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Abstract This study aims to remove oxytetracycline 
(OTC) that harms the ecosystem, with activated car-
bon (LPAC) obtained from Lemon Pulp (LP). Char-
acterization and properties of LPAC were analyzed 
by Brunauer–Emmett–Teller (BET), Fourier trans-
form infrared spectroscopy (FTIR), scanning elec-
tron microscope (SEM), X-ray diffraction (XRD) and 
point of zero charge  (pHPZC) analyses. BET surface 
area, pore volume and  pHPZC of LPAC produced by 
carbonization at 400 °C and activation with KOH at 
800 °C were obtained as 1333.01  m2/g, 0.391  cm3/g, 
and 6.81, respectively. pH, reaction time, initial OTC 
concentration, and adsorbent amounts were optimized 
in the adsorption study performed with LPAC with 

high porosity and micropores. Kinetic evaluation was 
made with pseudo-first-order, pseudo-second-order, 
and intra-particle diffusion models and Freundlich, 
Langmuir, and Temkin equations are used to inves-
tigate their isotherms under reaction equilibrium 
conditions, and also the results were analyzed by sta-
tistical method (ANOVA). In pseudo-second-order 
kinetic and Freundlich isotherm models, where the 
best results were obtained, R2 values were calculated 
as 0.999 and 0.995, respectively. Maximum OTC 
removal efficiency was found as 104.22 mg/g. Over-
all, this research indicates that LPAC for the treat-
ment of water contaminated with antibiotics is envi-
ronmentally friendly green material.

Keywords Activated carbon · Adsorption · Lemon 
Pulp · Oxytetracycline

Introduction

According to the amount of antibiotic use in 76 coun-
tries, it is estimated that the defined daily dose (DDD) 
increased from 21.1 million DDDs in 2000 to 34.8 
million DDDs in 2015 with an increase of 65%, and 
it will reach 42 billion DDDs in 2030 (Klein et  al., 
2018). On the other hand, in a study conducted on 41 
countries in 2017, it is estimated that the amount of 
antibiotics used in animal husbandry is approximately 
93,309 tons, and this value will increase to 104,079 
tons in 2030 (Tiseo et  al., 2020). Depending on the 
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chemical properties and metabolized status of these 
antibiotics used, they can be excreted in the feces or 
urine at a rate of 5–90%. This excretion can be as the 
basic compound or in the bound metabolites (Avisar 
et al., 2009; Daghrir & Drogui, 2013). These antibi-
otic residues, which are excreted directly or indirectly 
from hospitals (waste and wastewater), animal breed-
ing facilities, industrial facilities, aquaculture fields, 
and human feces or urine, reach wastewater treatment 
plants (Kümmerer et al., 2000; Li et al., 2021). Since 
almost all general wastewater treatment plants in the 
world are designed on the basis of removing C, N, P, 
and some other main pollutants, it has been proven 
by many studies that these existing wastewater treat-
ment plants are not sufficient for the removal of anti-
biotics (Afshin et al., 2020; Ahmadfazeli et al., 2021; 
Al-Gheethi et al., 2015; Lien et al., 2016; Russell & 
Yost, 2021).

It is inevitable that these antibiotics leaving the 
wastewater treatment plants reach the receiving envi-
ronments and enter the ecosystem (Karthikeyan & 
Meyer, 2006; Shokoohi et al., 2018a). Nearly 40 years 
have passed since the first detection of the presence 
of antibiotics called tetracycline and erythromycin in 
river water near a fish farm in the receiving environ-
ment (Watts et al., 1984). During this time, sulfona-
mides, fluoroquinolone, macrolide trimethoprim, and 
many other types of antibiotic residues were found in 
groundwater (F. Huang et al., 2020; Shokoohi et al., 
2018b; Zainab et  al., 2020), such as river lake, etc. 
in surface waters (Balzer et al., 2016; Sta Ana et al., 
2021; Yang et al., 2018), at the influent and effluent 
of treatment plants (Karthikeyan & Meyer, 2006; 
Langbehn et  al., 2021), in soil and coastal waters 
(Yang et  al., 2018), in garbage leachate from land-
fills (G. Chen et  al., 2021), in fish farm wastewater 
(Liu et  al., 2017), and in livestock farm wastewater 
(Gaballah et al., 2021; Muhammad et al., 2020); doz-
ens of studies have been conducted on the detection 
of antibiotics.

