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Abstract: Paracetamol (PCT) and chloramphenicol (CPL) can have unfavorable impacts on human
health, as well as on natural ecosystems. These substances contribute to the aquatic environment’s
contamination and disturb the performance of municipal wastewater treatment systems, causing
ecosystem disruption and microbial resistance. In this study, activated carbon produced from sawdust
(ACs) was synthesized utilizing the chemical activation process for the removal of both PCT and CPL
compounds from an aqueous solution. ACs has a primarily microporous structure with a significant
specific surface area of 303-1298 m? /g, total pore volume of 0.462 cm?/g and bimodal distribution of
pores of 0.73-1.7 nm. The removal efficiencies for PCT and CPL with the low-cost activated carbon,
determined at the optimum dose (750 mg/L for PCT and 450 mg/L for CPL), were significantly high
at 85% and 98%, respectively. The adsorption kinetics for both pharmaceuticals exhibited a quick
initial decline. For PCT and CPL adsorption, the equilibrium was attained after just 20 and 90 min,
respectively. The Langmuir isotherm model and the pseudo-second-order kinetics model offered the
best fits for the adsorption of both compounds. Additionally, the central composite design (CCD) and
Box-Behnken design (BBD) were used to optimize the experimental adsorption conditions using a
response surface methodology (RSM). On the basis of the findings, it is evident that activated carbon
made from sawdust may be used as a new, effective alternative adsorbent for removing PCT and

CPL in aqueous environments.

Keywords: paracetamol; chloramphenicol; activated carbon; adsorption; response surface; methodology;
experimental design

1. Introduction

In recent years, global attention has been paid to environmental challenges, such as
climate change, soil contamination and air and water pollution. As population health and
water pollution concerns evolve, more work is needed to remove contaminants from water
sources [1,2].

Pharmaceutical compounds are considered some of the most important emerging
contaminants of water resources [3]. Various examples of such compounds have been
detected in wastewater [4,5], and many studies have confirmed that these compounds
can have unfavorable impacts on human health, as well as on natural ecosystems [3,6].
Among pharmaceuticals, antibiotics can be classified as a special class. They have received

Sustainability 2023, 15, 2516. https:/ /doi.org/10.3390/su15032516

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15032516
https://doi.org/10.3390/su15032516
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-2441-8375
https://orcid.org/0000-0002-0806-4549
https://orcid.org/0000-0001-9622-0267
https://doi.org/10.3390/su15032516
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15032516?type=check_update&version=1

Sustainability 2023, 15, 2516

2 of 24

particular interest because they are biologically active and, albeit at modest concentrations,
induce bacterial resistance with constant exposure [7]. Antibiotic contamination has been
shown to degrade water quality in river systems, irrigation canals, lakes and reservoirs in
several studies [8]. One such antibiotic pollutant is chloramphenicol [9], which is a bacterial
antibiotic with a broad range of activity. As a result, chloramphenicol pollutes aquatic
resources, hospital effluents and sewage treatment facilities, causing ecosystem disruption
and microbial resistance [10,11]. In addition, paracetamol (acetaminophen) is among the
pharmaceutical compounds that are most frequently prescribed and used globally to treat
fever, pain and inflammation for adults and children [12]. Due to its special physicochemical
features and interaction model with aquatic species, PCT has been consistently described
as the most important contaminant in the aquatic environment [13,14]. As a result, before
discharging wastewater into the environment, it is critical to remove antibiotic substances
through specific treatments.

In the literature [15], several technologies for wastewater treatment have been reported,
such as adsorption, the membrane procedure, coagulation—flocculation and advanced oxi-
dation methods. The adsorption process is of tremendous interest for water and wastewater
treatment because of its removal effectiveness, ease of installation, operational simplicity
and low cost [15,16]. In one study, different adsorbents [15] were used to eliminate several
pharmaceutical substances from an aqueous medium. Due to its enormous surface area and
high level of porosity, activated carbon was considered suitable for use in the treatment of
wastewater and air pollution [17,18]. Lach et al. [19] investigated chloramphenicol removal
using activated carbon with a high specific surface area and pore volume (1692 m?/g,
2.103 cm®/g). They found a good adsorption capacity for chloramphenicol of 214 mg/g.
Another group of researchers [20] are concentrating their efforts on producing low-cost acti-
vated carbon based on natural and widely available materials, such as biomass, agricultural
wastes and effluent sludge. Streit et al. [21] used two types of activated carbon prepared
from effluent treatment plant sludge (BSAC and ABSAC) to investigate its performance
in eliminating three pharmaceutical substances (ibuprofen, ketoprofen and paracetamol).
For ibuprofen, ketoprofen and paracetamol, the highest adsorption capacities with the
ABSAC were found to be equal to 105, 57 and 145 mg/g, respectively. Furthermore, the
existence and availability of raw carbon materials, as well as the seasonal variations in
the raw material quality, should be taken into account when producing activated carbon.
Additionally, the activation procedures and chemical activators selected are very important
for the production of activated carbon with good quality and higher efficiency for the
elimination of various contaminants. Activated carbon can be produced in two ways de-
pending on the nature of the activation procedure: chemically or physically [22]. In physical
activation [22,23], the raw materials start by undergoing a pyrolysis step (carbonization) in
a neutral atmosphere and, after that, the process continues with activation in atmospheric
oxidizing gases, such as carbon dioxide, a mixture of carbon dioxide and nitrogen or a
blend of air and steam, in the temperature range from 800 to 1100 °C. Yahya et al. [24]
found that this method is environmentally friendly because it is chemical-free, and it can
generate activated carbon with a porous structure and good physical performance. How-
ever, the fundamental drawbacks of this method are that the resultant activated carbon has
a limited adsorption capacity and extensive activation time and its production involves
significant energy consumption. In the chemical activation method [22], the raw materials
are reacted with chemical activators at temperatures ranging between 400 and 900 °C.
Many chemical activators are used, such as zinc chloride, potassium hydroxide, potassium
carbonate, sodium hydroxide and phosphoric acid. The nature of the chemical activators
plays an important role on the amount and quality of activated carbon produced. Yorgun
et al. [25] used H3PO, as a chemical activator to produce activated carbon from wood.
They found that the phosphoric acid functioned as a moderator that enhanced porosity
while also permitting the growth of acidic surface functional groups. They confirmed that
carbon produced from H3POy activation had a larger surface area and total pore volume
than carbon activated with ZnCl, and KOH. For batch-mode adsorption, the approach of
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changing just one parameter at a time is the general strategy used to examine the factors
impacting the adsorption process. This traditional technique can only be used if each
factor has an influence on its own, and it does not explain how different parameters might
increase or neutralize each other [20]. To achieve this, experimental conditions must be
optimized, which not only saves materials and time but also helps determine the opti-
mal increase in the adsorption performance. Recently, the response surface methodology
(RSM) [26] has received a great deal of interest, not only because it reduces the number of
trials required and allows researchers to analyze all elements at once but also because it
allows researchers to investigate the interactions between variables. The central composite
design (CCD) is one of the most famous RSM designs. With this design, all of the quadratic
regression model’s coefficients, as well as the relationships between various components,
are taken into account. As a result, the best values for each variable, as well as their relative
importance, can be easily determined [27,28]. The Box-Behnken design (BBD)-based RSM
is commonly employed due to its appealing benefits, including the reduced number of
trials required in comparison to other models, such as the Doehlert design or full-factorial
design [29].

