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Abstract. In this work, significant interest has been focused on removing pharmaceutical pollu-
tants, i.e., oxytetracycline (OTC), which was studied through adsorption onto activated carbon (ACT)
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produced from households or agricultural wastes under various experimental conditions. The physic-
ochemical properties of the produced carbon were investigated using multiple techniques. The char-
acterization analysis highlighted an essential concentration of surface functional groups and a very
developed porous structure. The adsorption process onto activated carbon occurs with a high yield ata
large range of pH values varying between 4 and 8 at an optimum contact time of 2 h. It was established
that the pseudo-second-order kinetic model fitted well OTC adsorption onto ACT. Moreover, the ad-
sorption isotherm data showed that the pollutant removal process followed the Langmuir model with
high regression coefficients (R2) values and important adsorption efficiency of 80% for 100 mg-L ™1
of OTC. The displayed results consequently, the use of ACT as an adsorbent could be considered an
efficient, sustainable, and low-cost alternative for pharmaceuticals-loaded wastewater treatment.

Keywords. Adsorption, Activated carbon, OTC, Physico-chemical characterization, Kinetics,

Isotherm.
Published online: 15 March 2022

1. Introduction

The development of pharmaceutical industries led
to an increase in the consumption of antibiotics
by humans for multiple medical purposes. Unfortu-
nately, their excessive application led to their dis-
placement at large quantities in the environment,
which affected the ecosystem equilibrium and the
native fauna, flora, waters, and soils, thus reducing
their assimilative capacity towards other organic and
inorganic pollution. Furthermore, of these organic
contaminants in the natural soils became a source of
antibiotic-resistant bacteria, leading to serious mass
contaminations and pandemics [1]. It is worth men-
tioning that detecting pharmaceuticals in water as
a new barrier to access for clean water has inter-
ested scientists in focusing their research activities
on their sources and occurrences in the environment
witnessing.

Recently, pharmaceutical compounds can be
introduced in the environment differently as par-
ent compounds or by-products issued from hu-
man/animal metabolic activities or by disposal of
unused or expired drugs and accidental spills in na-
ture [2]. Therefore, the existance of antibiotics in
the environment at low concentrations ranging from
1 ug-L7! to ng-L 7! is detected thanks to the advanced
analytical methods [3]. Oxytetracycline (OTC) be-
longs to the tetracyclines antibiotic family and is
widely used in veterinary chemicals, with a stable
naphthol ring as the main structure to the microor-
ganism in wastewater [4]. The occurrence of OTC
in the environment may lead to the development of
antibiotic-resistant strains in microorganisms, which
can be transferred to humans and animals through
food and drinking water [5].

Numerous treatment approaches for the removal

of antibiotics have been considered in recent studies,
including reverse osmosis, biodegradation, mem-
brane filtration, photocatalysis, photo Fenton re-
action, ozonation, and peroxidation [6]. Despite
their confirmed treatment performances, these tech-
niques are unfortunately limited at some levels that
might hamper their overall economic feasibility, es-
pecially for pollutants at trace levels or relatively high
concentrations [7,8]. The adsorption onto activated
carbon could be considered an efficient approach
and presents a practical alternative for removing
pollution [9,10]. There is, therefore, a growing in-
terest in novel and low-cost adsorbents. It is to be
stressed that obtaining carbon from biomass waste
as a biological material derived from plant residues
is comparatively cheap. This is because of their large
availability, low cost, the ability to be converted eas-
ily into highly porous carbon as well as the possibility
of regeneration for multiple uses.

Artichoke, a commonly consumed vegetable in
the Mediterranean food style, represents a signifi-
cant share of household bio-organic wastes. It is part
of a circular economy and sustainable development
concepts. The disposal of these lingo-cellulosic ma-
terials in nature might result in serious environmen-
tal issues, including the fungi development and the
disruption of N, P, and K of the surrounding envi-
ronment [11]. Moreover, it would be interesting to
maximize the physicochemical properties of these
wastes into largely-employed added-value materials
for multiple environmental purposes. Hence, the ar-
tichoke waste conversion into an effective adsorbent
for water purification at multiple cycles offers the
possibility for water recovery to reduce the risk of
hydric pollution [9,12].