Physical, chemical, and biological removal studies 
of these antibiotics are carried out by methods such 
as coagulation-flocculation systems, membrane sepa-
ration techniques, adsorption, biological degradation, 
artificial wetlands, advanced oxidation processes, and 
combined treatment systems. Since these and many 
similar studies have low removal rates and high oper-
ating costs, it is very difficult to apply these studies on 
a large scale (A. Huang et al., 2021; Wang & Zhuan, 

2020). Except for the adsorption processes carried out 
with AC, almost all the above-mentioned methods 
may result in incomplete removal of antibiotics (espe-
cially on an industrial scale) and the emergence of 
more dangerous by-products than the first compound 
(Adams et  al., 2002; Lach et  al., 2021; Westerhoff 
et al., 2005).

Removal of pharmaceuticals from wastewater 
using AC has attracted great interest in recent years 
(Beltrame et al., 2018; Braghiroli et al., 2018). How-
ever, in terms of being economical and most impor-
tantly sustainable, researches on the production of 
high-quality and low-cost AC have gained momen-
tum today. For this, the production of AC from wastes 
and biomass-based materials (banana, rice, tea waste, 
wood, walnut shell, etc.) is very popular as an ecof-
riendly process (Kumar Jha et  al., 2021). Thanks to 
this green and sustainable system, wastes gain eco-
nomic importance, and the high value-added product 
is used to eliminate a waste (Adeleye et al., 2021).

The use of agricultural wastes as adsorbent is of 
great interest due to their abundance, low cost, high 
fixed carbon content, and porous structure (Bhatna-
gar et  al., 2009; Rashtbari et  al., 2022). In addition, 
fruit peels consist of valuable amounts of lignin, cel-
lulose, hemicellulose, carboxyl, hydroxyl, pectin sub-
stances, and amide surface functional groups. This 
generally increases the adsorbent-adsorbate interac-
tions. If LP is taken into account here, they contain 
higher amounts of polysaccharides such as pectin 
(33.87%) and cellulose (14.35%) compared to citrus 
peels, which are similar agricultural products. These 
polysaccharides are rich in functional groups such 
as carboxylic (in galacturonic acids) and hydroxyl 
(in cellulose). Therefore, factors such as the richness 
of functional groups, good physical stability, low 
cost, and easy availability in the climatic region are 
effective factors in the selection of LP in our study 
(Ramutshatsha-Makhwedzha et  al., 2022; Singh 
and Shukla n.d.; Thirumavalavan et  al., 2011). Use-
less waste generated after the valuable liquid in cit-
rus fruits is extracted can be obtained free of charge 
from these enterprises. The pulp remaining after 
lemon juice extraction can be used as a cheap adsor-
bent because it is cheap and abundant (Okon Eddy 
et al., 2022; Ramutshatsha-Makhwedzha et al., 2022). 
These carbon-rich wastes cause negative environmen-
tal effects when landfilled, as they can form leachate 
that can lead to greenhouse gas emissions. Thanks to 
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the evaluation of these wastes, the danger posed by 
them in terms of the environment is prevented. For 
these reasons, waste minimization will be realized 
and economic benefit will be achieved thanks to the 
production of AC from LP, and thus an alternative 
product to commercial ACs will emerge.

In this study, AC was obtained from LP the frame-
work of green chemistry. The textural characteristics 
BET, SEM, FTIR, XRD, and  pHPZC of the obtained 
AC were determined. Adsorption isotherm and kinet-
ics were determined by removing OTC with the pro-
duced AC and statistical analysis (ANOVA) of the 
obtained results was made.

Material and method

Chemicals

All the chemicals we used in our experiment were 
of analytical purity, and the solutions were prepared 
with distilled water. OTC is originated from Merck 
(Germany) and its molecular formula is  C22H24N2O9 
and its molecular weight is 460.33  g/mol. KOH, 
NaCl, NaOH, and  H2SO4 were purchased from Merck 
(Germany). Also, Ar gases (pure 99.99%) were pur-
chased from local laboratories (Linde Gas, Turkey). 
In addition, 0.01 M NaOH and 0.01 M  H2SO4 were 
used to balance the pH of the solutions in experimen-
tal studies.