In the present study, sawdust was chosen as the raw material to synthesize activated
carbon due to its availability and abundance. The chemical activation procedure was
applied to produce the activated carbon. The objective was to characterize and study the
effects of the experimental conditions on paracetamol (PCT) and chloramphenicol (CPL)
removal from an aqueous medium. Thus, the central composite design (CCD) and the
Box-Behnken design (BBD) were implemented to optimize the experimental adsorption
settings using a response surface methodology (RSM) model.

2. Materials and Methods
2.1. Materials and Chemicals

The sawdust was collected from a wood factory that generated sawdust as trash.
The pharmaceutical compounds studied were paracetamol (acetaminophen, >99%) and
chloramphenicol (>98%). Both drugs (activated substances) were provided by Sigma-
Aldrich. Phosphoric acid (H3PO4, 85%) was utilized as a chemical activator. NaOH
(0.2M) and HCl (0.2M) were employed to alter the pH. The principal characteristics of the
chloramphenicol and paracetamol are shown in Table 1.

Table 1. Various characteristics of the drugs used.

. . Water
Phgﬂg:f:;‘:lcal ?;i;nilclzl Wel\i/[(;:te :u/l;i)l) (};n;:; pKa Solubility at Structural Formula
ghtis 25°C (g /1)
o :/OH NO,
Chloramphenicol i
(CPPL) Cy1H12CLN,O5 323.13 279 552 25 CI\AN ‘
H
Cl OH
H
No CHy
Paracetamol
(PCT) CgHygNO, 151.16 245 9.38 13.85 \[(

HO

2.2. Activated Carbon Preparation

The origin of the raw material for the activated carbon was sawdust collected from a
wood factory in the form of particles with an average size of less than 1 mm. Activated
carbon was synthesized using a previously described protocol [30,31] with some modifica-
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tions. Briefly, the raw sawdust was washed with distilled water and dried at 105 °C for 6 h.
Then, an 85% concentrated solution of phosphoric acid was used to soak the pretreated
sawdust at a weight ratio of 1/4. After 30 h, the sawdust-H3;PO4 was dried for 12 h at
105 °C and then carbonized at 700 °C for 1.2 h in N, media with a heating rate of 5 °C/min.
The treated sawdust was washed with diluted NaOH to eliminate excess phosphoric acid
and then with distilled water many times. Finally, the resulting activated carbon based on
sawdust (ACs) was gently ground and passed through a 100 um mesh.

2.3. Characterization

The samples were characterized using Fourier-transform infrared spectroscopy (FTIR)
with a Bruker TENSOR 27 (Bruker Optics Ltd., Coventry, UK) to investigate the functional
groups on their surfaces. Measurements of the X-ray diffraction of the ACg were performed
with a powder diffractometer (Bruker D8 Advance diffractometer) using Cu-Ka radiation
(A=1.54A) scanning from 4° to 80° in 20 scans. Thermogravimetric analysis (TGA) was
carried out with a ACs size below 100 um and mass of 20 mg. The tests were carried out
using a thermogravimetric analyzer (SetaramSetsys Evolution 16 apparatus) at a heating
rate of 10 °C/min under an argon atmosphere, and the ACs was heated from 20 to 1000 °C.
Scanning electron microscopy (SEM, Zeiss MERLIN) was also carried out to investigate the
morphologies of the samples. An ASAP 2020 instrument (Micromeritics, France, S.A.R.L)
and the Brunauer-Emmett-Teller (BET) method were used to determine the total pore
volume, pore diameter and the specific surface area, while a zetameter (Zeta Sizer Nano
series 25) was used to determine the point of zero charge (pHpzc). In order to determine
the interactions with the ACs, the adsorption efficiency of the PCT and CPL onto ACs was
examined using a UV-Vis spectrophotometer (UV 7205 JENWAY spectrophotometer). The
pharmaceutical molecule concentrations were analyzed at a wavelength of 245 nm for PCT
and 279 nm for CPL. The pH values were determined using a pH meter (SevenCompact
pH meter 5220).

