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input parameters such as PCM concentration, PPAC 
amount, time, pH and temperature parameters and 
the resulting PCM concentration output. Eight kinetic 
models and seven isotherm models were examined 
and compared. As a result, a PCM removal capac-
ity of 214 mg/g was attained, with the most fitting 
kinetic model being Pseudo Second-Order (R2: 0.997) 
and the most suitable isotherm model being Redlich–
Peterson (R2: 0.999). According to the Response 
Surface Methodology (RSM) results, the most effec-
tive parameters are time, PPAC amount, initial PCM 
concentration and pH, respectively. This investigation 
provides substantial evidence for the viability of uti-
lizing PPAC as an economical and efficient adsorbent 
in PCM removal processes.

Keywords Pomegranate peel · Activated carbon · 
RSM · Adsorption · Paracetamol removal · 
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1 Introduction

Pharmaceutical drugs encompass bioactive compounds 
that induce alterations in physiological functions, pri-
marily within human and animal organisms. These are 
used in disease diagnosis, treatment, and prevention 
stages (Gómez-Oliván et  al., 2014). The wastes gen-
erated during the production of drugs are considered 
industrial waste. After the requisite treatment standards 
are met within pharmaceutical manufacturing facilities, 

Abstract In this study, the goal was to utilize acti-
vated carbon (designated as PPAC) derived from 
pomegranate peel (PP) for the removal of paraceta-
mol (PCM). The distinctive structure of PPAC acti-
vated with KOH at 800 C was characterized by X-ray 
diffraction (XRD), Brunauer–Emmett–Teller (BET), 
Fourier transform infrared spectroscopy (FTIR), and 
Scanning Electron Microscope (SEM), revealing a 
surface area of 692.07  m2/g and a pore diameter of 
0.429  cm3/g. Response surface methodology (RSM) 
was used to determine the relationship between 
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it is discharged to the sewage systems in the region 
where it is located. Furthermore, residual pharmaceu-
tical compounds also enter sewage systems through 
human use. These drug residues reaching the waste-
water treatment plant should not exceed a certain dose 
(Ahmadfazeli et  al., 2021; Li et  al., 2021; Phong Vo 
et al., 2019). Nonetheless, it is well-known since almost 
all conventional wastewater treatment plants in the 
world are designed to purify macronutrients, and phar-
maceutical wastes can be partially treated in these waste-
water treatment plants. Most of them directly reach the 
receiving environment (lake, pond, river, sea, etc.) from 
the wastewater treatment plant (Wu et al., 2012). Two of 
the most significant pharmaceutical compounds encoun-
tered in aquatic ecosystems worldwide are PCM (aceta-
minophen) and acetylsalicylic acid (Lourenção et  al., 
2009; Phong Vo et al., 2019). The mean concentration 
of PCM detected at the inlet of a municipal wastewater 
treatment plant in southeastern Spain has been reported 
to be 134 µg/L (Gómez et al., 2007; Meinan et al., 2022). 
Concentrations of up to 65 µg/L were found in another 
study (Tyne River, UK) (Roberts & Thomas, 2006). 
Furthermore, PCM’s presence has been documented in 
various water bodies across multiple European countries 
(Pi et al., 2017; Żur et al., 2018).

Advanced oxidation processes (Dhibi et  al., 2023; 
Nadour et  al., 2019), UV degradation (Vaiano et  al., 
2018), ultrasonic degradation (Soltani et  al., 2019), 
electrochemical degradation (Zhou et al., 2021), reverse 
osmosis (Lee et  al., 2022), and adsorption (Macías-
García et  al., 2019) are used for treatment of PCM-
contaminated water before it reaches sensitive receiv-
ing environments. However, in removal studies with 
oxidation processes, some by-products (low molecular 
weight compounds) can cause secondary pollutants to 
be produced (Yun et  al., 2019). In addition, some of 
these treatment methods have disadvantages such as 
high cost and solid (e.g., sludge) formation (Farooq 
et al., 2021; Yun et al., 2019). Among them, researchers 
have shown increasing interest in the adsorption tech-
nique as it is a low-cost, flexible, low-energy, and high-
efficiency process (Dotto & McKay, 2020; Spessato 
et  al., 2019; Zarroug et  al., 2022). Therefore, adsorp-
tion can be considered a green and promising approach 
for the efficient removal of various pollutants present 
within the aqueous receiving environment.

AC is one of the most widely used adsorbents in the 
adsorption process. It has a structure with a very large 
pore size and surface area and high surface reactivity. 

AC, which is produced from the end products (wastes) 
of many industrial and agricultural activities, is widely 
used to purify various pollutants. Various agricultural 
by-products such as rice, maize, bananas, flowers, 
and sugarcane pulp have been used to produce AC. 
(Ahmed, 2017; Gayathiri et  al., 2022). The high-effi-
ciency and low-cost materials that can be used with 
simple technology are required to remove pollutants 
from pharmaceutical waste. Recently, researchers have 
turned their attention to better, readily available, but 
cheaper materials for generating AC (Danish et  al., 
2018). On the other hand, as it is known in the treat-
ment studies with AC, many parameters are effective 
in the treatment efficiency. Some of those include 
temperature, solution pH, the concentration of the pol-
lutant to be removed at the beginning of the reaction, 
the amount of adsorbent used, and the contact time 
between the adsorbent and the pollutant. It is very diffi-
cult to express the negative effect of experimental stud-
ies, in which many variables are dominant in terms of 
time and cost and the relationship between the selected 
parameters. Although there are many mathematical 
models and software studies to prevent this, the most 
notable one is RSM (Bashir et  al., 2015; Shokoohi 
et  al., 2018). RSM enables the exploration of causal 
relationships among numerous input variables and out-
put parameters, facilitating the determination of effects 
and relative weights among these factors. The robust-
ness of this methodology, which has gained consider-
able traction in water and wastewater treatment appli-
cations in recent years, has been substantiated (Garba 
et al., 2019; Nayeri & Mousavi, 2020).