Synthesis of LPAC

LP were obtained from Juice Factory, Mersin, Turkey 
and dried at 105 °C for 24 h. The dried sample there-
after in a tube furnace (MSE Furnace) continued to 
be heated at a rate of 10 °C  min−1 to 400 °C under Ar 
atmosphere for carbonization. This process continued 
for 1 h. Subsequently, carbonized sample for activa-
tion mixed with KOH, in mass ratio of 1/3. By using 
KOH as the activator instead of activators such as 
 ZnCl2 and  H3PO4, metallic K ions are mixed into the 
carbon network and accelerate the carbon loss, thus 
enabling the expansion of the pores, and it provides 
the formation of -OH functional groups. Thus, the 
use of KOH results in a larger specific surface area as 
well as better pore development (Hui & Zaini, 2015; 
Joseph et  al., 2006). In addition, KOH is generally 
preferred because it is less harmful to the environment 

than other chemical activating agents (Mamaní et al., 
2019). Then LPAC obtained 10 °C   min−1 to 800 °C 
under Ar atmosphere and maintained at this tempera-
ture for 1 h. The obtained LPAC material was washed 
with 0.5 M HCl solution during filtration to remove 
inorganic ions. It was then washed with distilled 
water until it reached neutral (about 7.00) with dis-
tilled water and then left to dry in an oven at 100 °C 
for approximately one night. Finally, it was stored in 
desiccator for further experiments. Since nitrogen gas 
is not inert, its structure changes at high temperatures 
and a nitride structure is formed. If this happens, a 
hard layer may form on the surface of the product. In 
order to avoid this, the use of Ar gas was preferred in 
the environment.

Determination of the point of zero charge  (pHPZC)

The point of zero charge  (pHPZC) at which the activa-
tion of the acidic/basic functional groups of LPAC is 
constant is determined. For this, 0.01 M NaCl solu-
tion was prepared for 5 Erlenmeyer flasks of 50 mL, 
0.1 g of LPAC was added into it. The initial pH of the 
solutions was adjusted between 3.0 and 11.0. 0.1 M 
 H2SO4, and 0.1  M NaOH were used to accomplish 
this. All of solutions stirred at room temperature for 
48  h. The cutoff point obtained from the graph was 
determined as  pHPZC by reading the final pH’s (Far-
ahani et  al., 2011; Peyghami et  al., 2021; Rashtbari 
et al., 2020).

Adsorption studies

Batch studies were carried out in 50  mL flasks. 
Optimum pH was determined by first treating the 
flasks with 0.02 gr LPAC added at 25  mg/L OTC 
concentration at 60  rpm at varying pH (2.0–8.0). 
Then, variable LPAC amounts (0.005–0.08  g) and 
stirring speeds (60–240  rpm) at optimum pH were 
determined, respectively, and finally, optimum con-
ditions were determined for initial dosages in the 
range of 10–150  mg/L. In the experiments, OTC 
concentrations were measured at a wavelength 
of 354  nm in a UV–Vis spectrophotometer (Peak 
E-1000UV) after the upper phase water was passed 
through a 0.45-membrane filter (Aghababaei et  al., 
2017; Berger et al., 2019; Lach et al., 2021; Nayeri 
et al., 2019; Sun et al., 2013). Experimental analysis 



 Environ Monit Assess (2023) 195:797

1 3

797 Page 4 of 18

Vol:. (1234567890)

was carried out in three repetitions, and the pro-
duced LPAC was used once.

The removal efficiency (R) was made according 
to Eq. 1.

where C
0
 and Ce are the initial and equilibrium con-

centration (mg/L) of OTC, respectively.
OTC amount in equilibrium is calculated by 

Eq. 2.

where C
0
 and Ce are the initial and equilibrium con-

centration (mg/L) of OTC, respectively; m adsorbent 
amount (g) and V is the total volume of solution (L).

Adsorption kinetics

The pseudo-first-order reaction equation, first pro-
posed by Lagergren, is as in Eq.  3 (Wang & Guo, 
2020a):

Equation 4 is obtained if the equation is linearized:

Here, qe and qt denote the amount of OTC (mg/L) 
at any time t in equilibrium, respectively, and the K

1
 

pseudo-first-order reaction constant (1/min).
Again, the pseudo-second-order reaction equation, 

first proposed by Ho et al., is as in Eq. 6 (Ho et al., 
1996):

Equation 7 is obtained if the equation is linearized:

Here, qe and qt denote the amount of OTC (mg/g) 
at any time t in equilibrium, respectively, and the K

2
 

pseudo-second-order reaction constant (1/min).
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C
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− Ce
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Again, the Intra-particle diffusion model equa-
tion proposed by Masinga et al. is presented in Eq. 8 
(Masinga et al., 2022);

Here again, qt denotes the amount of OTC (mg/g) 
at a time t, C the OTC concentration removed (mg/L), 
and the Kid intra-particle diffusion model constant. 
Kid is obtained by plotting the value of t1∕2 against the 
value of qt in the equation.

