption process to be integrated in
terms of removal efficiency and economic feasibility, the adsor-
bent should be chosen with great care (Gisi et al., 2016; Ghorai
et al., 2014). In this context, the adsorbents should be tested
for their adsorption performance toward numerous contami-
nants before being applied. Additionally, these tests should

take into consideration the availability and cost-effectiveness
of the tested adsorbents (Cheng et al., 2019; Wang et al.,
2018). In recent times, agricultural waste, in its original or

modified form, has attracted a great deal of attention by the
scientific workers, to be utilized as adsorbents (Kamar et al.,
2017; Sulaymon et al., 2014; Hossain et al., 2012). This is

because of their low cost, availability in large quantities, and
also they are found to be efficient for removal of several
organic and inorganic matters in the adsorption systems
(Khodadadi et al., 2019; Holan and Volesky, 1995). To further

improve the adsorption capacity of agricultural wastes and to
enhance their practical performance, some surface modifica-
tions have been suggested. For example, different particles of

nano size have been successfully used for coating the surfaces
of several adsorbents. The result of this modification was the
formation of a more effective adsorbent (Mohammed et al.,

2018; Dhiman and Sharma, 2018).
Zinc oxide nanoparticles were examined and studied by sev-

eral adsorption studies and they successfully passed the tests
and were selected as adsorbents and catalysts in the treatment

systems (Bazrafshan et al., 2019; Zhang et al., 2016). ZnO is
easy to manufacture, cheap, has an adjustable morphology,
is eco-friendly, and it is not affected by any change in the envi-

ronmental conditions (Li et al., 2017). In addition, the isoelec-
tric point of ZnO is high and equal to 9.5, which improves the
positive charge of its surface (Bazrafshan et al., 2019; Joshi,

2018; Wang et al., 2016). Of late, ZnO nanoparticles have been
used to coat various dry adsorbents such as mesoporous silica
(Jeong et al., 2014), zeolite (Wang et al., 2016), cross-linked

chitosan/polyvinyl alcohol microspheres (Abdelwahab and
Ghoneim, 2018), 13X zeolite, activated carbon
(Changsuphan et al., 2012), and SiO2 nanoparticles (Zhang
et al., 2016), with good results being demonstrated.

Agriculture waste, such as a pistachio shell (PS), provides
an effective surface for coating with ZnO nanoparticles, which
is the goal of this research. Moreover, ZnO nanoparticles are

promising agents in the adsorption systems. Pistachio shells,
similar to other agricultural materials, are comprised of a num-
ber of functional groups having a negative charge, such as,

polysaccharides and carbohydrates. These groups have a high
tendency to bond with the positive charge of the ZnO particles
(Piness, 2010; Hashemian and Shayegan, 2014). To date, using

pistachio shell powder coated with ZnO nanoparticles (CPS) as
an adsorbent agent for the remediation of pharmaceutical
wastewater has not been reported. Moreover, it is important,
in the adsorption studies, to investigate the mechanism of com-

petition removal of several antibiotics in the adsorption treat-
ment process. This is mainly because of the analysis of
wastewater samples taken from the effluents from hospitals

and drugs factories, which showed that various antibiotics
can be present simultaneously in this wastewater (Lien et al.,
2016; Binh et al., 2018). Therefore, the present research aims

http://creativecommons.org/licenses/by-nc-nd/4.0/


Simultaneous adsorption of tetracycline, amoxicillin, and ciprofloxacin 4631
to prepare and characterize the CPS. Later, the adsorption
performance of the CPS toward simultaneous removal of
tetracycline (TEC), amoxicillin (AMO), and ciprofloxacin

(CIP) antibiotics is studied in detail, where the effect of some
environmental parameters on the adsorption behavior are
taken into consideration.

2. Materials and methods

2.1. Chemicals

Powdered TEC hydrochloride (chemical formula:

C22H24O8N2.HCl, molecular weight: 480.9 g/mol, and purity:
98%), AMO (chemical formula: C16H19N3O5S, molecular
weight: 365.4 g/mol, and purity: 97.5%), and CIP hydrochlo-

ride (chemical formula: C17H19ClFN3O3, molecular weight:
367.8 g/mol, and purity: 99%) were obtained from a general
company in the drugs industry (Samarra, Iraq) without further
purification (original manufacturer: Merck, Germany). Fig. 1

shows the chemical structures of these three antibiotics. The
ternary stock solution of TEC, AMO, and CIP of 500 mg/L
each, was prepared by dissolving an appropriate quantity of

powdered antibiotics in 1 L of deionized water. To get a
homogenous solution, the stock solution was vigorously stir-
red for 30 min, thereafter, the working solutions were prepared

by dilution. On account of the instability in the laboratory
conditions, the stock and diluted solutions were prepared at
the time of the experimental study. The pH value of the solu-

tions was controlled during the experiments by addition of the
buffer solution dropwise.