It is estimated that pomegranate production 
exceeds four million tons annually (Hernández et al., 
2012; Kahramanoglu, 2019). This production is 
mostly used in the production of fruit juice and jam. 
Moreover, pomegranate pulp constitutes 30% of the 
overall fruit weight (Ben-Ali, 2021). Given these 
figures, if a rough evaluation is made, it means that 
approximately 1 million 200 thousand tons of pome-
granate waste is generated annually. Consequently, 
these bioresources should be used in their raw form 
or modified by various processes and reused as much 
as possible. Thus, if the large amount of organic 
waste is transformed into valuable products such as 
AC instead of being waste, various types of contami-
nants can be adsorbed on this AC with the generation 
of AC with a large surface area (Karri & Sahu, 2018; 
Zarroug et al., 2022).
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In this study, PPAC derived from pomegranate peel 
waste was explored as a potential adsorbent for the 
removal of PCM from aqueous environments. Surface 
and pore area assessments of the resultant PPAC were 
carried out via BET analysis under a nitrogen  (N2) gas 
atmosphere. Furthermore, SEM and FTIR analyses were 
conducted to elucidate the structural morphological prop-
erties, with XRD analysis employed to determine the 
crystal structure. The outcomes were evaluated utilizing 
eight kinetic models and seven distinct isotherm models.

2  Material and Method

2.1  Chemicals

All of the chemicals we used during the experiment 
are of analytical purity. Distilled water was used to pre-
pare the solutions of the chemicals used. In addition, 
0.01 M  H2SO4 and NaOH were used to adjust the pH 
of the solutions. In the experiment, paracetamol with 
the formula  C8H9NO2, which is the active ingredient of 
more than 600 drugs, CAS number 130–90-2, molecu-
lar weight 151.165 g/mol, water solubility at 20 °C 14 
g/L, pKa value 9.53 was used. It was obtained from the 
local pharmacy in liquid form, dissolved in distilled 
water, and used as a stock solution (Bauer et al., 2021).

2.2  Product of PPAC

During the AC production process, PP was dried at 105 
°C for 24 h. Then, the dried biomass was subjected to 
carbonization for 1 h in a cylindrical furnace (MSE Fur-
nace) at 10 °C/min at 800 °C in the presence of  N2 gas. 
The carbonized products obtained were activated with 
1/4 of the mass of KOH. Then, it was kept at 800 °C for 
1 h in the presence of 10 °C/min  N2 gas. The obtained 
material was treated with 0.5 M HCl to remove inor-
ganic ions. Then, it was washed with distilled water until 
the pH reached around 7.00, then dried at 100 °C for 
one night, then left in a desiccator to make it ready for 
use. Potassium salts such as KOH and  K2CO3 have been 
widely used in the manufacture of AC, most commonly 
using KOH. It has been found that AC prepared by 
KOH is highly microporous with higher specific surface 
area (Kim et al., 2021). According to a study conducted 
by Elmouwahidi et al. (2017), KOH activation produced 
activated carbon with higher surface area and porosity 
than phosphoric acid  (H3PO4) activation (Elmouwahidi 

et al., 2017). This was also similar in comparison with 
sodium hydroxide (NaOH) activation (Saad et al., 2020) 
on which KOH activation produced incredibly higher 
BET surface area. It also provides the formation of − OH 
functional groups. Because K ions (metal) mix into the 
carbon network and thus carbon loss accelerates, caus-
ing the development of pores. For this reason, KOH was 
used in our study (Solmaz et al., 2023).

2.3  Central Composite Design (CCD) with the Help 
of RSM 

Minitab® 19.2020.1 (64-bit) (Minitab, LLC in the 
USA) provided by Minitab, LLC in the USA was 
employed in conjunction with the Central Composite 
Rotatable Design (CCRD) within the Response Surface 
Methodology (RSM) framework. This entailed execut-
ing a total of 46 experiments, incorporating 5 factors, 
1 basic block level, and an iterative approach, with an 
additional 6 center points. The variables inputted into 
the program are presented in Table 1. Although there 
are many models among the RSM methods, the CCD 
model was used in the removal experiments on PCM. 
This model requires more experiments than others, 
depending on the number of factors selected with the 
whole version step. In addition, it was deemed appro-
priate to work with this method in terms of allowing 
experiments to be carried out outside the examined 
parameter ranges. Within the CCD model, a weighted 
average value is determined for the investigated param-
eter, and it is a design method that allows other values 
to be examined around it.