Adsorption isotherms

The equations listed below were used to determine 
the adsorption isotherms of the experimental studies;

The Freundlich equation is presented in Eq. 9, and 
its linearized form is presented in Eq.  10 (Wang & 
Guo, 2020a);

where qe is the amount of OTC adsorbed at equilib-
rium (mg/g); Ce is the concentration of OTC at equi-
librium (mg/L); and KF and n represent Freundlich 
constants. If the equation is linearized, the following 
equation is reached:

The Langmuir equation is presented in Eq. 11, and 
its linearized form is presented in Eq.  12 (Wang & 
Guo, 2020a);

In order to determine the suitability of the adsorp-
tion process in this isotherm, the “Dispersion Con-
stant RL ” must be determined. Equation 13 is used for 
this.

Here again, Ce is the equilibrium concentration 
of OTC (mg/L); qe is indicates the amount of OTC 
adsorbed at equilibrium; K

0
 is indicates the maximum 

(8)qt = Kidt
1∕2 + C

(9)qe = KFCe
1∕n

(10)lnqe = lnKF +
1

n
lnCe

(11)qe =
Q

0
K
1
Ce

1 + K
1
Ce

(12)
Ce

qe
=

1

KL

+
aL

KL

Ce

(13)RL =
1

1 + aLC0
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adsorption amount (mg/g); KL is Langmuir adsorp-
tion constant (L/mg); aL is Langmuir constant (L/mg).

The Temkin equation is presented in Eq.  14, and 
its linearized form is presented in Eq.  15 (Temkin, 
1940);

Here again, qe is the amount of OTC adsorbed at 
equilibrium, B is the cautious constant (J/mol), which 
is expressed as B =

RT

bT
 . Here, R represents the univer-

sal gas constant (8.314 j/mol.K), T temperature (K), 
bT is the heat of adsorption isotherm constant (kj/
mol), and Ce is the equilibrium concentration of OTC 
(mg/L).

Statistical analysis

Minitab statistical software was used to perform sta-
tistical analysis of the results obtained in the experi-
mental studies. Here, a statistical evaluation was 
made only on the change in the amount of adsorbent. 
The results of the statistical evaluation were verified 
by comparing analysis of variance (ANOVA) and 
correlation coefficient (R2). p values, one of the most 
important findings in the statistical evaluation, were 
used to emphasize the importance of the amount of 
pollutant/adsorbent (10–150 mg/L) on the target out-
puts (95% confidence level). It is known that when the 
p values are less than or equal to 0.05, the amount of 
adsorbent represents an important amount, and when 
it is large, it represents an insignificant amount. Also, 
regression analysis was performed on the amount of 
adsorbent.

Results

Characteristic of LPAC

Chemical analysis

Chemical analyses of the raw LP were carried out 
by ICP-OES (inductively coupled plasma opti-
cal emission spectrometer, Perkin-Elmer, Optima 
2000DV) in clear supernatant that was obtained 
by the microwave digestion process. The results of 

(14)qe = Bln(ATCe)

(15)qe = BlnAT+BlnCe

the full chemical analyses are shown in Table. 1. 
In addition, the ash analysis value of the raw sam-
ple made in the muffle furnace was determined as 
2.42%.

Textural characteristics of adsorbents

BET (TriStar II Plus 3.02) was used to determine 
the specific surface area (BET) of the adsorbents, 
their pore size, their distribution and also the pore 
volume, and the obtained values are presented in 
Table  2. In addition, the nitrogen adsorption/des-
orption isotherm of LPAC carbonized at 800 °C is 
presented in Fig. 1. When Fig. 1 is examined, it is 
clear that there is a rapid increase at low relative 
pressures compared to the adsorption–desorption 
isotherm. Moreover, it can be seen that the slope 
decreases as the relative pressure increases. When 
the obtained figure is compared with the classifi-
cation made by the International Union of Fun-
damental and Applied Chemistry (IUPAC), it is 
seen that this is a type 1 isotherm (Naeem et  al., 
2017). Therefore, the fact that the LPAC we pro-
duce at 800  °C has a micropore structure is also 
confirmed by the type I isotherm. If the pore vol-
ume and diameter of our adsorbent are evaluated, 
it was determined as 0.285  cm3/g and 2.336  nm, 
respectively, according to the results of BET 
analysis. According to the classification made by 
IUPAC in the literature, pore diameters are divided 
into 3, these are micro pore (< 2  nm), meso pore 
(2–50 nm), and macro pore (> 50 nm), respectively 
(Zdravkov et al., 2007).