2.4. Adsorption Experiments

ACs adsorbents were applied for PCT and CPL adsorption. To achieve this, 100 mg/L
PCT and CPL standard solutions were produced weekly in distilled water. The standard
solutions were diluted with distilled water and used in the experiments at the necessary
concentrations. The tests were carried out by adding a certain amount of ACs to 100 mL
of the pharmaceutical solution (PCT or CPL) agitated at 450 rpm using a magnetic stirrer
(WiseStir HS-100D, Witeg). Various conditions were used in the experiments, including
variations in the adsorbent dosage, contact time, pH, pharmaceutical solution initial con-
centration and temperature. The adsorbent dose was varied from 100 mg/L to 900 mg/L
and the contact time from 5 min to 150 min, and the pH values were altered within the
range from 2.5 to 12.5 using HCI (37%) and NaOH (0.2M) solutions. PCT and CPL initial
concentrations were varied from 10 mg/L to 100mg/L. Finally, the temperature was ad-
justed within the range from 293 to 313 K to investigate its effect on the adsorption process.
Following each test, the ACs adsorbent was separated from the PCT and CPL solutions
using a 0.45 pm syringe filter. The residual PCT and CPL concentrations were measured
using a UV-visible spectrophotometer at wavelengths of 245 nm for PCT and 279 nm for
CPL. The pharmaceutical removal efficiency was determined using Equation (1):

R(%) = C-C) 100 (1)
G
The adsorption capacity for the pharmaceuticals compounds by ACs was determined
with Equation (2):
(G -C)
=—=xV 2
ge = == x @
where C; and C, are the initial and equilibrium pharmaceutical concentrations (mg/L), V is

the volume of the pharmaceutical solution (L) and m is the weight of the adsorbent (g).
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2.5. Experimental Design

Even in the presence of complicated interactions, the RSM can be used for the determi-
nation and assessment of the relative relevance of parameters through a mix of mathemat-
ical and statistical approaches followed by optimum region determination. Modeling is
undertaken by adapting first- or second-order polynomial equations to the experimental
responses collected through the experimental design and then analyzing the model us-
ing a variance analysis (ANOVA) [32] to identify the variables” substantial impacts and
determine the model robustness. The verified model can be displayed as a 3D graph to
provide a surface response that correlates with a response function, which is used to find
the ideal operating parameters for a process (here using Expert Design V12). It is important
to analyze and determine the most significant variables using an appropriate model with
a limited number of runs. Thus, a response surface methodology (RSM) based on the
central composite design (CCD) [29] was used to modulate the experimental conditions of
the process of the adsorption of chloramphenicol by the activated carbon. The variables
studied were adsorbent dosage (A1) and chloramphenicol concentration (Aj;). The total
number of experiments required (N¢) was calculated using Equation (3):

N =2 + 2k + Cp (3)

where k is the number of factors, 2 represents the cubic runs, 2k represents the axial runs
and Cp is the number of repeats in the center point’s runs.

Table 2 presents independent factors and their low (—1), central (0) and high (1) levels,
which correspond to the lowest, middle, and highest values, respectively.

Table 2. Experimental factors and levels in the CCD.

Factor Levels

Low (—1) Central (0) High (1)
(A;) Adsorbent Dosage (mg/L) 100 450 800
(A;) CPL Concentration (mg/L) 10 55 100
Runs Aq A, Removal (%)

1 800 100 98

2 450 100 63

3 800 10 98

4 450 55 93

5 100 100 2.6

6 450 55 89

7 450 10 96

8 100 55 26

9 800 55 99

10 450 55 93

11 100 10 82.3

The CCD model is described by Equation (4):
Y(%) =bo+ Y biAi+Y Y b AiA + Y Y biAR i #£ 4)

where Y is the predicted response (removal percentage) and A; represents the independent
variables (CPL concentration and adsorbent dosage). The parameter by is the model
constant, b; is the linear coefficient, b;; represents the quadratic coefficients and b;; represents
the cross-product coefficients.

A RSM based on the Box—Behnken design (BBD) [29] was used to modulate the
experimental conditions of the process of adsorption of paracetamol by the activated
carbon. The variables studied were adsorbent dosage (X;), pH (X;) and paracetamol
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concentration (X3). The total number of experiments required (Np) was calculated using
Equation (5):
Np = Zk(k — 1) + CO (5)

where k is the number of variables and Cy is the number of center point repeats.
The BBD model is described by Equation (6):

Y(%) =bo+ Y biXi+ Y Y biXiX;j+ Y Y biXi% i # ] ©)

where Y is the predicted response (removal percentage) and X; represents the independent
variables (PCT concentration, pH and adsorbent dosage). The parameter by is the model
constant, b; is the linear coefficient, b;; represents the quadratic coefficients and b;; represents
the cross-product coefficients.

Table 3 presents the independent factors and their low (—1), central (0) and high
(1) levels, which correspond to the lowest, middle, and highest values, respectively, for
the BBD.

Table 3. Experimental factors and levels in the BBD.

Factor Levels

Low (—1) Central (0) High (1)

(X1) Adsorbent Dosage (mg/L) 100 500 900
(X3) pH 2.5 7.5 12.5

(X3) PCT Concentration (mg/L) b 10 55 100

Runs X1 Xz X3 Removal (%)

1 900 2.5 55 95

2 100 125 55 6.4
3 100 2.5 55 17.5

4 500 125 100 38.1
5 500 125 10 21.8
6 500 12.5 100 49.5
7 500 7.5 55 65.0
8 500 7.5 55 63.7
9 900 12.5 55 30.8
10 100 7.5 10 55.0
11 500 7.5 55 67.0
12 900 7.5 100 73.5
13 900 7.5 10 95.0

14 100 7.5 100 7.9
15 500 2.5 10 87.3

3. Results and Discussion
3.1. Characterization of ACs Adsorbent

The XRD pattern of the ACs is depicted in Figure 1a. The two large and wide peaks
located at approximately 24° and 43° reveal the amorphous nature of the prepared activated
carbon [33,34]. The thermal behavior of the ACs sample was analyzed and is shown in
Figure 1b. It can be observed that the TG curve contains two phases, and based on the ACs
DTG, 14% of the mass loss in the first phase (33 °C to 470 °C) could be ascribed to water
loss from the evacuation of moisture and water in the interstitials of the ACs [21,35]. For the
second phase (470 °C to 997 °C), there was a 55% decrease in mass due to the carbonaceous
matrix decomposing and the carbonaceous skeleton partially decomposing [21]. From 33 to
997 °C, the residual mass was determined to be 31%.
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Figure 1. (a) XRD spectrum; (b) TG and DTG curves of ACs; (c) FTIR spectra for sawdust and ACs
samples; (d) N; adsorption/desorption isotherms; (e) pore size distribution for ACs sample.