This study aims to properly manage artichoke
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residues as an example of households and abundant
agricultural waste as a precursor for activated car-
bon production. Moreover, this research describes
the preparation of activated carbon from artichoke
bio-waste by H3PO, activation to report the kinetic
of batch adsorption of OTC molecules used in vet-
erinary activities. This investigation will be achieved
by examining the effect of the pH, adsorbent dose,
initial OTC concentration, and temperature on the
kinetics in a combined manner and the applicabil-
ity of lumped kinetic models to describe the ad-
sorption process. Equilibrium data are also included
to support the kinetic findings. In addition, com-
putational modeling using density functional theory
(DFT) is considered a complementary tool to under-
stand the adsorption behavior and their nature bet-
ter and explain the interactions energies between ad-
sorbent/adsorbate systems, which contribute to OTC
removal from aqueous solution. Furthermore, the re-
sults obtained here make them suitable and valu-
able for other environmental applications, including
water treatment processes such as filtration and gas
purification.

2. Materials and methods

All chemicals and reagents were of analytical grade,
and supplied from standard sources. Orthophospho-
ric acid (H3PO4, Sigma-Aldrich, 86%), hydrochlo-
ric acid (HCl, Biochem, 37%), sodium hydroxide
(NaOH, Merck, Oxytetracycline (OTC, Cy2H24N20g,
MW = 460.43 g-mol™!) were acquired from Sigma
Aldrich (China; 95-102%). The structural formula of
OTC is illustrated in Supplementary Figure S1. The
OTC stock solution was prepared at a concentra-
tion of 1000 mg-L~!, and the appropriate volume
was diluted to the distilled water to obtain the de-
sired OTC concentration. The pH was measured by
a HI 2210 pH meter (Hanna instruments, Rhode Is-
lands, USA). The removal efficiency of OTC was de-
termined by measuring the residual concentration in
the filtrate spectrophotometrically using a UV-visible
spectrophotometer (Shimadzu 1800, Tokyo, Japan) at
a maximum wavelength of 354 nm.

2.1. Adsorption experiment

The adsorption experiments were carried out in a
1000 mL double welled Pyrex reactor, in which OTC

solution and a known amount of adsorbent were
mixed at room temperature (25 °C). The pH was ad-
justed by adding HCl or NaOH using a pH meter
(HANA 2210). To study the optimal conditions such
as the contact time, the initial pH of the solution
(1-11), the amount of adsorbent (0.1-2 g), the initial
OTC concentration (50-200 mg-L™!), and the temper-
ature (20-50 °C).

The aliquots were withdrawn at regular times and
separated by centrifugation. The experimental proto-
col was investigated by changing only one parame-
ter once for a given test, while the others were kept
constant. All experiments, including blank tests, were
performed in triplicate.

2.2. Preparation and characterization of the
adsorbent

The biomass agriculture waste precursor, i.e., Ar-
tichoke (origin west north Algeria), is thoroughly
washed with distilled water, dried in an oven at 80 °C
until the obtention of constant weight, then mechan-
ically ground into powder. Afterward, the precursor is
impregnated with H3PO, solution with a ratio solid
to the volume of 1:1 using a stirring reactor for 12 h.
The mixture was then filtered, recovered, and dried at
100 °C.

The activated precursor was subsequently car-
bonized at 500 °C in a thermally controlled fur-
nace (Nabertherm, Germany) with a linear rise of
5 °C-min~! for 1 h. The obtained product is washed
with hot distilled water to leach the ash from carbon
and remove the acid trace until getting a neutral pH.
Finally, the black residue is dried at 100 °C for 24 h,
after which it was ground again, sieved, and denoted
ACT until obtaining a powder with an average par-
ticles size of about 200 um. The produced activated
carbon was then stored in an airtight glass container
for subsequent use.

Physical and chemical characterizations of the
ACT are investigated to characterize better the mor-
phological structure and the chemical composition
of the adsorbent surface, which are helpful to make
hypotheses on the adsorption process mechanisms.