2.2. Synthesizing of the CPS

In the present study, the target adsorbent of CPS was prepared
in the laboratory according to the following basic methodol-
ogy. Initially, a certain quantity of pistachio shells was col-

lected from the flour mills. Then, it was subjected to the
following steps: washing with deionized water, oven drying
at 105 �C overnight, grinding, and sieving. The quantity of

retained powder on mesh No. 200 was collected and kept in
an appropriate container. On the other hand, 300 g of ZnO
nanoparticles were purchased from Xi’an Lyphar Biotec
(China). The obtained ZnO nanoparticles were dispersed

thoroughly in acetone under a sonolysis process for 30 min.
pKa1 =3.30 
pKa2 = 7.70 
pKa3 = 9.27 

a

pKa1 =2.67 
pKa2 = 7.11 
pKa3 = 9.55

b 

Fig. 1 The chemical structure of TEC (a); AMO (b) CIP, and
Following this, the powdered pistachio shells were added to
the ZnO nanoparticles solution at a ratio of 5:1 (g/g) and vig-
orously stirred until a homogenous mixture was obtained.

Next, the liquid was decanted and the resulting precipitate of
CPS was filtered, and placed in an oven at 60 �C until complete
dryness. Finally, the dried CPS was stored in flasks with stop-

pers to be used in the required experiments.

2.3. Characterizations

An X-ray diffractometer (XRD, Philips-Magix Pro MPD,
Netherlands) was used to obtain the XRD patterns of the crys-
talline structure of CPS. These patterns were collected in a

range of 2h, from 5� to 60�, with a step width of 0.02� and scan
rate of 1� per second. Scanning electron microscopy (SEM)
images were taken using the SEM device (TESCAN-Vega3,
Czech Republic). These images helped to detect the changes

in the surface morphology that occurred due to adsorbent syn-
thesizing or due to the adsorption process. The elemental com-
position of CPS was obtained using EDS analysis technique.

Furthermore, to identify the surface morphology and size of
the ZnO nanoparticles, a Philips-CM30 scanning transmission
electron microscopy (TEM, Netherlands) was used for taking a

TEM image. A Shimadzu FTIR spectroscopy instrument
(Japan) was used to detect the functional groups existing on
the CPS and their significance in the removal process. Notably,
these analyses were carried out within the wave number region

of 500–4000 cm�1, as all the well-known groups of agricultural
adsorbents fell within this range. The specific surface area of
PS and CPS was determined using Brunauer–Emmett–Teller

(BET) analysis. For this test, a CPS sample of 120 mg was
transferred to the BET holder tube (inner diameter = 0.7 cm)
and degassed at temperature of 150 �C for 4 h, under vacuum,

before analysis. Moreover, the pH of the zero point of charge
(pHzpc) of CPS was determined according to the method
described in the article by Mohseni-Bandpi et al., (2016). This

test, in fact, was essential to identify the type of CPS surface
charge, with respect to the pH of the solution.

2.4. Adsorption experiments

The adsorption experiments in this study were performed in a
batch-ternary system of three antibiotics. The experiments in
this study were conducted using varying factors: pH (3–9);
pKa1 =6.1 
pKa2 = 8.7 

c

(c) antibiotics (Ghadim et al., 2013; Sharma et al., 2009).
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adsorbent dose (0.02–1 g/100 mL antibiotic solution);
contact time (0–120 min); initial antibiotic concentration
(30–70 mg/L), and temperature (25–35 �C). For this purpose,
several flasks of 500 mL were filled with 100 mL solution con-
taining 100 mg/L of a mixture of TEC; AMO, and CIP antibi-
otics. The antibiotic solutions in each flask were mixed with

CPS of dose = 0.1 g/100 mL (expect in the adsorbent dose
experiment) and shaken for an equilibrium time, as determined
from a contact time experiment, and at a constant shaking

speed of 150 rpm. The optimized value of each parameter, in
which the highest adsorption capacity was recorded, was used
in the subsequent experiment. At different time intervals dur-
ing the adsorption experiments, three replicates of samples,

of 3 mL each, were taken out from each flask and analyzed
for the remaining antibiotic concentrations. The initial and
remaining TEC; AMO, and CIP concentrations were deter-

mined according to the calibration data that were obtained
by using UV/VIS spectrophotometers, with an absorbency
reading of peak wavelengths at 360; 272, and 276 nm,

respectively. It is worth noting that the adsorption data of
the effects of temperature, contact time at different initial
concentrations values, and adsorbent dose, were utilized in
100 nm

Fig. 2 TEM image of ZnO nanoparticles.

a b Aggregat

Grooves

Fig. 3 SEM micrographs of PS (a) and CPS before (b), and after
the thermodynamic, kinetic, and isotherm studies, respectively.
The ability of the CPS to remove the antibiotic pollutants from
aqueous solutions was judged according to the values of the

removal efficiency (R%) and adsorption capacity (qe, mg/g)
(Noroozi et al., 2018; Mohseni-Bandpi et al., 2016), which
are calculated by the following two formulae:

R% ¼ ðC0 � CtÞ � 100

C0

ð1Þ

qe ¼
C0 � Ceð Þ � V

W
ð2Þ

where,C0;Ct, and Ce denote the ‘initial’, ‘after specific time of
adsorption’, and ‘equilibrium’ concentrations of antibiotics
in the aqueous phase (mg/L), respectively, V is the volume of

the antibiotic solution in (L), and the quantity of the used
CPS adsorbent (g) is denoted by W in Eq. (2).