On the flip side, the results obtained from the study 
on PCM removal were operated within the RSM, and the 
results were statistically evaluated. Here, the model fit 
of the RSM experiments was examined, and the results 
were presented with three-dimensional-contour graphics. 
The solutions obtained under the experimental conditions 

Table 1  Variables entered in RSM and their values

Variables Levels

-α  − 1 0 1  + α

X1, time (min) 10 0 10 20 30
X2, initial PCM conc. (mg/L) 172.5 10 192.5 375 557.5
X3, AC amount (g) 0.85 0.1 1.05 2.0 2.95
X4, temperature (°C) 15 25 35 45 55
X5, pH 3 2 7 12 17
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prescribed by RSM were analyzed, and the amount of 
PCM removed from the solution was calculated. Subse-
quently, the PCM percentages removed from the solution 
were entered as data into the RSM program to model the 
removal study. In the process of model creation, priority 
was accorded to experimental conditions yielding maxi-
mal PCM removal. Furthermore, through the applica-
tion of the acquired data within the program, the intricate 
interplay between each parameter was unearthed and 
presented via the Analysis of Variance (ANOVA) table, 
thereby providing insights into their mutual interactions. 
The statistical significance of the independent variables’ 
influence on the outcomes was determined by assessing 
the p-values in the generated ANOVA tables. A p-value 
of ≤ 0.05 denoted a substantial impact of the independent 
variables on the results.

The statistical validation was reinforced by the uti-
lization of the correlation coefficient (R2), which is 
one of the parameters showing second-order model fit 
according to ANOVA values. The difference between 
the results obtained according to the specified model 
and the estimated values generated by the model is 
called residual, and their results are given collectively 
in a separate graph. Additionally, the model-provided 
regression equation was articulated, and the congru-
ence between projected operating points and actual val-
ues was ascertained through graphical representation.

2.4  Adsorption Studies

Adsorption investigations were carried out in five 
stages. In the initial step, PCM solutions with different 
initial concentrations (93.75, 187.50, 375.00, and 750 
mg/L) were prepared from 750 mg/L stock PCM solu-
tion in a volume of 100 mL. A contact time of 24 h was 
provided by adding 100 mg of PPAC obtained from 
pomegranate peel to these solutions. When the time 
was completed, UV–Vis measurements were made 
with the filtrate taken from the 0.45 µm PP membrane 
filter. Measurements were made at a wavelength of 
242 nm. The PCM removal efficiencies obtained using 
Eq.  1 were calculated as 99.99%, 99.82%, 78.02%, 
and 37.77%, respectively. According to the results 
obtained, another study was conducted with PCM 
solution with a concentration of 281.5 mg/L between 
187.50 and 375.00 mg/L with the same conditions. The 
PCM removal efficiency obtained at this value (Eq. 1) 
was 59.28%. In the continuation of the study, PCM was 
continued with 281.5 mg/L as the initial concentration.

Subsequently, within the subsequent step, specific 
amounts of PPAC (12.5, 25, 50, 100, and 200 mg) 
were added into the 100 mL solution with an initial 
concentration of 281.5 mg/L and mixed at 150 rpm 
for 24 h. Corresponding to the findings obtained 
under the same filtration conditions, the PCM 
removal efficiency was calculated as 14.82%, 15.29%, 
34.97%, 59.28%, and 97.1%, respectively (Eq. 1). One 
hundred milligram PPAC was preferred to achieve the 
highest removal rate with the least amount of PPAC.

The other adsorption parameter is pH. Up to this 
stage, adsorption studies were carried out at the pH 
of the solutions (7.05). At this stage, the solution pH 
was adjusted by using 0.1 M NaOH and 0.1 M HCl. 
The resultant adsorption efficiencies attained through 
the experiments performed at pH 3.00 and pH 11.00 
were calculated as 30.13% and 27.81%, respectively. 
For this reason, it was decided to study the solution 
at its pH in time-dependent adsorption studies. Bernal 
et  al. (2017) reported that they provided the highest 
removal of paracetamol at pH 7 in their study (Bernal 
et al., 2017). A time study was performed at the deter-
mined optimum conditions (281.5 mg/L, 100 mL, 100 
mg PPAC, pH 7.05) (0, 0.5, 1, 3, 5, 10, 15, 30, 45, 60, 
90, 120 min). Through this endeavor, it was observed 
that equilibrium in adsorption was attained at the cul-
mination of 20 min. In order to determine the effect of 
temperature at optimum conditions, adsorption exper-
iments were carried out at 25, 35, and 45 °C. Upon 
analysis of the acquired data, it was evident that tem-
perature held negligible impact over the PCM adsorp-
tion process.

After the initial PCM concentration (281.5 mg/L) 
and the amount of pomegranate peel PPAC to be used 
(1000 mg/L) were determined, the contact time was 
determined by taking measurements at certain time 
intervals. According to the results, the adsorption 
mechanism was tried to be explained with isotherm 
and kinetic models. The removal efficiency (R) is 
given in Eq. 1. When the adsorption is in equilibrium, 
the amount of PCM removed per unit adsorbent (qe ) 
was calculated with the help of Eq. 2.

(1)R(%) =
C
0
− Ce

C
0

× 100

(2)qe =
(C

0
− Ce) × V

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

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

2.5  Adsorption Kinetics

To assess the efficacy of the adsorbent, a range of kinetic 
models were employed. The accurate comprehension of 
the underlying physical implications and the utilization 
of standardized solution methodologies for adsorption 
kinetic models hold paramount significance in ensuring 
the applicability of these models (Wang and Guo, 2020). 
The absorption behavior between a solution with an ini-
tial concentration and the amount of adsorbent has been 
tried to be explained by time-dependent kinetic models. 
The kinetic models used to interpret the experimental 
studies are presented in Table S1.