Table 1  Chemical characteristics of raw LP

Element C H N S O

% 45.32 6.74 1.95 0.379 45.62

Table 2  Surface area and pore size distribution of the LPAC 
sample prepared at 800 °C

Surface area  (m2/g) Pore volume  (cm3/g) Mean 
pore size 
(nm)

ABET Amicro Vtotal Vmicro D

1333.01 820.20 0.684 0.394 2.055
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Scanning electron microscopy (SEM)

SEM (Thermo Fisher Scientific Apreo S)  images of 
modified and after adsorption of OTC carbon are 
shown in Fig. 2. The micrograph presented in Fig. 2A 
is the porous structure of LPAC before adsorption. 
In Fig. 2A, there are easily many pores and pores of 
variable diameter on the surface of the LPAC. These 
pores show that OTC molecules have a large surface 
area and space for interaction and attachment. On 
the other hand, the SEM image after OTC adsorp-
tion is presented in Fig. 2B. As can be seen in Fig. 2B 
according to the micrograph taken after OTC adsorp-
tion, the pores on the surface of the LPAC started 
to fill and close. Therefore, it showed a very serious 
variation after the adsorption process. This is a clear 
indication that OTC is adsorbed into the pores and 
voids on the LPAC.

Surface functional groups on the adsorbents

According to the figure, surfactant groups such as 
C = O and C = C were observed here. In addition, 
the OH group is located at 3369 and 3359  cm−1. The 
peak observed at 675  cm−1 in the figure represents the 
C–H interaction on the surface of the LPAC. In addi-
tion, large regions observed around 1102–1062  cm−1 
may be related to anhydrides (Foo & Hameed, 2012), 
alcoholic or carboxylic or possibly phenolic groups’ 
stretching vibration (C–O), but it is somewhat diffi-
cult to distinguish because their peaks overlap. The 
1539   cm−1 point can be expressed as the stretching 
vibration of  NO2. On the other hand, the peaks seen 
around 1561–1540   cm−1 correspond to the stretch-
ing vibration of the aromatic C = C skeletal structure 
and are also thought to be related to sp2-linked car-
bon allotropes. The peak seen at 2087   cm−1 can be 

Fig. 1  Nitrogen adsorption–desorption isotherm of 800 °C LPAC
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expressed as carbonate group vibration. In the band 
observed at 2777  cm−1, it can be stated that the isocy-
anate group corresponds to the vibration of –NCO. In 
addition, the peak observed at 2650  cm−1 was caused 
by –CH stretching (Fig. 3).

X‑ray diffraction analysis (XRD)

The crystal structure of LPAC was analyzed by XRD 
(Rigaku, Miniflex 600) and presented in Fig. 4. Some 

small peaks seen in the figure are due to residual min-
eral after activation with potassium hydroxide during 
production (Al-Qodah & Shawabkah, 2009). In addi-
tion, the peak expansion may depend on the crys-
tallite size as well as on the stresses and diffraction 
properties. On the other hand, there may be changes 
in the average crystalline peak shift depending on the 
effect of the chemical used as the activating agent and 
the components of the LP, which is our raw mate-
rial. Here, silica and ash content were removed by the 

Fig. 2   SEM (25,000 ×) images of LPAC before adsorption (A) and LPAC after adsorption of OTC (B)

Fig. 3  FTIR spectra of the 
LPAC (before adsorption)
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KOH activating agent. A slight variation in the XRD 
pattern of LPAC was observed due to the activating 
agent used.

Point of zero charge  (pHPZC)

The  pHPZC of an adsorbent is the point at which the 
net electrical charge on its surface is zero. If the 
adsorption takes place above the current  pHPZC value, 
the adsorbent surface becomes a negative charge 
due to the decrease in the proton concentration, that 
is, the situation is anionic. However, if the sorption 
takes place below the current  pHPZC value, extra pro-
tons are added to the acidic functional groups on the 
adsorbent surface, and these functional groups can 
be defined as cationic since these functional groups 
remain neutral (Hashem et al., 2021). The test results 
for determining the zero-charge point of the pro-
duced LPAC are presented in Fig. 5. The  pHPZC of the 
obtained activated carbon was measured as 6.81.

Adsorptive removal of OTC

Effect of pH

pH is a key parameter due to the nature of the func-
tional groups of the substance used as the adsor-
bent and the degree of ionization of the substance 