The FTIR spectra of sawdust and ACs were used to determine the functional groups.
As can be clearly seen in Figure 1, significant chemical changes were caused by the H3PO,
activation. The band situated at 3339 cm ™! (present only in the raw material) was essentially
credited to the vibration stretching of O-H in phenol and hydroxyl bunches, a distinctive
component of lignin [36]. The band situated at 2879 cm~! was present in both samples, but
with high intensity in the ACs. It was attributed to C-H stretching of methylene and methyl
groups [37]. The peaks situated at 1623 and 1729 cm ™! related to C=C and C=0O groups
disappeared in the ACs FTIR [38]. The elimination of the groups of carbonyl may have been
largely induced by the hydrolysis effect of H3POj,. The peaks between 1510 and 1250 cm ™!
were ascribed to C-H and O-H, respectively [39]. They were found in both samples, but
with high intensity for ACs, which can be explained by the oxygenated functions generated
by H3POjy [40]. These observations show that there were significant implications of the
chemical activation of the carbonaceous materials with phosphoric acid for the adsorption
performance. While the peak situated at 1096 cm ™! was related to asymmetric vibration
stretching of O-P-O [40], the peak that was altered from 1028 cm ! in sawdust to 961 cm ™!
in the ACs corresponded to a change from C-O, C=C and C-C-O stretching in the sawdust
sample to P-O stretching in the ACs [40].

The results of the identification of the pore characteristics of the ACs sample are
presented in Figure 1d,e, respectively. The material mostly had a mesoporous structure
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according to IUPAC definitions (Figure 1d; type IV isotherm) [41,42], with a significant
surface area and pore volume at 303-1298 m?/g and 0.462 cm®/g, respectively. The
structure of microporous carbon was confirmed by a clearly bimodal distribution of pores
of 0.73 and 1.7 nm (pore dimensions below 2 nm) [41]. Taking into account that the molecule
sizes of pharmaceutical substances (paracetamol, chloramphenicol, ketoprofen, etc.) are in
the order of magnitude of angstroms, it seems that the average pore size of the ACs was
adequate to allow internal mass transfer of these substances into the adsorbent [43,44].

3.2. Adsorption Study of Paracetamol and Chloramphenicol
3.2.1. Effects of the Amount of Adsorbent

The adsorbent dosage used is widely recognized to have a significant influence on
removal efficiency. A lower adsorbent dosage would provide greater benefits, such as
savings in material and cost-effectiveness. Thus, the determination of the optimal amount
of ACs showing maximum adsorption is a significant matter. Therefore, the effect of the
adsorbent amount on both pharmaceutical compounds (PCT and CPL) was studied, as
shown in Figure 2. It was found that increasing the ACs dosage led to the enhancement of
the percentage of removal for each pharmaceutical. The removal efficiencies for PCT and
CPL increased from 17% (at 100 mg/L) to 85% (at 750 mg/L) and from 37% (at 100 mg/L) to
98% (at 450 mg/L), respectively. This may be explained by the addition of more adsorbent
to the solution, which increased the number of available adsorption sites and improved the
ACs-PCT and ACs—CPL interaction probabilities, resulting in an increase in the removal
efficiency, as already reported by other researches [16,21]. The equilibrium adsorption
capacities (qe) were determined for the two ACs dosages of 450 mg/L (CPL) and 750 mg/L
(PCT) and found to be 88 mg/g and 45 mg/g, respectively. Beyond these ACs dosage
values, the removal percentage was almost unaffected. This behavior may be explained by
the agglomeration of the ACs particles [45]. Thus, the experimental results demonstrated
that the optimal ACs dosages were 750 mg/L and 450 mg/L for PCT and CPL, and these
values were applied in the following experiments. Previously, Cheng et al. [46] investigated
the adsorption of chloramphenicol by corn stover-based activated carbon. They found that
increasing the dosage of activated carbon from 2 to 20 g/L led to the enhancement of the
chloramphenicol removal effectiveness from 90% to 100%, and they confirmed that 8 g/L
was the optimal dosage.

—=—PCT
—e—CPL

100+ P

80+

o
J o)

20+

Removal (%)

— T ' T " T ' T ' T ‘' T ‘" T " T 1
0 100 200 300 400 500 600 700 800 900

Dose (mg/L)

Figure 2. Effects of adsorbent dosages of ACs on PCT and CPL removal. Ci =40 mg/L for PCT and
CPL; T =25°C; pH ="7.5; t = 150 min.
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3.2.2. Contact Time Effect

Contact time between the adsorbent and the adsorbed compound is a critical parameter
since it strongly affects the adsorption efficiency. This parameter is very important in the
design of an adsorption process and also determines the equilibrium time and the rate
of adsorption [47]. In addition, this parameter plays a great role in energy saving and
reductions of process costs. Therefore, the removal percentage for PCT and CPL was studied
between 5 and 150 min, as shown in Figure 3. The adsorption of both pharmaceuticals
increased quickly at the beginning of the process. After just 10 min, the ACs removed
more than 80% of the PCT and more than 90% of the CPL. The adsorption rate significantly
dropped after this period, and equilibrium was attained after 20 min (85%) and 90 min
(98%) for PCT and CPL. The quick diffusion of CPL and PCT into the ACs’ micropores
during the first stage might explain this outcome. The adsorption sites on the surface of the
ACs were then gradually occupied until equilibrium was attained [21,48]. Zhu et al. [49]
reported comparable behavior in the adsorption rates across activated carbon matrices
based on many precursors, such as chicken feathers, petroleum cokes, fallen leaves and
Enteromorpha prolifera. They revealed that chloramphenicol adsorption by the different
adsorbents was particularly fast during the first 5 min period and gradually increased
thereafter. Indeed, Nourmoradi et al. [45] described the same behavior for the paracetamol
and ibuprofen adsorption rate with acorn-based activated carbon. They found that the rate
of the adsorption was very rapid at the start of the procedure (during the first 30 min) and
then significantly dropped after this period, and the optimum adsorption was attained at
just 120 and 150 min for ibuprofen and paracetamol, respectively.