2.6  Adsorption Isotherms

The process of adsorption is inherently tied to surface 
interactions. Trying to explain adsorption data with 
isotherm models is a widely used method. Adsorp-
tion isotherm models can provide information about 
the maximum adsorption capacity, which is essential 
in evaluating the performance of adsorbents. The iso-
therms used to interpret experimental studies are pre-
sented in Table S2.

3  Results and Discussion

3.1  Characteristic of PPAC

3.1.1  Textural Characteristics of Adsorbents

The specific surface area of the adsorbent was ascer-
tained using the BET method (TriStar II Plus 3.02). 
Total surface area, pore volume, and pore size are 
presented in Table S3. Inherent to any adsorbent par-
ticle are pores of diverse dimensions. Subsequently, it 
was deduced that the structure exhibited mesopores, 
which fall within the radius range of 1–25 nm. Here, 
the structures that give the adsorbent adsorbing 
capacity are micro and mesopores.

On the other hand, gas adsorption has emerged as 
one of the most used methods to determine the sur-
face area and pore size distributions of powder and 
porous materials. The nitrogen adsorption/desorption 

isotherm of the adsorbent obtained in this direction 
is presented in Fig.  S1. Notably, it was determined 
that the adsorption/desorption slope increased con-
tinuously with the increase of the relative pressure. 
As defined by the IUPAC (International Union of 
Pure and Applied Chemistry) classification, distinct 
adsorption isotherm types are established to align 
with various pore classifications. The isotherm in 
Fig. S1 conforms to the type IV adsorption isotherm. 
In consequence, adsorption at high relative pressures 
occurs in mesopores, not on open surfaces. Due to 
the increase in pressure, desorption occurs, and hys-
teresis formation is observed. The type IV isotherm 
follows the same path as the type II isotherm for a 
mesoporous solid in the initial part of the isotherm or 
with a pore diameter between 2 and 50 nm. It runs 
parallel to the pressure axis if it is close to the satura-
tion pressure.

3.1.2  Scanning Electron Microscopy (SEM)

SEM images of the activated carbon (PPAC) derived 
from pomegranate peel are conspicuously illustrated in 
Fig. 2A, captured using the Thermo Fisher Scientific 
Apreo S instrument. After PCM removal, and SEM 
images were retaken (Fig.  2B). The image presented 
in Fig.  2A is the porous structure of PPAC before 
adsorption. In Fig.  2A, pores of varying diameters 
were detected on the surface and internal structure of 
PPAC. The image shows that the porosity is not mac-
rodimensional; it is developed both on the outer sur-
face and significantly on the inner parts. The resulting 
structure shows the presence of mezzo and micropores 
rather than macropores. On the other hand, the SEM 
image after PCM adsorption is presented in Fig. 2B. 
The SEM image (Fig. 2B) of the PPAC surface after 
the PCM adsorption revealed changes in the surface 
morphology. This transformation is understood to sig-
nify the adsorption of PCM within the surface pores.

3.1.3  Surface Functional Groups on the Adsorbents

Pomegranate peel (PP) inherently possesses surface 
functional groups including lignin, cellulose, and hemi-
cellulose, − OH, − COH, petkin, and amide (Ramutshat-
sha-Makhwedzha et al., 2022). In addition, fixed carbon 
ratios are very high, and they have a porous structure 
(Bhatnagar et  al., 2009). FTIR (Jasco-FT/IR-6700) 
analyses were performed to determine the structural 
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changes in PPAC samples produced under the most suit-
able conditions by chemical activation. The FTIR analy-
ses encompassed both pre- and post-adsorption states, 
and the comparative results are elucidated in Fig.  1C. 
With this method, the changes in functional groups 
were tried to be determined qualitatively. The peaks of 
PPAC seen at a wavelength of 1000–1300  cm−1, accord-
ing to Fig. 1C generally indicate that C-O, P = O, P-O-
C-, and P = O-OH groups are present. However, it is not 
clear which group formed. The band observed between 
1460  cm−1 can be attributed to C-O stretching vibrations 
(Zhang et al., 2015). The vibration peaks observed in the 
1900–2200  cm−1 range are in harmony with the methyl-
cellulose peaks. The bands’ 2200–2500  cm−1 peaks 
indicate phosphorus (P–H) groups. The peaks observed 
in the band range of 2840–3000  cm−1 indicate the pres-
ence of aliphatic structures. It is known that small peaks 

observed in the band range of 3200–3600  cm−1 express 
hydroxyl (O–H) groups. Structures containing hydroxyl 
are phenols, alcohols, and carboxylic structures (Puziy 
et al., 2005). On the other hand, it was observed that the 
peak intensities changed between 1500 and 2750 cm 
post absorption. The new peaks formed are predicted 
to originate from PCM molecules (Chanda et al., 2015; 
Jyothirmayee et al., 2015).