to be removed in the solution (Abdollahzadeh et al., 
2020). OTC generally changes to cationic  (OTC+) 
and uncharged  (OTC0) form in the pH range of 
3.30–7.30, as the pH increases,  OTC− and  OTC−2 
form the molecule. Therefore, as a result of pH 
increase, the negative form in the solution will be 
excessive, which will cause electrostatic repul-
sion, and as a natural result, the adsorption capac-
ity will decrease (Aghababaei et  al., 2017; Ötker 
& Akmehmet-Balcioǧlu, 2005). Figure  6 shows 
the removal efficiencies of OTC at varying pH 
in the presence of 0.2  g adsorbent. In a study on 
UV–VIS spectrophotometer measurement of OTC, 
it was observed that OTC peaks at wavelengths 
between 354 and 366  nm in the range of pH 3.68 
and pH 8.57, and in our study, the maximum peak 
was measured at 354 nm (Berger et al., 2019). In the 
OTC removal study performed with AC obtained 
from cotton linter fibers, it was noted that there was 
a decrease of pH around 5.00 to 6.00 (Berger et al., 
2019; Sun et al., 2012). On the other hand, while the 
adsorption capacity reached the maximum at OTC 
concentration pH 5.00 by modifying the commer-
cial AC, it was observed that the adsorption capac-
ity decreased with the increase in pH (Lach et  al., 
2021). In our study, the amount of OTC adsorbed by 
LPAC was calculated as 91.18% at pH 5.00, while 
this value was measured as 62.55% at pH 8.00.

Fig.4  The X-ray diffraction 
pattern of LPAC (before 
adsorption)
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Adsorption kinetics

In adsorption, the rate of uptake of the solute by the 
adsorbent is determined. This event is possible by 

knowing the time required for the reaction to occur. 
First of all, in Fig. 7, the adsorbent kinetics of OTC 
over time at different initial concentrations in the 
presence of 0.2 g adsorbent at 25 °C, pH: 5.0 is seen. 

Fig. 5  Point zero charge 
of LPAC made from LP (T: 
25 °C)

Fig. 6  Removal efficiencies 
of OTC at varying pHs over 
time (T: 25 °C, adsorbent: 
0.2 g)
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According to the Fig. 7, it can be said that the adsorp-
tion is quite fast in the initial times, and its speed 
slows down as the time progresses. In the first 20 min, 
the adsorption rate was calculated as 21.89, 84.09, 
39.76, 22.4%, and 24.10% at the initial concentrations 
of 10, 25, 50, 100, and 150 mg/L, respectively.

In addition, the performance of an adsorbent is 
evaluated by adsorption kinetics. In other words, in 
order to complete the reaction in the kinetic analy-
sis, it is possible for the solute in the solution (which 
can be expressed as a pollutant for us) to be adsorbed 
by the adsorbent (AC) in 4 stages, in order of macro 
convection, micro transport, intra-particle diffu-
sion, and sorption. In addition, if the adsorbent is in 
a stationary phase, the rate determining step is the 

1st step, and if the speed is increased here, the sur-
face layer thickness decreases, and the adsorption 
rate increases. The second step can be defined as the 
first times (minutes) of adsorption in general. Since 
the speed is too fast to be defined in the 4th step, 
the 2nd and 3rd steps can clearly define the rate of 
adsorption (Qiu et  al., 2009; Wang & Guo, 2020b). 
In our study, pseudo-first-order, pseudo-second-order, 
and intra-particle diffusion models, which are widely 
used in environmental applications, were studied, 
and the kinetic parameters obtained from these mod-
els are presented in Table 3. According to Table 3, it 
was determined that the adsorption of OTC on LPAC 
was more suitable for the pseudo-second-order model 
since it had a high R2 (0.999) value. Therefore, it can 

Fig. 7  Adsorption rates versus time at different initial concentrations (T: 25 °C, pH: 5.0, and adsorbent: 0.2 g)
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be said that this process is a chemical sorption, and 
therefore there is a strong electrostatic attraction force 
or ion exchange on the surface of the adsorbent (Kan 
et al., 2017; Sun et al., 2012).

Adsorption isotherms

The mathematical expressions of the adsorption 
isotherms can be defined as the graphical rep-
resentation of the adsorbent with the pollutant 
remaining in solution at equilibrium. It is known 
that there are more than 200 mathematical mod-
els, and by modeling these isotherm data, the 
adsorbent capacities are determined, while system 
designs and performance are realized (X. Chen & 
Yao, 2015; Wang & Guo, 2020a). Langmuir, Fre-
undlich, and Temkin isotherms are generally pre-
ferred in environmental applications (Mozaffari 
Majd et al., 2022; Rajahmundry et al., 2021). The 
Langmuir isotherm is defined for gas–solid phase 
adsorption and measures the adsorbing capacity 
of adsorbents. In this isotherm, the open surface 
fraction of the adsorbent is proportional to the 
adsorption equilibrium. Desorption is proportional 
to the fraction of the coated adsorbent surface. 
In this isotherm, it is assumed that it takes place 
in a monolayer region, and there is no interac-
tion between adsorbed molecules (Ayawei et  al., 
2017; Langmuir, 1916). Freundlich isotherm, on 
the other hand, refers to adsorption theoretically 
on heterogeneous surfaces; the attraction is not 
homogeneous and therefore a non-ideal sorption 
(Freundlich, 1906; Mozaffari Majd et  al., 2022). 
In the Temkin isotherm, however, its takes into 

account the interactions of the adsorbates among 
themselves and claims that this interaction will 
decrease linearly, not logarithmically (Rajahmun-
dry et al., 2021; Temkin, 1940).