—u—PCT
—e CPL
100 P S S
[ A
80
2 604
©
>
o
£
O 40
12
20
0 -—¥F——F——— 17—
0 20 40 60 80 100 120 140 180
Time (min)

Figure 3. Effects of contact time on PCT and CPL removal. Ci = 40 mg/L for PCT and CPL; T =25 °C;
pH =7.5; ACs dosage = 750 mg/L for PCT and 450 mg/L for CPL.

These findings indicate that the activated carbon produced from sawdust had a very
high rate of adsorption for the removing of both pharmaceuticals.

3.2.3. Effect of pH Solution

The most significant factor influencing adsorption mechanisms is the pH solution
level. This factor may be related to the physicochemical characteristics and the ionization of
the adsorbate. The study of this factor was necessary for the investigation of the ACs—PCT
and ACs-CPL interactions. The PCT and CPL removal percentages were investigated in
the pH range between 2.5 and 12.5, as shown in Figure 4b. CPL removal was reduced
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negligibly from 99.8% (pH of 2.5) to 93% (pH of 12.5). Furthermore, it was found that the
removal of PCT changed from 89.5% to 84% when the pH changed from 2.5 to 9.4. However,
it strongly decreased from 84% to 31.5% when the solution pH changed from 9.4 to 12.5.
PCT and CPL are in their protonated forms (non-ionized) when the solution’s pH is below
pKa [45]. The pKa values for CPL and PCT were 5.52 and 9.38, respectively, as illustrated in
Table 1. Therefore, both substances were charged negatively when the pH of the solution
was superior to pKa. With the protonation form of CPL (pH < 5.52), some functional groups
of CPL, such as -OH and -NH-, interact with oxygen on the surface of ACs [50]. The CPL
molecule formed a hydrogen bond with ACs pores [48]. However, the deprotonated form
of CPL occurred when the solution’s pH value exceeded pKa (pH > 5.52). As a result, the
CPL-derived anions were repulsed from the negative surface of the ACs (Figure 4a) [51]. In
the case of the PCT removal, the same behavior was seen. In the solution pH range below
9.38, the PCT molecules interacted with the surface of the ACs through hydrogen bonding
interactions between the -OH and -NH groups in the PCT [52]. In the solution pH range
up to 9.38, the PCT was in the ionized form (negative form). The strong reduction in the
PCT removal rate can be explained by the electrostatic repulsion between the negative
surface of the ACs and the anions of the PCT [53].
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Figure 4. (a) Zeta potential of ACs; (b) effect of pH. T = 25 °C; ACs dosage = 450 mg/L for CPL and
750 mg/L for PCT; t = 90 min for CPL and 20 min for PCT.
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3.2.4. Effects of Initial Concentrations of PCT and CPL

Generally, the initial concentration is considered an important factor in adsorption
procedures, especially for the determination of the adsorption capacity [54]. The effect of the
injtial concentration of PCT and CPL (10-100 mg/L) on the effectiveness of the adsorption
of the ACs was investigated, and both removal percentages and adsorption capacities
were determined (Figure 5a,b). As can be seen, the PCT and CPL removal rates decreased
for initial concentrations between 10-100 mg/L from 89 to 64% and from 100 to 77.5%,
respectively. This decrease could be understood in terms of the ratio of the active sites in
the ACs and the pharmaceutical molecules, which is crucial at low concentrations to allow
the uptake of all substances [16]. In contrast to the removal percentages, the adsorption
capacity increased with greater PCT and CPL initial concentrations in the medium. It
increased strongly from 11 to 92 mg/g for PCT and from 22 to 172 mg/g for CPL. This
was line with the change in the gradient of concentration, where PCT and CPL molecules
showed a constant tendency to diffuse from the region of higher concentration (solution)
to the region of lower concentration (adsorbent ACs) until equilibrium was reached in
the system [55]. Zhao et al. [51] indicated that higher concentrations of CPL generated
a greater number of functional groupings, including C=0, -NO; and -OH, resulting in
increased interaction with the adsorbent’s active sites and, thus, enhancing adsorption
capacity. Nourmoradi et al. [45] found similar behavior for the adsorption of paracetamol
and ibuprofen. They explained this effect in terms of the acceleration of driving forces, such
as the van der Waals force, which takes precedence in the resistance against the transfer of
the mass of a drug to the active sites of an adsorbent. This study demonstrated that the
prepared sawdust-based activated carbon could be employed efficiently for PCT and CPL
removal. In addition, the PCT and CPL contents in this range were substantially higher
compared to the quantity of practical wastewater. In general, pharmaceutical compounds
are present in municipal wastewater at very low concentrations in the order of ng/L and
ug/L [15,56]. Therefore, the ACs developed in this work might be used in real applications.
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Figure 5. Effects of initial concentrations of (a) CPL (T = 25 °C; pH = 7.5; ACs dosage = 450 mg/L;
t =90 min) and (b) PCT (T = 25 °C; pH =7.5; ACs dosage = 750 mg/L; t = 20 min).