3.1.4  X‑Ray Diffraction (XRD) Analysis

The process of chemical activation and carbonization 
employed in the production of PPAC induces signifi-
cant alterations in the substance’s molecular, crystal-
line, and biomass. For this reason, XRD is one of the 
commonly used methods to determine the characteri-
zation features of this changing structure. Accordingly, 

Fig. 1  SEM (5000 ×) images of PPAC before (A) and after adsorption (B), FTIR spectra of the PPAC (C), and the X-ray diffraction 
pattern of PPAC (D)
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the crystal structure of PPAC was analyzed by XRD 
(Rigaku, Miniflex 600). The XRD chart is presented 
in Fig. 1D. As can be seen from the figure, amorphous 
structures were obtained for the synthesized materi-
als. In particular, the various small-sized peaks seen 
in the figure are due to the mineral remaining due to 
the activation process with KOH used in AC produc-
tion (Al-Qodah & Shawabkah, 2009). Also, the peaks 
at about 2θ = 23° and 43.8° can be attributed to the 
planes of hexagonal graphite (002 and 101). Further-
more, the increase in the density of low-angle scattering 
peaks confirms the high micropore density in the mate-
rial (Qian et  al., 2013). This increases the adsorption 
capacity of PPAC. On the other hand, the peaks seen 
at 2θ = 25° and 43° are considered crystal structures in 
PPAC (Omri et al., 2013).

3.2  Central Composite Design (CCD)

3.2.1  Model Fitting and Statistical Evaluation

The experimental design created with the help of the 
model and the results of the experiments performed 
according to this design are presented in Table  S4. 
Concomitantly, the ANOVA analyses of the experi-
ments performed as a result of the RSM design are 
exhaustively detailed in Table 2, and the model sum-
mary is presented in Table 3. Furthermore, the graph 
obtained from the values estimated in the regression 
model against the results obtained in the experimental 
studies is presented in Fig. S2.

As it is known, the regression equation (R2) shows 
the agreement between the data obtained from the 

Table 2  ANOVA (Analysis of Variance) models for PPAC of PCM

Source DF Adj SS Adj MS F-value P-value

Model 20 51518.9 2575.9 9.86 0.000
  Linear 5 32563.9 6512.8 24.93 0.000
  Time (min) 1 17033.5 17033.5 65.19 0.000
  Initial PCM conc. (mg/L) 1 1551.2 1551.2 5.94 0.022
  AC amount (g) 1 12571.1 12571.1 48.11 0.000
  Temperature (°C) 1 25.8 25.8 0.10 0.756
  pH 1 1382.3 1382.3 5.29 0.030
  Square 5 14875.5 2975.1 11.39 0.000
  Time (min)*Time (min) 1 12971.1 12971.1 49.65 0.000
  Initial PCM cont. (mg/L)*Initial PCM cont. (mg/L) 1 93.9 93.9 0.36 0.554
  AC amount (g)*AC amount (g) 1 3239.5 3239.5 12.40 0.002
  Temperature (°C)*Temperature (°C) 1 234.3 234.3 0.90 0.353
  pH*pH 1 1247.0 1247.0 4.77 0.039
  2-Way Interaction 10 4079.5 407.9 1.56 0.176
  Time (min)*Initial PCM cont. (mg/L) 1 1.4 1.4 0.01 0.942
  Time (min)*AC amount (g) 1 1093.9 1093.9 4.19 0.051
  Time (min)*Temperature (°C) 1 7.6 7.6 0.03 0.866
  Time (min)*pH 1 1408.2 1408.2 5.39 0.029
  Initial PCM cont. (mg/L)*AC amount (g) 1 13.2 13.2 0.05 0.824
  Initial PCM cont. (mg/L)*Temperature (°C) 1 152.6 152.6 0.58 0.452
  Initial PCM cont. (mg/L)*pH 1 47.5 47.5 0.18 0.674
  AC amount (g)*Temperature (°C) 1 810.3 810.3 3.10 0.090
  AC amount (g)*pH 1 10.5 10.5 0.04 0.843
  Temperature (°C)*pH 1 534.3 534.3 2.05 0.165
  Error 25 6531.9 261.3
  Lack-of-Fit 20 6478.3 323.9 30.23 0.001
  Pure Error 5 53.6 10.7
  Total 45 58050.8
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experimental results. Moreover, the compatibility of 
the estimated values with the experimental studies is 
also essential in terms of the suitability of the study. 
Accordingly, the R2 value of our study was found to be 
88.75%, while the consistency of the values obtained 
from the experimental studies was 92.5%. In parallel, 
the model’s F-value was determined as 9.86. In the lit-
erature, chromium (VI) removal with AC was found to 
be 96.59%, while the F-value was calculated as 31.52 
(Anupam et al., 2011). In another study, in which AC 
and COD and color removal from bananas were made, 
R2 values were found to be 83.94–93.23%, while F-val-
ues were reported as 6.67–22.74%. When the R2 value 
and F-values, in which the model fit is proven, are 
examined, the results obtained in our study are pretty 
reasonable compared to the model estimation results.

In adsorption studies, T- and P-values, one of the 
most basic indicators, should be examined to determine 
the net relationship between the input parameters and the 
response parameter. The + or − sign in the parameters’ 
reputation indicates a positive (synergistic) or negative 
(antagonistic) effect. Here, especially if the P-value is 
less than 0.005, the relationship between the response 
parameter and the input parameter is considered high 
(Dolatabadi & Ahmadzadeh, 2019). In our study, the 
most critical parameters affecting the PCM removal effi-
ciency were “time” and “AC amount.” At the same time, 
the “initial PCM concentration” and “pH” parameters 
also affected significantly, but it was seen that the effect 
of temperature was lower than the other parameters.