The adsorption isotherms of OTC are presented in 
Fig. 8. The figure represents the Langmuir (A), Fre-
undlich (B), and Temkin (C) isotherms, respectively.

In addition, the correlation coefficients 
obtained from the models are presented in Table 4. 
The highest R2 value was taken into account while 
evaluating the models. The R2 value was calculated 
as 0.995 in the Langmuir isotherm model, 0.826 
in the Freundlich isotherm, and 0.915 in the Tem-
kin isotherm. As can be seen, the linearized ver-
sion of the Langmuir isotherm model is very close 
to the experimental data. Therefore, it can be said 
that there is no interaction between the adsorbed 
molecules in general and the adsorption takes 
place in a single layer. In addition, the RL value, 
which is called the distribution constant, was cal-
culated from the formula RL = 1/(1 + aL.C0), and it 
was examined whether the adsorption was favora-
ble or not. Here,  aL is the Langmuir constant (L/
mg), and  C0 is the initial concentration of OTC. It 
is assumed that if the  RL value is 0, it is irrevers-
ible; if it is between 0 and 1, it is favorable; if it 
is equal to 1, it is linear; if it is greater than 1, the 
isotherm is negative (Al-Ghouti & Da’ana, 2020; 
Weber & Chakravorti, 1974). In our study, the  RL 
value was found to be 0.029, which is a favorable 
type of isotherm.

In addition, the maximum OTC concentration per 
unit adsorbent was calculated as 104.22 mg/g. It can 
be stated that the OTC at working pH is in cationic 
 (OTC+) and uncharged  (OTC0) form, interacting with 
the functional groups on the surface of the LPAC 
and adsorbed on the LPAC by replacing the hydroxyl 
groups in the LPAC in the adsorption process (Kan 
et al., 2017).

General assessment on removal efficiencies

In the literature, the extraction of AC from various 
wastes and the removal of some pollutants are exam-
ined and presented in Table 5. While the surface area 
of AC produced from LP at 500  °C in the presence 
of nitrogen gas was found to be 1158  m2/g, Pb and 
malachite green dye removal were made with this 
AC at room temperature, and removal efficiencies 

Table 3  Calculated kinetic parameters of OTC sorption onto 
LPAC

Kinetic equation constants Constants and 
error functions

25 °C

Pseudo-first-order qmax (mg/g) 104.22
k1(h−1)  − 0.089
R2 0.904

Pseudo-second-order qmax (mg/g) 23.42
k1(h−1) 0.017
R2 0.999

Intra-particle diffusion model Kid (mg/g.h0.5) 0.244
R2 0.870
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of 90.91  mg/g in Pb and 66.67  mg/g in dye were 
obtained from the obtained AC (Mohammadi et  al., 
2014). Reactive blue 49 dye was removed with AC 

obtained from LP at 300  °C, and the approximate 
removal efficiency was calculated as 50  mg/g (Taifi 
et  al., 2022). On the other hand, the drug residue 
(OTC) was removed with AC obtained from waste tea 
pulp, and OTC removal efficiency was obtained at a 
maximum rate of 273.3 mg/g in the study (Kan et al., 
2017), and a maximum of 230.84 mg/g OTC removal 
was achieved with AC obtained from forest residues 
and wood processing process wastes (Aghababaei 
et  al., 2017). In our study, LP was converted into 
LPAC at 800 °C, and OTC removal was obtained at 
the rate of 104.22 mg/g.

Statistical analysis

To statistically evaluate (Minitab statistical soft-
ware 19) which adsorbent amount change signifi-
cantly influence the studied responses, an analysis 

(A) (B)

(C)

Fig. 8  Adsorption isotherms for the removal of OTC, black line: (A) Langmuir isotherms, (B) Freundlich isotherms, (C) Temkin isotherms. 
The black dots represent the experimental run results, and the red line represents the linearized isotherms

Table 4  Adsorption isotherm modeling for OTC removal

İsotherm model Constants and error functions Value

Langmuir qmax (mg/g) 104.22
KL (L/mg) 14.29
RL (L/mg) 0.029
R2 0.995

Freundlich 1/n 13.85
KF  (mg1−(1/n)  L1/n/g) 2073.48
R2 0.87

Temkin AT (L/mg) 16.03
bT (g.J/(mg.mol)) 26.09
R2 0.92
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Table 5  Comparison of the obtained values with the literature