3.2.5. Adsorption Kinetics

Kinetics investigations are critical for study of adsorption processes because they con-
tribute to evaluating the rate and the mechanism of adsorption. The most frequent kinetic
models used are pseudo-first-order (PFO) and pseudo-second-order (PSO) models [57].
The pseudo-first-order kinetic model is given as follows (Equation (7)):

Ln(g, — gq¢) = Lnge — Kyt (7)
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where g; and g, are the quantities of PCT or CPL molecules adsorbed at ¢ (min) and
equilibrium (mg/g), respectively, and Kj is the rate constant (min—!). K; can be determined
from the curve Ln (g, — q;) vs. t.

The pseudo-second-order kinetic model is determined using Equation (8):

t 1 t

- (Kad) g ®
where K; (g/mg min) is the rate constant of adsorption and g is the equilibrium adsorption
capacity (mg/g). The parameters are determined using the plot of t/g; vs. ¢.

It is clear from Table 4 that the PSO kinetics correlated well with the uptake of PCT
and CPL by the ACs. This model has an ideal fit for the results of the experiment, with cor-
relation coefficients (R?) very close to unity (R? = 0.99) for both pharmaceutical compounds.
In addition, the equilibrium adsorption capacities calculated by the PSO model for PCT
and CPL were close to those achieved experimentally. ACs showed various mechanisms for
the adsorption of PCT and CPL, including adsorption onto the surface and diffusion into
the ACs pores. PCT and CPL molecules began to enter the ACs pores and were adsorbed
into the inner surface when active sites on the ACs surface reached saturation [58]. The ky
value demonstrated that the diffusion of PCT molecules through the pores of the ACs was
very rapid compared to the diffusion of CPL molecules (0.66 and 0.026 g/mg min for PCT
and CPL, respectively). This explains why the PCT adsorption equilibrium was attained
before that of CPL.

Table 4. Kinetic parameters for the PFO and PSO models.

Pseudo-First-Order Pseudo-Second-Order
ki (min~!) e (mg/g) R? k; (g/mgmin)  ge (mg/g) R?
PCT 0.2 49.38 0.81 0.66 50 0.99
CPL 0.047 111.7 0.93 0.026 85.7 0.99

3.2.6. Adsorption Isotherms

The determination of the isotherms of the adsorption process was very important
for the identification of the interaction between the PCT and CPL molecules and the
ACs. Various models have been used in the literature [57], such as the Langmuir [59] and
Freundlich [60] models. The main hypothesis of the Langmuir isotherm model assumes
monolayer adsorption on a homogeneous adsorbent surface and a lack of interaction
between the adsorbate molecules on the surface of the adsorbent. Equations (9) and (10)
present the Langmuir isotherm and the separation factor, respectively:

Ce C, 1
e Xy 9
qe qm gmKrp ©)
and R = # (10)
T A+ KG)

The Freundlich model is based on multilayer uptake onto the heterogeneous adsorbent
surface. Equation (11) defines the Freundlich isotherm model:

InCe
n

Inge = InKy + (11)
where C, (mg/L) and g, are, respectively, the concentration of PCT or CPL and the adsorp-
tion capacity (mg/g) of the ACs at equilibrium. g, (mg/g) is the maximum adsorption
capacity and K; (L/mg) is the Langmuir constant, which are obtained from the slope and
intercept of the plot for C./g. vs. Ce, respectively. The value of Ry is the separation factor
(a value between 0 and 1 indicates favorable adsorption, R, > 1 represents unfavorable
adsorption, R = 1 represents linear adsorption, and the procedure of adsorption is irre-
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versible if R; = 0). Ky and # are the two constants of the Freundlich isotherm and can be
calculated from the intercept of the plot for In ge vs. In Ce..

As mentioned in Table 5, the Langmuir isotherm fit the experimental results better
than the Freundlich isotherm for both compounds. The coefficient of correlations R? was
very close to unity (0.98 and 0.99 for PCT and CPL, respectively). In addition, the maximum
adsorption capacities calculated with this model for PCT and CPL were closer to those
achieved experimentally. Based on the Langmuir isotherm, it was deduced that the surfaces
of the ACs were covered with a monolayer of PCT or CPL molecules that did not interact
with each other [43].

Table 5. Adsorption isotherm parameters.

Langmuir Isotherm Parameters Freundlich Isotherm Parameters
Ky (L/mg)  gmax (mg/g) Ry R? K (mg/g) (L/mg)'/™ 1/n R2
PCT 3.53 71.42 0.007 0.98 31.14 0.48 0.90
CPL 1.20 166.66 0.020 0.99 143.65 0.128 0.98

3.2.7. Adsorption Thermodynamics

The determination of the evolution of the adsorption thermodynamics was crucial
since they are essential to the process of adsorption. The thermodynamic variables of
free energy (AG®), entropy variation (AS°) and enthalpy variation (AH°) demonstrate the
feasibility and spontaneous character of adsorption. They help in comprehending the
influence of temperature on the adsorption of PCT and CPL on the ACs surface [61]. The
values for the thermodynamics parameters are presented in Table 6. These parameters are
given by Equations (12) and (13) (Van "t Hoff equation) [57]:

AG° = —RT Ln K4 (12)

Ln Ky = (AS°/R) — (AH®/RT) (13)

where AG® is the standard free energy change, R is the universal gas constant (8.314,
in J/mol.K), T is the absolute temperature (K), K4 is the equilibrium constant and AS°
and AH° are the entropy and the enthalpy of the sorption reaction, respectively. These
parameters were estimated from equilibrium uptake isotherms at the temperature range
between 298 and 323 K.

Table 6. Thermodynamic adsorption parameters.