It is seen that the Adj-R2 value (88.75%) is lower 
than the actual R2 value (79.75%) throughout the 
study. Considering the number of terms in the sam-
ple and the model size, this situation can be consid-
ered normal (Box & Behnken, 1960). Also, the val-
ues showing the differences between the observed 
values and the predicted values in our study, namely 

Fig. 2  Residue values plots for PPAC, a normalized percentage vs. residual values, b fixed percentage vs. residual value, c residual 
vs. frequency, d residual vs. observation pattern

Table 3  Model summary for PCM removal

S R-sq R-sq(adj)

16.16 88.75% 79.75%
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“residual values,” are calculated and presented in 
Fig. 2.

Residue/residual values can be defined as numbers 
that cannot be expressed in the model. Even the dis-
tribution of these values is expected to be within nor-
mal limits. That is, the points in the normal probabil-
ity graph are expected to be as close to a straight line 
as possible. Some deviations together may not cause 
significant variability in results. Again, when the 
histogram graph is viewed as left and right accord-
ing to the average value, there are expected to be no 
contradictions and most of it will be close to zero 
(Danmaliki et al., 2017). Therefore, no discrepancy is 
observed in our study’s residual data distribution.

3.2.2  Modeling of the Adsorption Process

The empirical model equation used to reach the 
estimated values is as follows:

PCM% = − 100 + 16.42A − 0.116B + 0.1C

+ 3.03D + 17.05E − 0.6854A ∗ A

− 0.000098B ∗ B − 21.35C ∗ C

− 0.0518D ∗ D − 0.478E ∗ E − 0.00044A

∗ B + 2.32A&C − 0.018A ∗ D

− 0.500A ∗ E + 0.0105B ∗ C

+ 0.00338B&D − 0.00378B ∗ E

+ 1.498C ∗ D + 0.34C ∗ E − 0.231D

∗ E

Here, A is time (min), B is Initial PCM concen-
tration (mg/L), C is amount of AC (g), D is tem-
perature (°C), and E is pH. The relationship table 
between the mentioned inputs and the response 
variable is shown in Table S5.

The Pareto chart showing the standardized 
effects of the inputs and the response variable is 
presented in Fig. 3.

Again, similar to the ANOVA analysis, as seen 
from the Pareto charts, the most critical parameter 
effective on PCM removal is “time.” This is fol-
lowed by “PPAC amount,” “initial PCM concentra-
tion,” and “pH.” On the other hand, the effect of 
the “temperature” parameter is lower than the oth-
ers. Considering these parameters’ quadratic and 
cross effects, the time parameter stands out, but the 
amount of PPAC seems to be quite effective on the 
PCM removal efficiency.

3.2.3  Effect of Key Factors as Surface Plots 
and Counterplot

Figure 4 shows response surface plots and contour plots 
of PCM removal efficiencies versus time-dependent var-
iability of initial PCM concentration, AC amount, pH, 
and temperature. In particular Fig. 4a, it can be observed 
that the PCM removal efficiency increases with increas-
ing reaction time when pH 7 values are kept constant at 
35 °C in the presence of 1.05 g AC. Again, when the 
contour graph in Fig. 4b part of this graph is examined, 
the increase in the initial PCM concentration with the 
reaction time shows that the efficiency increases again.

Fig. 3  Pareto charts for 
PCM removal by PPAC
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3.3  Adsorptive Removal of PCM

3.3.1  Adsorption Kinetics

The phenomenon of adsorption is intrinsically inter-
twined with the process of adsorbate molecules 
within a solution binding onto the surface of the 
adsorbent. While this event occurs on the surface of 
the adsorbent, it will begin to occur in the meso and 
micropores later. The kinetic models evaluated within 
the scope of the study are presented in Fig. 5, and the 
summary of the numerical values obtained from these 
models is presented in Table 4. In addition, the graph 
created for each isotherm is Fig.  5 presented in S3. 
When Fig.  5 and Table  4 were examined together, 
it was seen that the adsorption reached equilibrium 
within 20 min. It was observed that the kinetic mod-
els given in Fig. 5 gave similar results. In such cases, 
a specific adsorption behavior cannot be explained.

The graphical representation of “liquid film dif-
fusion” implies a shift in the adsorption process 
towards the solid surface. The rate of an adsorp-
tion event can be controlled by external, internal, 
and both types of diffusion (Karthikeyan et  al., 
2010). Three-step adsorption between PCM ions 
and the surface of PPAC (Gupta et  al., 2003; 
Park, 1975; Weber and Morris, 1963) may have 

occurred. The first is that the PCM ions form a 
film on the surface of the PPAC. In the progres-
sive stage, it is the movement of PPAC towards its 
pores. Moreover, finally, it is the adsorption action 
that PCM ions form on the inner surface of PPAC. 
A discerning examination of the R2 values identi-
fies the “Pseudo second-order” kinetic model as 
the frontrunner. When the literature is examined, 
it has been stated that the adsorption kinetics are 
suitable for the “Pseudo second-order” model, as 
in many adsorbent materials, in case the adsorp-
tion is in equilibrium and the active site of the 
absorbent material is high (Guo & Wang, 2019; 
Wang and Guo, 2020). This kinetic model is used 
to predict the behavior of the entire adsorption 

Fig. 4  The response surface plots (a) and contour plots (b) of 
the PCM removal efficiency (%) as the function of time (min) 
vs. initial PCM conc. (mg/L), AC amount (g), pH, and temper-
ature (°C)

◂

Fig. 5  Comparison of evaluated kinetic models

Table 4  Summary of data from the kinetic models evaluated

R2 coefficient of determination, SSE sum of squares errors, SAE sum of absolute errors, ARE average relative errors; HYBRID hybrid 
fractional error function, MPSD Marquardt’s percent standard deviation, X2 non-linear chi-square test.