3. Results and discussion

3.1. Characterization of ZnO, PS, and CPS

A high resolution TEM image (Fig. 2) showed that the ZnO
nanoparticles have an irregular shape, but most of them are

roughly spherical with an average size of <100 nm. Thus,
these particles are within the nano-size range. Also, the
agglomeration of these nanoparticles is low, as their dispersion

appears to be in a mono-dispersed manner. This is a positive
adsorptive characteristic for ZnO nanoparticles, as the
mono-dispersed particles offer a maximum benefit from the
surface area that is allocated for adsorption of the pollutant

molecules, rather than multi-dispersed particles (Bazrafshan
et al., 2019; Chen et al., 2011). Therefore, ZnO can be a
promising material for coating of adsorbents with low adsorp-

tion capacity.
The typical SEM micrographs of PS and CPS before and

after simultaneous adsorption of TEC, AMO, and CIP mole-

cules are presented in Fig. 3. Clearly, the morphological char-
acteristics of PS (Fig. 3a) are completely changed after coating
ces

(c) simultaneous adsorption of TEC; AMO, and CIP molecules.
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with ZnO nanoparticles as seen in Fig. 3b. The SEM of the
CPS indicates that the surface of this adsorbent is coarse; as
well as it consists of several non-uniform and separated aggre-

gates. In addition, there are many big ravines and long grooves
in the outer wall of CPS. In fact, these morphological proper-
ties of the CPS surface represent a positive point, as they pro-

vide a high surface area and active sites for sorbing the
adsorbate molecules. In this manner, the specific surface area
of PS has been determined to be 0.97 m2/g, which significantly

increases to 4.24 m2/g, after coating with ZnO nanoparticles.
On comparing Fig. 3b and the SEM image of CPS after
adsorption (Fig. 3c), it can be seen that the morphological
Fig. 4 FT-IR analysis of PS (a), and CPS before (b), and after (c
properties of CPS are significantly altered during the simulta-
neous antibiotic adsorption. Noticeably, the surface of CPS
becomes smoother, and several pre-separated aggregates are

coalesced. This situation appeared as a result of adsorption
of three antibiotics on active sites of the CPS.

According to the FT-IR analysis of the raw PS sample

(Fig. 4a), the presence of fats in this agricultural material is gen-
erally detected by bands of aliphatic CAH, stretching in the
range of 3000–2800 cm�1 and C‚O bonding in the range of

1745–1725 cm�1. Although, carbohydrates have defining bands
in the range of 1400–800 cm�1, due to bonds between the
glucose polymer chains (Stuart, 2004). In fact, the pistachio
) simultaneous adsorption of TEC; AMO, and CIP molecules.
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FT-IR spectrum consists of four functional groups of impor-
tance in the present study (see Fig. 4a). The broad band
detected at 3414 cm�1 is assigned to the OAH bond of alcohol.

The band detected at 2929.09 cm�1 is attributed to the appear-
ance of a CAH bond stretching functional group. The two
bands at 1500.62 and 1384 cm-1are related to bonds between

polymer chains. Finally, the band at 894.97 cm�1 is assigned
to vibrations of benzene and its derivatives (Piness, 2010).
These groups offer effective sites for adhering ZnO nanoparti-

cles. Fig. 4b is the result of the FT-IR analysis of CPS.
Generally, the metal oxides demonstrate absorption bands in
the FT-IR spectrum curve below 1000 cm�1 (Kumar and
Rani, 2013). In this context, the band at 563.21 cm�1 corre-

sponds to inorganic ZnO stretching (Handore et al., 2014).
Compared to the spectrum of PS (Fig. 4a), there are obvious
shifts in the CPS FT-IR bands (Fig. 4b) to new values:

3410.15, 2912.51, 1427.32, 1373.32, and 898.83 cm�1, and this
can be attributed to interactions between raw PS and the coat-
ing nanoparticles of zinc oxide nanoparticles. Also, the appear-

ance of bands at 1735.93 cm�1 belongs to the m(C‚O)
vibration in the carbonyl group or carboxylic bonds. The
occurrence of this group is probably from the reactive

carbon-containing plasma groups, which are used during the
synthesizing processes of ZnO nanoparticles (Rana et al.,
2012). The band at 1604.77 cm�1 is attributed to the presence
of a C‚O ring or a C‚C stretching of aromatic groups. The

absorption of the two bands detected at 1330.88 and
1045.02 cm�1 correspond to the stretching vibration of the
CAH and CAO groups of alcohol, respectively (Rana et al.,

2012). Fig. 4c represents the FT-IR spectrum for CPS after
the adsorption process of three pharmaceutical products. On
comparing between the FT-IT spectrum for CPS before

(Fig. 4b) and after (Fig. 4c) the adsorption process, it is obvious
that the intensity of the band at 3410.15 in Fig. 4b is slightly
increased. This is due to the overlapping of the AOH and