This study (Ramut-
shatsha-
Makhwedzha 
et al., 2022)

(Bhatnagar 
et al., 2009)

(Moham-
madi et al., 
2014)

(Taifi et al., 
2022)

(Sun et al., 
2012)

(Kan et al., 
2017)

(Berger 
et al., 2019)

(Aghababaei 
et al., 2017)

AC origin Lemon Pulp Orange and 
lemon 
peels

Lemon peel Lemon peel Lemon peel Cotton linter 
fibers

Waste tea Haas Avoca-
dos

F.R1 and 
W.P.R2

AC prepara-
tion chemi-
cal

KOH H3PO4 - H3PO4 H3PO4 NaOH H3PO4 KOH H3PO4,  H2SO4, 
NaOH, KOH

Gas type 
used in the 
preparation 
of AC

Ar - Air Nitrogen - - Nitrogen/air Nitrogen Nitrogen

AC prepara-
tion tem-
perature 
(°C)

800 600 500 500 300 700–850 450 600–900 400 and 600

BET-surface 
area

(SBET:  m2/g)

1333.1 1682.9 - 1158 - 2143 880 1156 max.421.84

BET-pore 
volume 
 (cm3/g)

0.394 0.269 - - - - 0.680 - -

Experiment 
volume 
(mL)

50 50 50 20 100 100 50 40 10

Mixing 
speed 
(rpm)

60–240 - - 240 300 125 150 - 220

Experiment 
time

75 min 5–180 min 60 min 35 min - - 35 h - 72 h

pH’s studied 2.0–8.0 2.0–10.0 5.5–6.5 7.0 2.0–12.0 - 4.0–8.66 2.0–10.0
Experiment 

tempera-
ture 0C

25 - 25–45 25 15, 25, 35 - 20, 30, 40 - 20–40

Pollut-
ant type 
removed

OTC Methyl 
orange and 
methylene

Methyl
orange

Malachite 
green

Reactive 
blue 49

OTC OTC OTC OTC

Initial con-
centrations 
(mg/L)

10–150 5–200 - 50–500 50–500 308.2–530.3 200‒700 5–80 50

Adsorption 
capacity of 
AC (mg/g)

104.222 Max 38.0 50.3 66.67  ~ 50 144.6- 389.3 max 273.7 140 263.782

Adsorbent 
amount (g)

0.005–0.08 0.010–0.8 0.1 0.2 0.05 0.06 0.05 -

1 Forest residues: 1 M  H3PO4/600 °C
2 Wood-processing residues: 5 M  H3PO4/600 °C
- No information



 Environ Monit Assess (2023) 195:797

1 3

797 Page 14 of 18

Vol:. (1234567890)

of variance was performed, and the obtained result 
are described in Table  6. The p value obtained at 
95% confidence level indicates that of adsorbent 
amount was a factor with influence on the considered 
responses (p > 0.05 for responses). R2 and R2(adj) 
values in the model summary were obtained as 
95.64% and 95.44%, respectively. The response value 
depending on the change in the amount of adsorbent 
obtained as a result of the analysis of variance is 
given in Fig. 9. Accordingly, as the amount of adsor-
bent increases, the response value also increases. 
Regression equation was as follow:

Conclusions

In this study, highly porous and mesoporous LPAC 
was produced from Lemon Pulp, and its structural 
characteristics and properties were analyzed, and 
OTC adsorption tests were performed and tried to 
be explained with mathematical models. According 
to the results obtained, LPAC, which is produced 
even at low temperatures such as 800 °C, has good 
removal efficiency even at much higher concentra-
tions than the OTC concentrations that are likely to 
be encountered in aquatic environments. This study 
has demonstrated the usability of activated carbon 
obtained from LP in the removal of drug residues 
in existing and prospective treatment plants. Inves-
tigation of the reuse of used LPAC in future stud-
ies by regeneration (chemical treatment, extraction 
with supercritical flow, thermal degradation, etc.) 
is an issue worth investigating in terms of green 
sustainability.

Table 6  Analyzes of variance (ANOVA) obtained for evalu-
ated response at 95% confidence level

Responses Sum of 
square

df Mean of 
square

F-test p value

Adsorbent 
(mg/L)

1.32 ×  102 1 1.32 ×  102 1.45 0.02

Fig. 9  Interval plot of 
response vs adsorbent

�������� = −4.81 + 0.697A + 0.000899 A2 (A ∶ adsorbent amount (mg∕L)
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