Kinetic 
models

Pseudo first-
order

Pseudo 
second-order

Battacharya 
and Vencho-
bacher

Elovich Intra-
particle 
diffusion

Liquid film 
diffusion

Bangham Modified 
intra-particle 
diffusion

Parameters k1 = 0.052 k2 = 3.826 kb =  − 0.046 β = 46.103 ki = 0.018 kfd = 0.037 m = 2.673 a = 0.374
qe = 0.108 α = 0.107 a = 0.024 kr = 0.035 kid = 0.223

R2 0.957 0.997 0.957 0.966 0.879 0.974 0.881 0.881
SSE 0.001 0.000 0.012 0.000 0.000 0.003 0.001 0.000
SAE 0.066 0.035 0.258 0.022 0.043 0.137 0.071 0.044
ARE 16.09 4.67 55.31 6.61 12.72 28.28 10.84 10.84
HYBRID 22.519 0.147 77.432 2.268 5.413 21.814 1.325 1.325
MPSD 0.985 0.937 0.997 0.963 0.971 0.985 0.958 0.958
X2 0.019 0.002 0.164 0.003 0.010 0.045 0.007 0.007
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event. This means that the adsorption rate depends 
on the adsorbent’s adsorption capacity (Sahoo & 
Prelot, 2020). This means that the adsorption rate 
is dependent on the PPAC adsorption capacity, not 
the PCM concentration.

3.3.2  Adsorption Isotherms

Graphical representations of adsorption isotherm 
models are often used to elucidate the relation-
ship between the adsorbate and adsorbent in linear 
fashion, aiding in the distinction between homoge-
neous and heterogeneous coating-type adsorption 
(Foo & Hameed, 2010). The Langmuir Isotherm 
is the situation where maximum adsorption is in 
a single layer saturated on the adsorbent surface 
(Agyei et al., 2000). Essentially, it is based on the 
assumption that there is no chemical interaction 
between the PCM molecules and the PPAC surface 
and that the PCM molecules adhere as a single 
layer on the PPAC surface. The Freundlich iso-
therm, on the other hand, offers an approach that 
tries to explain a multilayer heterogeneous adsorp-
tion (Baup et  al., 2000). With this model, PCM 
molecules are envisioned as attaching in more 
than one layer to certain regions of the PPAC sur-
face, accounting for its heterogeneous nature. The 
Redlich–Peterson (R–P) isotherm has been devel-
oped to explain homogeneous and heterogeneous 
systems. This isotherm is a method that includes 
the Langmuir and Freundlich isotherms (Foo & 
Hameed, 2010). Among the investigated isotherm 
models, the Redlich–Peterson (R–P) isotherm was 

the most suitable model for PCM removal with the 
help of PPAC. The summary of the calculations 
for the isotherm models calculated in the study 
is presented in Table 5, and the graph created for 
each isotherm is presented in Fig. 6.

3.4  The General Assessment of Removal Efficiencies

Since PCM removal is not performed with AC 
obtained from PP in the literature, different types 
of pollutants removed with this AC and stud-
ies that are not produced from PP but have PCM 
removal are compiled and presented in Table  6. 
In previous studies, it was reported that chemical 
adsorption occurred in carboxylic groups in which 
AC and PCM removal were performed, obtained 
from Jatoba fruits and produced at 500 °C and 
activated with KOH. The removal efficiency was 
reached between 113.69 and 356.22 mg/g (Spes-
sato et  al., 2019). Similarly, in an investigation 
involving wastewater treatment plant sludge and 
commercial ACs, efficient removal of paracetamol 
was observed through adsorption, with a removal 
efficiency of 212.26 mg/g. The adsorption process 
was linked to hydrogen bond interactions (Lladó 
et  al., 2015). Furthermore, it has been reported 
that AC produced from PP at 500 °C has a surface 

Table 5  Summary of data from the evaluated isotherm models

The explanations of the abbreviations are as in Table 6.