ANH2 stretching vibrations by the pollutant molecules. In
addition, bands observed at 1604.77, 1427.32, 1373.32,
1330.88, 1246.02, 898.83, and 555.5 cm�1 are shifted to new
locations, which suggest the involvement of these functional

groups in the sorbing of pollutant molecules. Weak bands at
1111 cm�1 are assigned to O-H stretching and deformation,
which indicate the adsorption of water or a hydroxyl group

on the metal surface of CPS (Rana et al., 2012). Moreover,
absorption bands near 555.5 and 644.28 cm�1 normally corre-
spond to ZnO stretching vibrations (Kumar and Rani, 2013). It

can be seen that the band corresponding to ZnO (<1000 cm�1)
was still exist in the FT-IR spectrum of the CPS after adsorp-
tion. This finding suggests that the ZnO nanoparticles are still
attached onto PS surface during the adsorption process.

The results of XRD analysis of PS and CPS in the range of
5�–60� are presented in Fig. 5. It can be seen that the dominant
material in the crystallographic structure of PS (Fig. 5a) is sil-

ica, as SiO2 compounds present naturally in PS. It is worth
mentioning that similar to many agricultural materials, PS in
its internal structure, is naturally rich in minerals such as zinc

and magnesium (Ghaseminasab et al., 2015), so these elements
appear in small traces in the PS XRD pattern. In the XRD
spectra of CPS (Fig. 5b), additional peaks are observed after

PS is coated with ZnO nanoparticles. The sharp peaks
observed in the range of 30�–40� are associated with zinc of
high quantity, confirming its existence as a PS coating layer
(Bazrafshan et al., 2019).
The elemental composition of CPS prior and post adsorp-
tion reactions with three antibiotics was obtained by capturing
the EDS spectrums (Fig. 6). Clearly, the elements which

appeared in the EDS spectrum of CPS before the adsorption
are Mg, Si, C, Ca, and F. In addition, the mass ratio of Zn
and O elements was high, which highlighted the successful

interaction and shell of PS with ZnO nanoparticles. In addi-
tion, the Zn is also detected in the EDS spectrum of CPS after
reaction. This confirms the stability of ZnO nanoparticles onto

the CPS surface after adsorption process.

3.2. Adsorption mechanism

3.2.1. Effect of pH

In general, the removal efficiency of any pollutant in the
adsorption system is dependable on the surface characteristics

of the used adsorbent and speciation of the adsorbate, at speci-
fic pH values. In this case, the analysis of pHpzc is very impor-
tant, to indicate the pH value at which the surface of the

adsorbent is of neutral charge. In other words, the surface
charge of the adsorbent is negative when the pH values are
higher than pHpzc and vice versa (Sun et al., 2016). On the

other hand, at different pH values the adsorbate molecules
may have different surface charges, which greatly affect their
tendency toward adsorbent particles. The variation in the
removal percent of TEC, AMO, and CIP as a function of

pH and contact time are displayed in Fig. 7. Clearly, the
amount of each antibiotic adsorbed onto the CPS in the tern-
ary system increases, showing a pH increase from 3 to 5, and

subsequently it decreases with the increase of pH. Such adsorp-
tion behavior can be explained according to the electrostatic
interactions between antibiotic molecules and surface of the

CPS. For example, the TEC molecule has several ionizable
functional groups like dimethyl ammonium, tricarbonyl
amide, and phenol diketone groups. These active groups

undergo protonation–deprotonation reactions, as a result they
may be formation of a species of H2TEC

+ at pH< 3.3. While,
the zwitterion species of H2TEC

0 are formed in case the pH of
the solution ranges from 3.3 to 7.7. At pH> 7.7, anion species

of HTEC�/TEC2� are dominant in the aqueous solution (Hsu
et al., 2018). According to the analysis, the pHpzc of the CPS
was determined to be 6.5. Also, it is important to note that

the surface of the ZnO nanoparticle typically comprises of
hydroxyl (OH) groups of neutral charge. The charge of this
group may vary according to the pH value (Qu and Morais,

1999; Qu and Morais, 2001). At pH > pHpzc, the H+ ions
leave the particle surface owing to a negative charge of ZnO
with partially bonded oxygen atoms, that is, ZnO�. Con-
versely, at pH < pHpzc, ions of H

+ are transferred to the par-

ticle surface and combined with the OH– groups leading to a
positive charge of the ZnO surface due to formation of
ZnOH2

+ groups. Under these circumstances, the net surface

charges of the ZnO nanoparticles and CPS at pH = 5 are pos-
itive, thus electrostatic attraction may take place among them
and the negatively charged tricarbonylamide groups of TEC,

which results in high TEC removal efficiency. When the pH
is below 5, the electrostatic repulsion between the positively
charged ZnO nanoparticles and cationic moieties of TEC

causes a decrease in the TEC adsorption efficiency. Similar
results were obtained in the case of AMO adsorption onto
CPS. For CIP adsorption, it is known that the molecules of