2.2.1. Physical characterization

The surface area and the pore size distribution
of the samples were determined by N, adsorp-
tion/desorption at —77 K using a Micromeritics
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Tristar 3100. Before gas adsorption analysis, the sam-
ple was outgassed at 573 K for 4 h, porosity. The mi-
cropore surface area and micropore volume were ob-
tained via t-plot analysis. Pore size distribution (PSD)
was estimated by a Non-Local Density Functional
Theory (NLDFT) method using nitrogen adsorption
data and assuming a slit pore model. The textural
properties and morphologies were studied through
scanning electron microscope SEM (FEI Quanta 200,
SEM) and X-ray diffraction (XRD) Xpro Philips.

2.2.2. Chemical characterization

The prepared activated carbon was characterized
using various techniques. These techniques are its
zero-point charge as cited previously [13-16], chem-
ical elemental composition analysis by X-ray fluores-
cence spectrometry (XRF), Rijuka Zsxpriness II, and
Fourier Transform Infrared Spectroscopy (ATR-FTIR)
using a spectrometer Brucker Alpha one.

2.3. Theoretical study

The adsorption energy is regarded as a critical pa-
rameter to understand the behavior and nature of
the adsorption mechanism. This parameter distin-
guishes the physical or chemical adsorption process
mechanism of OTC onto ACT. As reported in the liter-
ature, strong adsorption can be related to the higher
negative energy [10,17-21]. Frequently, the E,4s val-
ues determine the physisorption or chemisorption
interaction nature [13]. The following formula can
give the OTC adsorption energy (E,qs) onto ACT [14]:

Eags = E(AB) - (E(A) + E(B)), (€8]

where E(A) is the adsorbates total energy, E(B) is the
total energy of the substrate, and E(AB) is the total
energy of the adsorbent/adsorbate system at equi-
librium. All the calculations were performed through
the computational approach based on the Monte
Carlo calculations, which are used to estimate the in-
teraction energies between ACT and OTC molecules
using the adsorption locator modulus in Biovia Ma-
terials studio software (Accelrys, San Diego, USA).
ACT geometry was optimized in vacuum media em-
ploying the Gaussian program package. The dimen-
sion stable molecular structure of OTC is 1.26161 x
0.8240 x 0.5320 (nm) [15], in focus to compare the ge-
ometries of this last before and after the adsorption
process. Inwhich 202 A is the topological surface area

of ACT. In this study, based on the XRD analysis, the
cellulose and cellulose-H,PO3 were considered as a
model (30 A x 15 A x 25 A) box dimension. For the ac-
tivated carbon surface properties [16].

For the reaction mechanism occurring between
the OTC surface functional groups and the differ-
ent functional groups existing on the adsorbent sur-
face such as COOH, OH, C=C, C=0, C-H, P-O-OH,
P-O-C, and P-O-P, a schematic diagram and the ob-
tained cluster models of the ACT, are established ac-
cording to the DFT calculation.

3. Results and discussion
3.1. Adsorbent characterization

3.1.1. FTIR analysis

The FTIR analysis provides information about the
nature of surface functional groups and the efficiency
of the activation process with the H3PO, chemical
agent. The IR spectra of raw artichoke biomass and
activated carbon ACT measured within the range of
400-4000 cm™! are presented in Figures 1(a) and (b).

The FTIR spectrum shows a fingerprint region
of 1630-400 cm™! for the source identification of
biomass raw Artichoke in Figure 1(a) shows the most
complicated and apparent spectrum. The FTIR spec-
tra are displayed in Figures 1(a) and (b). Before acti-
vation (Figure 1(a)), the broadband at 3380 cm~! cor-
responds to the O-H groups. The band that appeared
at 2924 cm™! can be assigned to C-H stretching re-
lated to alkanes (CH;) deformation and alkyl groups
C-0O-C stretching.

A strong conjugated C=C peak was also observed
around 1630 cm™!; the transmittance at 1418 cm™!
could be assigned to the bending OH vibration of
hydroxyl groups.

774 cm ™! was identical to C-H in (CH3) deforma-
tion and (CH3), groups, respectively, while the car-
boxylic group was shifted to 1055 cm™!. The band at
531 cm~! was related to ~C~C stretching of cellulose
and hemicellulose.