Isotherms Freundlich Langmuir Temkin Halsey Dubinin–
Radushkevich

Harkins–Jura Redlich–Peterson

Parameters kF = 0.119 kL = 0.089 BT = 149.71 nH =  − 10.41 kD = 1.22 AHJ = 0.062 α = 0.914
1/n = 0.096 RL = 0.981 kT = 1023.08 kH = 0 qs = 0.197 BHJ = 3,892 aR = 6.974

qmax = 0.214 E = 0.641 kR = 0.878
R2 0.965 0.996 0.950 0.965 0.901 0.986 0.999
SSE 0.000 0.001 0.000 0.156 0.000 0.107 0.000
SAE 0.027 0.031 0.028 0.788 0.029 0.643 0.029
ARE 9.8 12.9 10.50 297.40 10.40 296.60 10.4
HYBRID 10.90 25.80 13.39 594.87 11.62 889.73 23.24
MPSD 0.978 0.987 0.980 1.018 0.979 1.022 0.986
X2 0.004 0.009 0.006 2.289 0.005 1.282 0.005

Fig. 6  Adsorption isotherms for the removal of PCM, black 
line A Freundlich, B Langmuir, C Temkin, D Halsey, E 
Dubinin–Radushkevich, F Harkin–Jura, G Redlich–Peterson. 
The black dots represent the experimental run results, and the 
red line represents the linearized isotherms

◂
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area of 235  m2/g, and it has been reported that 
100 mg of Pyridine removal per gram adsor-
bent is achieved with this AC (Mahdieh Namvar-
Mahboub et al., 2020). In a separate study, it was 
reported that the product produced at 400–600 °C 
was activated with  H3PO4 to reach a surface area 
of 686  m2/g, and the maximum Methylene blue 
removal efficiency of this AC was 169 mg/g (Sen-
thilkumar et  al., 2016). Moreover, Zarroug et  al. 
produced AC with a large surface area from pome-
granate peels by microwave method and removed 
paracetamol from pharmaceutical wastes (Zarroug 
et al., 2022). In our study, AC was produced at 800 
°C and activated with KOH, yielding a surface 
area of 692.07  m2/g. PCM removal was performed 
with this AC, resulting in 214 mg PCM removal 
per gram adsorbent.

3.5  Scale-up Potential and Future Perspectives of 
PPAC

The innovative approaches have become very 
popular today, both to eliminate the environmen-
tal risks of biodegradable products and to trans-
form these products from waste into a product 
that will contribute to the economy. Among these, 
AC production has become quite widespread both 
scientifically and technologically in terms of ease 
of use and low operating cost. Many bioproducts 
such as corn, wheat, grass, coconut, apricot, olive 
seed, palm, banana rice, and wood have been used 
in AC production (Yahya et al., 2015). Laboratory-
scale AC production involves the use of different 
chemicals  (ZnCl2, KOH,  H3PO4, and  K2CO3) and 
a variety of high-temperature furnaces or reactors 
such as microwave ovens or hydrothermal reac-
tors (Ioannidou & Zabaniotou, 2007). By utilizing 
waste plant products like pomegranate peel, which 
are abundant in regions like the Mediterranean, not 
only are waste materials reduced, but they are also 
transformed into economically viable products. In 
the removal studies with the obtained AC, many 
organic and inorganic pollutants are removed from 
domestic and complex industrial wastes as well as 
micro and macro pollutants in drinking and util-
ity water (De Gisi et al., 2016; Fu & Wang, 2011). 
There are various studies available to scale-up lab-
oratory-scale studies and adapt them to real scale. 
It varies according to the nature of the chemical Ta
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used in these processes and the specification of 
the applied process, and the surface areas of the 
ACs produced accordingly vary accordingly. 
In this context, the price of ACs obtained from 
waste plant products varies in the range of about 
0.15–41.92 USD/kg, but it can be stated that it var-
ies between 1 and 2 USD/kg on average (Dadebo 
et al., 2023a, 2023b; Dadebo et al., 2023a, 2023b; 
Jaria et al., 2022). Considering the specific pollut-
ants and their concentrations, the cost of pollutant 
removal per unit of wastewater can vary widely. 
When the Global AC Market in the world is esti-
mated to be 14.07 billion US in 2027, AC produc-
tion from waste will increase its popularity in the 
coming years (Zein & Antony, 2022).

4  Conclusions

In this study, the PCM removal efficiency of AC pro-
duced from waste PP was investigated. The results 
are summarized below:

– In the structural and other characterization analy-
ses of PPAC, it was determined that it has an 
amorphous structure and a surface area of 692.07 
 m2/g.

– When the post-adsorption SEM images are 
examined, there are residues of PCM molecules 
in some places. In addition, the appearance of 
different peak intensities in the FTIR analysis 
post-adsorption analysis proves there will be 
PCM molecules on the PPAC surface.

– It was measured that the adsorption process reached 
equilibrium in 20 min, and the amount of pollutant 
removed per unit adsorbent was 214 mg/g.

– Pseudo Second-Order (R2:0.997) and Redlich–
Peterson (R2:0.999) were found to be the most 
suitable models, respectively, according to 
kinetic and isotherm determinations. Thus, it 
can be assumed that heterogeneous and physical 
adsorption of PCM molecules on PPAC in the 
form of diffusion takes place.

– In the Pareto Chart prepared with the data obtained 
from the experiments performed as a result of the 
RSM design, it was seen that the three most impor-
tant factors were time, initial PCM concentration, 
and amount of activated carbon.

– Considering the relationship between these 
three parameters, it was observed that the high-
est removal efficiency was reached between 10 
and 14 min when the initial PCM concentration 
was 250–300 mg/L, and the PPAC amount was 
between 1.5 and 2 g. When the results of RSM 
modeling and experimental studies are com-
pared, it is seen that the results overlap with each 
other.

According to these results, it was observed that 
PPAC obtained from waste PP is a potential adsor-
bent material in the removal of high-concentration 
pharmaceutical wastes (PCM).

5  Data Availability

The datasets generated during and/or analyzed during 
the current study are available from the correspond-
ing author on reasonable request.
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