C = Cristobalite (SiO2) 
P = Periclase (MgO) 
Z = Zinc Oxide (ZnO) 

C = Cristobalite (SiO2) 
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Z = Zinc Oxide (ZnO) 

Fig. 5 XRD spectra of PS (a) and CPS (b).
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this antibiotic are positively charged at aqueous solutions of

pH lower than 4 where about 99% of the CIP molecules exist
as CIP+ (cationic), while at a pH higher than 10, over 95% of
CIP molecules are present in a CIP- form (anionic). At the
pH = 7, the CIP0 (zwitterion) is dominant within the system

(Wu et al., 2010). It is observed that CIP adsorption is favored
wherever the dissimilarity of adsorbents and CIP molecules
charges occur. This is mainly due to the fact that when the

adsorbate molecules and adsorbent surface have dissimilar
charges, electrostatic attraction forces tend to exist, which
can benefit the adsorption process. Therefore, a chemisorption
reaction may occur between the CIP molecules and CPS active

sites at pH = 5.

3.2.2. Effect of contact time

In addition to the effects of the pH solution, the results plotted

in Fig. 7 also show the simultaneous effect of an increase in the
contact time. The removal efficiencies of three antibiotics pre-
sented in the ternary system increase with prolonged contact

time and then they reach plateau adsorption within the first
30 min for TEC and CIP, and 60 min for AMO. For all the
results recorded during the first 30 min of contact time, the



Fig. 6 EDS spectra of CPS before (a) and after (b) adsorption process.
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removal rate of TEC, AMO, and CIP has been fast, and this can
be attributed to the abundance of uncovered adsorption sites on

the used adsorbent that are not occupied by contaminant mole-
cules. In fact, the rapid pollutant removal by the applied adsorbent
is considered as a positive property. Therefore, such adsorbents
are good agents in the adsorption treatment processes. Subse-

quently, as the contact time moves from 60 to 120 min, the
removal rate will slow down for all pH values. This phenomenon
can be accounted as being due to the continuous decrease in both

the adsorbent reaction sites and the concentration of non-
adsorbed or non-reacted molecules of TEC, AMO, and CIP, until
that moment, thus the removal percentage of antibiotic molecules

increases slowly. The highest removal of TEC, AMO, and CIP
efficiencies is reached at pH = 5 and a contact time of 120 min
can be ranked as: CIP > TEC > AMO. The obtained results
are compared with other similar researches (Mohammed et al.,

2019; Abdelkareem et al., 2019) and are found to be alike.

3.2.3. Thermodynamic study

The antibiotic removal efficiency was examined as a function of
temperature from 25 �C to 35 �C and the results are depicted in
Fig. 8. This figure indicates that the increase in temperature had
minimal impact on the adsorption ability of CPS for the three
antibiotics. However, the removal efficiencies of three antibiotics
were slightly decreased with the increase in the temperature.

Indeed, the increase in the temperature will decrease the viscosity
of the aqueous solution bearing the pollutant molecules which in
turn permits the increase of diffusion rate of the adsorbate across
the bulk (external) and pore (internal) boundaries of the adsor-

bent particles (Mohammed et al., 2019).
To investigate the thermodynamic analysis of CPS for

simultaneous adsorption of TEC; AMO, and CIP, the

thermodynamic parameters of Gibbs free energy change
(DG�, kJ/mol); surface adsorption of entropy change (DS�,
kJ/mol K), and enthalpy change (DH�, kJ/mol) were calculated

using the following equations (Khodadadi et al., 2019):

DG
� ¼ �RTlnðkdÞ ð3Þ

lnðkdÞ ¼ �DH
�

RT
þ DS

�

R
ð4Þ

With kd ¼ qe
Ce

ð5Þ

where Kd (L/g) is the equilibrium constant which is equal to the
ratio of the sorbed quantity of adsorbate molecules onto the
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adsorbent particles (mg/g) and the equilibrium adsorbate con-
centration (mg/L), T (K) is the solution temperature, and R is
the universal gas constant (8.314 � 10-3 kJ/K mole).

In the present study, the thermodynamic analysis was con-
ducted based on the obtained data of Fig. 7, and the results of
this analysis are tabulated in Table 1. It can be evidenced that

the adsorption reactions of the TEC, AMO, and CIP adsorp-

tion onto CPS was spontaneous, as negative values of DG
�

were determined for all the temperatures. Although, the nega-

tive values of DH
�
and DS

�
demonstrated that the nature of the

adsorption was exothermic, and there was a decrease in ran-
domness occurring during the reaction of TEC; AMO, and
CIP with the CPS particles.

3.2.4. Effect of antibiotic concentration and kinetic study

The effect of the initial TEC, AMO, and CIP concentrations
varied from 30 to 60 mg/L and their removal percentage by
CPS was further tested. These experiments were conducted

under environmental conditions: pH = 5; CPS dose = 0.1
g/100 mL; contact time = 0 to 120 min; agitation speed =
150 rpm, and temperature = 25 ± 2 �C. The evolution curves
of the removal efficiencies depicted in Fig. 9 (a to c), demon-

strated that the removal efficiencies of TEC, AMO, and CIP
increased remarkably with an increase in the initial concentra-
tion. This was due to the high concentration gradients that

formed at higher adsorbate concentrations (Gupta et al.,
2017). The same explanation above was mentioned in the
Arami et al. (2005) study.