AG® (KJ/mol) AH° AS®

Adsorbate 298 (K) 313 (K) 323 (K) (KJ/mol) (J/mol.K)
PCT —23 35 —4.32 21.3 79.3
CPL —-5.0 -71 -85 34.9 138

As shown in Table 6, the endothermic adsorption was confirmed by the positive value
of AH® for the PCT and CPL adsorption processes (21.3 and 34.9 KJ/mol for PCT and CPL,
respectively). In addition, the physical origin of the adsorption process was confirmed
by the values of AH®, which were below 40 KJ/mol. Therefore, the interactions between
the PCT and CPL molecules and the ACs were ensured by electrostatic forces, such as
dipole, van der Waals and hydrogen bonds [16,62]. Furthermore, the positive value of AS°
indicated an increase in the disorder in the interaction between the ACs and the PCT and
CPL molecules’ surfaces during the adsorption process. The AS°® of CPL is more important
than the AS° of PCT. Thus, the affinity of CPL with the ACs was stronger than that of the
PCT [63]. At the temperature range studied here, the uptake of PCT and CPL was favorable
and spontaneous; this was indicated by the negative values of AG®. It is obvious that, as
the temperature rose, the Gibbs free energy variation shrank, indicating that the adsorption
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process became more significant. The increase in the temperature may have been caused by
an expansion in the pores of the ACs, which helped bring about higher diffusion of PCT
and CPL molecules into the ACs pores [64].

3.3. Experimental Design Performance

The above findings show that the dose of ACs and the initial concentration had impacts
on the percentages of PCT and CPL removal, as did the pH for PCT removal. The RSM
based on the CCD and BBD was applied to better understand the interactions between
the parameters.

The responses achieved for the RSM model with the CCD and BBD were the removal
percentages of PCT and CPL. The independent factors and their outcomes for this modelling
are given in Tables 2 and 3. The developed ANOVA design is represented in Table 7. The
analysis of the results collected confirmed that the model terms for PCT and CPL were
significant because the p-values were lower than 0.05 (0.0013 for PCT and 0.0012 for CPL).
The F-value was used to prioritize significant regression terms. The F-value was significant
for the two models. It was equal to 24.25 for the PCT removal, with only a low probability
of 0.13% that this value was due to noise. For the CPL, the F-value was also significant, with
a value of 27.43 and only a 0.12% chance that it was due to the noise [32,65]. In addition, the
regression term with the strongest F-value was recognized to be the most significant. The
following are the rankings of good correlation factors for the two models based on F-values:

PCT model: X; > X5 > X%, > XpX3 > X35> X2 > X1 X5 > X1 X3;

CPL model: Al > A2 > A21 > A22.

Equations (14) and (15) provide semi-empirical expressions of the PCT and CPL
removal, respectively, based on data analysis:

Y (%) = 32.06708 + 0.154861 X; + 7.15264 X, — 0.997490 X5 — 0.006637 X; X, + (14)
0.000356 X1 X3 + 0.060111 X5X3 — 0.000060 X3, — 0.72966 X2, + 0.001078 X?3
Y (%) = 68.85360 + 0.155456 A; — 0.894490 A, + 0.001265 A;A, — 0.000153 A%,

— 0.000838 A2, (15)

Table 7. ANOVA for both models (removal of PCT and CPL).

Model Response Sum of Squares  Degree of Freedom Mean Square  F-Value p-Value R2 R?adj
PCT pIZJ?ZZr?t‘:;e 12,433.91 9 1381.55 2425 00013 097 093
CPL przfé:r?:’aze 10,361.16 5 2072.23 2743 00012 096 092

Figure 6a,b show a comparison of the experimental values with the values predicted
by the models for CPL and PCT removal, respectively. These graphics indicate that the
models fit well. In addition, the coefficients of correlations (R? and adjusted Rzadj) for the
two models shown in Table 7 were quite near unity, which confirmed the good relationship
between the data [32]. The R? values were 0.97 and 0.96 for the PCT and CPL models,
respectively. These results demonstrated the good robustness of the statistical models
developed for both pharmaceutical removals. The resulting models” adaptability was
confirmed by the adjusted R? (Rzadj) value, which was very close to the R? value for the
two models (Table 7).
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Figure 6. Actual vs. predicted values for the removal of CPL (a) and PCT (b).

The response functions developed with the multiple-factors model were used to
predict the PCT and CPL removal. They were also used to reconstruct 3D surface plots,
as presented in Figures 7 and 8, which show the response’s behavior as a function of the
interaction between two elements while keeping the third at the domain’s center. Figure 7
demonstrates the effects of adsorbent dosage and CPL initial concentration on the removal
percentages. It is clear that the dosage of ACs had a strong effect on the CPL removal. The
increase in the ACs dose resulted in an important increase in the removal percentage for
CPL. As shown in Figure 8, the results indicate that the percentage of PCT removal was
more strongly affected by the ACs dose and the pH than the initial concentration of PCT.

The PCT and CPL removal rates determined under the optimum conditions (C = 40 mg/L,
pH =7.5 and ACs dosage = 750 mg/L for PCT and C = 40 mg/L and ACs dosage = 450 mg/L
for CPL) were 85% and 98%, respectively. Under similar conditions, the PCT and CPL re-
moval rates achieved with the models were 81% and 93.4% respectively. A slight difference
between the two results was observed, which confirmed that the investigation of PCT and
CPL adsorption could be optimized using an RSM based on the CCD and BBD models.
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3.4. Comparison of the Performances of Different Activated Carbon Adsorbents

The performances of different kinds of activated carbon in PCT and CPL removal are
summarized in Table 8. It is clear that the low-cost ACs had good performance compared
to other kinds of low-cost activated carbon reported in the literature. In particular, the ACs
prepared in this work presented high surface areas and maximum adsorption capacities
under neutral pH for PCL and CPL compared to the results reported in the literature [43,48].
The maximum adsorption capacities were found at a pH of 7.5 (very close to neutrality).
This was in contrast to many recent findings demonstrating that the best results were
observed at low pH levels of 2, 3, 4, etc. [66-68], which require more effort to adjust the pH
to a neutral range. The BET surface of the ACs in this study was greater than that reported
by Li et al. [48], despite the similarity in the preparation method; the H3PO,/precursor
weight ratio and the temperature of the pyrolysis were more important in this study,
resulting in better synthesized ACs performances. Nguyen et al. and Kumar et al. [31-33]
used sawdust to prepare activated carbon. They found good performances in terms of
surface area (~1100 m?/g) and adsorption capacity but under acidic pH. It is also worth
noting that it is difficult to undertake a real comparison when the treated substrates
are different.