The adsorption kinetics study is a very important stage for
any practical application of adsorption treatment systems
(Brouers and Al-Musawi, 2018). This is due to the obtained

kinetic results that provide valuable insights into the reaction
types and pathways, and the mechanism of pollutant removal.
As a result, the design, operation, and control of the treatment
process depend largely on the results of the kinetic study. In

this manner, there is a necessity that highlighted the need for
the experimental kinetic data to be properly modeled and fitted
with the relevant kinetic models, in order to have an accurate

design of the treatment system (Brouers and Al-Musawi,
2018). In this study, the two kinetic models of pseudo-first-
order (Eq. (6)) and pseudo-second-order (Eq. (7)) were used

to model the kinetic data of TEC; AMO, and CIP adsorption
onto CPS. These models are widely applied in literature for
modeling of the adsorption data of inorganic and organic pol-
lutant removal from water solutions. The parameters of each

model with their corresponding coefficient of regression values
are determined using nonlinear fitting algorithms using a
MATLAB program, the results are tabulated in Table 2. Based

on the R2 values, one can infer that the pseudo-second-order
model was best-fitted equation for TEC; AMO, and CIP
adsorption kinetic onto CPS. In addition for the pseudo-

second-order model, a small deviation between the experimen-
tal and calculated uptake values, was determined. This finding
indicates that the adsorption process of the TEC, AMO, and

CIP, using CPS is chemical in nature (Mohammed et al.,
2019; Aljeboree et al., 2017). Furthermore, in order to account
for the contribution of intra-particle diffusion mechanism in
all the kinetics of TEC, AMO, and CIP adsorption processes,



Table 1 Thermodynamic analysis of the simultaneous adsorption of TEC, AMO, and CIP onto CPS (initial antibiotic

concentration = 60 mg/L, CPS dose = 0.1 g/100 mL, agitation time = 120 min, agitation speed = 150 rpm, and pH = 5).

Adsorbate T (�C) qe (mg/g) Thermodynamic parameters

DG
�
(kJ/mol) DH

�
(kJ/mole) DS

�
(kJ/mole K)

AMO 25 47.570 �3380.260 �30.347 �90.498

30 46.192 �2927.734

35 43.191 �2475.250

TEC 25 55.744 �5861.166 �86.033 �269.030

30 53.383 �4516.001

35 51.863 �3170.836

CIP 25 58.150 �5824.924 �38.415 �109.362

30 56.212 �5278.114

35 53.541 �4731.304
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Fig. 9 Effect of initial TEC (a), AMO (b), and CIP (c) concentrations on their adsorption efficiency in the ternary system, and results of

the application of intra-particle diffusion model of TEC (d), AMO (e), and CIP (f) adsorption data onto CPS.
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Table 2 The kinetic model parameters and coefficients of regression for simultaneous TEC, AMO, and CIP adsorption onto CPS,

where qe,exp. and qe,cal. are denoted by the qe values that are determined experimentally and calculated using the kinetic model,

respectively.

Adsorbate C0 (mg/L) qe exp. (mg/g) Pseudo-first order Pseudo-second order Intra-particle diffusion

k1 (min�1) qe cal.

(mg/g)

R2 k2
(g/mg min)

qe cal.

(mg/g)

R2 kid C R2

AMO 30 22.19 0.0564 27.93 0.9855 0.00117 27.01 0.9905 2.2097 0.77 0.9313

40 33.09 0.0561 40.11 0.9874 0.00109 38.33 0.9898 3.0495 3.67 0.9147

50 43.87 0.0541 47.05 0.9775 0.00108 45.59 0.9931 3.6767 8.07 0.9275

60 55.74 0.0487 50.05 0.9854 0.00102 55.00 0.9992 4.41 12.74 0.9356

TEC 30 21.26 0.0716 27.77 0.9966 0.00208 24.91 0.9899 1.9049 3.448 0.8472

40 29.85 0.0662 35.02 0.9983 0.00163 31.39 0.9990 2.6106 5.3569 0.8557

50 37.9 0.0666 45.18 0.9484 0.00138 39.99 0.9937 3.3125 7.8523 0.853

60 48.35 0.068 45.18 0.9878 0.00148 48.01 0.9906 3.7397 12.786 0.8306

CIP 30 23.89 0.085 31.00 0.9909 0.00330 26.10 0.9966 1.8126 7.1177 0.8114

40 33.889 0.0818 40.08 0.9654 0.00250 36.16 0.9992 2.4593 10.96 0.8255

50 43.88 0.0793 53.11 0.9462 0.00220 47.09 0.9981 3.0106 15.66 0.8355

60 58.14 0.0809 80.92 0.9427 0.00140 64.51 0.9981 4.1911 18.458 0.8767

0.02 0.04 0.06 0.08 0.1

%

Adsorbent dose mg/100 mL antibiotic solution

TEC AMO CIP

Fig. 10 Effect of CPS dose on the TEC, AMO, and CIP

adsorption efficiency in the ternary system (initial antibiotic

concentration = 60 mg/L, temperature = 25 ± 2 �C, contact time

from 0 to 120 min, agitation speed = 150 rpm, and pH = 5).
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the data were evaluated with the intra-particle diffusion model
(Eq. (8)). This model is often used to determine if intra-particle

diffusion is the dominant rate-limiting step or there is another
process like film, surface, or pore diffusion that can control the
kinetics of the process (Boparai et al., 2011; Ozcan et al., 2007).
According to Eq. (8), in case the linear trend linefit of qt versus

t0.5 point passes through or is close to the origin point (i.e., the
parameter C � 0), then the intra-particle diffusion is the sole
rate-limiting step in the adsorption kinetic. Therefore, the

kinetic data of TEC, AMO, and CIP adsorption onto CPS
at different initial concentrations is plotted according to the
intra-particle diffusion equation (Eq. (8)) and the results are

presented in Fig. 9 (d to f). These figures show that the plots
of the kinetic data, according to the intra-particle diffusion
equation, are not fitted to the linear equations. In addition,
all the calculated C values are higher than zero. This finding

indicates that the adsorption process of TEC, AMO, and
CIP onto CPS is controlled by more than one mechanism of
adsorption and intra-particle diffusion is not the dominant

mechanism in the adsorption process.

qt ¼ qe 1� e�k1t
� � ð6Þ

qt ¼
k2q

2
e t

1þ k2qet
ð7Þ

qt ¼ kidt
0:5 þ C ð8Þ

where qtqt (mg/g) is the amount of each molecule of TEC,
AMO, and CIP adsorbed onto the CPS at time t (min); k1
and k2 (min�1) are the rate constants of the first- and

second-order kinetic models; kid (mg/g min0.5) stands for the
constant of the intra-particle diffusion rate, and C (mg/g) is
a constant that gives information about the boundary layer

thickness and is the controlling step of the adsorption process.

3.2.4.1. Effects of CPS dose and isotherm study. From an eco-

nomic perspective, the determination of an optimum adsor-
bent dose is one of the crucial factors that must be found in
adsorption process studies. Therefore, in the present study
the effect of the adsorbent dose is studied within the range
of CPS content of 0.02–0.1 g in 100 mL of 60 mg/L antibiotic
solution (Fig. 10). It can be seen that with an increase in the

CPS dose from 0.02 to 0.06 g/100 mL, the adsorption efficiency
of TEC, AMO, and CIP proportionately increases. The reason
behind this behavior with the rise in the adsorbent amount in
the aqueous solution is the increase in the surface area or

active sites for reaction of the pollutant molecules. In case of
an increase in the adsorbent dose above 0.06 g/100 mL, the
removal efficiencies are not altered greatly. The agglomeration

of some CPS magnetic nanoparticles at high doses in the solu-
tion is the factor behind the decrease in the percentage of
removal rate, due to the aggregation of the available active

groups of the used adsorbent (Bazrafshan et al., 2019). More-
over, the recorded sequence of the removal efficiencies in the
pH study is not altered here and is still at the rank of
CIP > TEC > AMO for all the studied values of the adsor-

bent dose.
Langmuir (Eq. (9)) and Freundlich (Eq. (10)) isotherm

models were used to simulate the experimental equilibrium



Table 3 Calculated isotherm and regression parameters of the TEC, CIP, and AMO onto CPS.

Model Parameter TEC CIP AMO

Langmuir qmax (mg/g) 92.450 98.717 132.24

KL (L/mg) 0.146 0.149 0.103

RL 0.102 0.1 0.139

R2 0.995 0.989 0.997

Freundlich kf (mg/g) 33.382 33.176 26.66

1/n 4.233 3.848 2.56

R2 0.997 0.995 0.989
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Fig. 11 A graph showing the experimental and theoretical

isotherm values of TEC, CIP, and AMO onto CPS.
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data. In recent times, these two models have been widely used

in published articles with regard to modeling of the experimen-
tal isotherm data of different adsorbents (Khodadadi et al.,
2019; Martins et al., 2015; Sulaymon et al., 2014).