Table 8. Comparison of the performance of the low-cost activated carbon synthesized here with
examples from the literature.

Adsorbent (3125/;) Substrate Findings Retention (%) Macx;;\:clig’d(?;)ggt;on Reference
pH=2
Commercial activated C=161mg/L
carbon: T=20°C
F-300 860 Dose: 4000 mg/L 200
F-100 730 Chloramphenicol t =480 min - 174 [19]
WG-12 1005 t = 600 min 195
ROW 08 SUPRA 796 t = 600 min 212
Picabiol 1344 t = 600 min 214
t =360 min
pH=8
Acid-treated beverage C=50mg/L
sludge-activated carbon 642 Paracetamol t =30 min 86 145.4 [21]
(ABSACQ) T=25°C
Dose: 800 mg/L
pH=3
C=10mg/L
AC based on sawdust 1695 Rhodamine B t =10 min 100 300 [31]
T=25°C
Dose: 1000 mg/L
pH=2
C=30mg/L
AC based on sawdust 1409 Naphthalene t =90 min 96 - [33]
T=25°C
Dose: 333 mg/L
pH=8
C=50mg/L
AC from endocarp of the 820 Paracetamol t=180 rr%in 81 100 [43]
species Butia capitate T=25°C
Dose: 1000 mg/L
pH=3
AC from oak acorns 234 Paracetamol t =150 min - 45 [45]
T=25°C
Dose: 100 mg/L
pH=7
Activated C=25mg/L
carbon based on 961 Chloramphenicol t =120 min 100 32.3 [46]
corn stover T=25°C

Dose: 8000 mg/L
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Table 8. Cont.

Adsorbent

BET

(m%/g) Substrate

Findings

Retention (%)

Maximal Adsorption

Capacity (mg/g)

Reference

Activated carbon based
on Typha orientalis

794.8 Chloramphenicol

pH=62
C=65mg/L
t =360 min
T=25°C
Dose: 600 mg/L

87

137

[48]

Bamboo charcoal-based
biochar

<1 Chloramphenicol

C=20mg/L
t=15min
T=25°C

Dose: 8000 mg/L

0.65

[61]

Sodium
hydroxide-modified
bamboo charcoal

<1 Chloramphenicol

C=20mg/L
t =15 min
T=25°C
Dose: 8000 mg/L

2.35

[69]

Biochars pyrolyzed at
350 °C

- Chloramphenicol

pH=7
C=40mg/L
t = 1080 min
T=25°C
Dose: 500 mg/L

10

[66]

Biochars pyrolyzed at
500 °C

- Chloramphenicol

pH=7
C=40mg/L
t = 1080 min
T=25°C
Dose: 500 mg/L

14.2

[66]

Biochars pyrolyzed at
700 °C

- Chloramphenicol

pH=7
C=40mg/L
t = 1080 min
T=25°C
Dose: 500 mg/L

33

[66]

H3POy-activated biochar at
600 °C

- Chloramphenicol

pH=4
C=20mg/L
t = 1800 min
T=25°C
Dose: 80 mg/L

21

[67]

AC from babassu coconut

484 Paracetamol

pH=39
C=25mg/L
t> 200 min
T=25°C
Dose:
3.5-3000 mg/L

71

[68]

AC from dende coconut

672 Paracetamol

pH=6.5
C=25mg/L
t>90 min
T=25°C
Dose:
3.5-3000 mg/L

70

[68]

Two activated carbons:
CAT CARBOPAL

983

1588 Paracetamol

pH=3
C=150mg/L
t = 800 min
T=25°C
Dose: 167 mg/L

560
450

[70]

AC based on sawdust

303-1298 Chloramphenicol

pH=75
C=40mg/L
t =90 min
T=25°C
Dose: 450 mg/L

98

176

This work

AC from sawdust

303-1298 Paracetamol

pH=75
C=40mg/L
t =20 min
T=25°C
Dose: 750 mg/L

85

92

This work
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The prepared ACs exhibited excellent adsorption efficiency for pharmaceutical com-
pounds compared to the examples from the literature.

4. Conclusions

Low-cost activated carbon (ACs) was successfully prepared from sawdust using the
chemical method with H3PO, and showed remarkable properties. This study demonstrated
that the ACs could be used efficiently for the removal of PCT and CPL from real wastewater.
The results showed that the adsorption rates in the removal of both pharmaceuticals were
very rapid, and this was due to the physical interactions between the PCT and the ACs
and the CPL and the ACs. The pseudo-second-order kinetic model and the Langmuir
isotherm modelshowed the best statistical adjustments for the uptake of the PCT and
CPL, with maximum adsorption capacities of 92 mg/g and 176 mg/g, respectively. The
thermodynamics study led us to conclude that an endothermic process occurred for both
pharmaceutical compounds (AH® of PCT = 21.3 KJ/mol; AH® of CPL = 34.9 KJ/mol).

The removal of PCT and CPL was successfully optimized using an RSM based on the
CCD and BBD. Following the evaluation and selection of models using statistical analysis,
ANOVA was used to examine the various parameters. The influences of various factors,
including ACs dose, initial concentration and pH, were determined. For the removal of
both substances, it was observed that the dosage of ACs was the most important factor.

These findings allow us to conclude that sawdust is a suitable raw material for suc-
cessfully developing activated carbon with potential applications relating to the removal of
pharmaceuticals from wastewater.
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