qe ¼
qmaxKLCe

1þ KLCe

ð9Þ

qe ¼ KfC
1
n
e ð10Þ

RL ¼ 1

ð1þ KLC0Þ ð11Þ

where qmax is an essential parameter representing the maximum
adsorption capacity of the adsorbent (mg/g), and KL is a Lang-

muir constant denoting the affinity of the adsorbent’s active
sites (L/mg), n is a parameter of the Freundlich equation
(g/L) related to sorption intensity, in which the desirability

of the adsorption process can be specified in case of 1
n
< 1,

and Kf is the Freundlich constant related to the relative sorp-

tion capacity (mg/g).
The models constants and correlation coefficients were cal-

culated using non-linear regression; the results are presented in

Table 3. Besides, Fig. 11 displayed the plot of the obtained the-
oretical and experimental data. It is remarkable that the
adsorption data of both TEC and CIP on CPS have adjusted
well to the Freundlich model, in which the adequate correla-

tion coefficient values were determined. On the other hand,
the Langmuir isotherm model was found to be the better
model to describe AMO adsorption onto CPS. These findings

were enlightening a complex mechanism of simultaneous
antibiotic adsorption onto the adsorbent’s surface, wherein
the CIP surfaces comprise of different adsorption sites; there-

fore, each antibiotic reacted differently from the other with the
CIP. The TEC and CIP molecules reacted on a multi-layer and
heterogeneous active sites of the surface of CPS, whereas, the
adsorption of AMO molecules were characterized by a mono-

layer adsorption type that occurred on a homogeneous CPS
surface. The maximum adsorption uptakes, based on Lang-
muir model analysis, were high, and found to be 92.45,

98.717, and 132.240 mg/g for TEC, CIP, and AMO, respec-
tively. In addition, the results of the best-fit model, represented
by n values of TEC and CIP adsorption and the RL value of

AMO, determined using Eq. (11), indicated that the adsorp-
tion process using CIP adsorbent was favored. As the n values
were determined to be <1, a chemisorption process was

involved for the three antibiotic adsorptions onto CIP
(Aljeboree et al., 2017; Kumar et al., 2010). These results were
quite consistent with our findings in the kinetic study. In addi-
tion, Table 4 lists the maximum uptakes for TEC, CIP, and



Table 4 The comparison of the adsorption efficiency of CPS

with other adsorbents for the antibiotic adsorption from

aqueous solutions.

Adsorbent qmax(mg/g) Reference

TEC

The red soil 12.00 Wang et al., (2010)

HCl-modified zeolite 20.40 Zou et al., (2012)

Bamboo charcoal 23.50 Liao et al., (2013)

Hydroxyapatite/clay 76.02 Ersan et al., (2015)

Nanosheet-layered double

hydroxide

98.04 Soori et al., (2016)

CPS 98.71 This study

CIP

Corylus avellana (hazelnut)

activated carbon

73.64 Balarak et al.,

(2016)

ZnO nanoparticles 8.30 Dhiman and

Sharma (2018)

Groundnut (Arachis

hypogaea) shell powder

8.86 Dhiman and

Sharma (2018)

MgO nanoparticles 3.46 Khoshnamvand

et al., (2017)

Magnetic activated

carbon/chitosan

90.00 Danalıoğlu et al.,

(2017)

CPS 92.45 This study

AMO

Almond shell 2.50 Homem et al.,

(2010)

MNPs-PAC 142.85 Kakavandi et al.,

(2013)

Chitosan beads 8.71 Adriano et al.,

(2005)

Olive stone activated carbon 57.00 Limousy et al.,

(2016)

Magnetically modified

grapheme nano-platelets

14.10 Kerkez-Kuyumcu

et al., (2016)

CPS 132.24 This study
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AMO adsorption using current adsorbent and other studied
materials that taken under investigation in previous works.

Based on the results presented in this table, the CPS exhibited
high performance toward elimination of antibiotic molecules
in the adsorption treatment process when compared with other

adsorbens.

4. Conclusions

The present study has investigated the adsorptive performance
of the CPS toward TEC, AMO, and CIP adsorption in the
ternary system. The CPS adsorbent was characterized by

advanced means of TEM, SEM, XRD, and FT-IR. The results
of the characterization study demonstrated that the coating
process of the pistachio shell by ZnO nanoparticles had posi-
tive effects on the prepared adsorbent, in terms of practical uti-

lization and adsorption ability. In addition, the parameters of
the adsorption process were optimized with the variation in
values of pH, contact time, initial antibiotic concentration,

temperature, and CPS dose. From the optimized data of the
effect study, the isotherm, kinetic, and thermodynamic studies
were accomplished. The isotherm data of AMO adsorption

could be predicted using the Langmuir model, while the
TEC and CIP isotherm data followed the Fruendlich model.
Thus, the isotherm study showed that the surface of CPS com-
prised of both heterogeneous and homogeneous adsorption

sites that were ready for reaction with antibiotic molecules.
The thermodynamic parameters highlighted that the nature
of the simultaneous adsorption process was spontaneous and

exothermic. The CPS maximum adsorption capacity based
on the Langmuir model results for the three antibiotics could
be ranked as: AMO > CIP > TEC. The kinetic data of the

three antibiotics are adequately modeled by the pseudo-
second-order model, indicating that the nature of the kinetic
adsorption is chemical. In addition, the kinetic study showed
that there was more than one process that controlled the

kinetic rate. The present study shows CPS to be an effective
adsorbent, which can be used for the sequestration of antibi-
otics in the adsorption treatment systems. In the future studies,

it is recommended to identify the magnetic force of CPS and
the effect of agitation speed on the adsorption performance
of CPS.
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Danalıoğlu, S.T., Bayazit, S�.S., Kerkez Kuyumcu, Ö., Salam, M.A.,
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