Figure 1(b) corresponds to the activated carbon
ACT displays an absorption band around 3553-
3263 cm™! can be attributed to ~OH associated with
the stretching vibration of water, phenols, and alco-
holic groups. The strong bands of OH stretching vi-
brations are observed after activation [22]. The peak
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(a) Raw artichoke
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Figure 1. FTIR spectra of the raw artichoke (a)
and ACT (b) adsorbents.

at 2926 cm™! is assigned to the C-H bonds stretch-
ing vibrations of aromatic rings groups. The distinct
bands at 2850 cm™~! belong to C-H symmetric bond
stretching vibration in the group CH,. The spectra
show a pronounced band at 1696 cm™! assigned
to the aromatic carbon, or carboxyl groups, C=C
stretching vibration in aromatic rings or stretch of
C=0 in —-COOH group of the structure of activated
carbon [23].

However, the band at 1658 cm ™! corresponds to
the C=0 elongation vibrations in the plane of the
aromatic rings. A low peak at 1376 cm™! corre-
sponds to the C-H bond in the CH3 group. Never-
theless, it is also characteristic of the phosphorus,
and phosphorus-carbon compounds in H3PO, acti-
vated carbon. The peak at 1120 cm™! can be attrib-
uted to the elongation mode of the hydrogen-bond
POOH groups of the phosphates or polyphosphates

12

104

6 pHpzc

pHFinal

o

0 2 4 6 8 10 12
pH

Initial

of the

pzc

Figure 2. Determination of the pH
ACT.

to the elongation vibration of the O-C in the P-O-C
(aromatic rings) bond [19]. A low peak at 424 cm™!
corresponds to the phosphoric element or aromatic
structure of ACT. In addition, as a significant effect,
the activation with H3PO, increases the amount of
oxygen in different functional groups such as car-
boxylic, phosphate groups, hydroxyl, and phenolic
hydroxyl on the activated carbon surface.

3.1.2. Determination of pH,,.

These properties are essential because the inter-
actions between the functional groups of the ACT
surface and the ions in the solution strongly depend
on the superficial charge. 25 mL of 0.01 M NaCl
was placed in different closed Erlenmeyer flasks and
added 0.1 M of NaOH or 0.1 M of HCl solutions for ad-
justing the pH value from 2 to 10 for each flask. Then
0.25 g of ACT was added and stirred for 24 h to reach
equilibrium at ambient temperature.

The plot to determine the point of zero charges
for ACT is represented in Figure 2. The pHp, corre-
sponds to the intersection point of the pH;,;;, and the
pHg, plot demonstrated a zero charge of the mate-
rial. It was found to be equal to 3.7, close to pH, . val-
ues found by many investigators preparing activated
carbon by H»SO4 [20,21].

The pH,,. value suggests that ACT is acidic; this
indicates that the concentration of active sites is
greater than that of the basic one of the ACT surfaces.
After oxidation, a large number of O-C=0 groups
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Figure 3. Adsorption and desorption iso-
therms of N, at 77 K for ACT.

Table 1. Characteristics of activated carbon

Physical properties Values
DFT pore size (nm) 20.35
Surface external (m?/g) 475.05
Surface interne (m?/g)  429.79
Surface BET (m?/g) 904.8

were introduced in the material, which increased the
surface acidity significantly.

At low pH 3.7, the adsorbent material presents
a positive surface charge and a negative charge for
pH > pHzc, since OTC is linked to the ACT structure,
and the functional groups were strongly protonated.

3.1.3. Surface area and pore characteristics

The characteristic of ACT material, such as the
specific surface area, the pore size, and distribu-
tion, were determined from nitrogen adsorption-
desorption isotherm at 77 K using the BET method
and the Non-Local Density Functional Theory
(NLDFT) software for analysis. Table 1 summarizes
the textural properties of produced ACT.

Figure 3 exhibits the isotherm adsorption-
desorption of nitrogen for ACT prepared by chemical
activation. As observed, the adsorption isotherm of
N, onto ACT corresponds to a type I or IV isotherm
according to the IUPAC classification with an H3
hysteresis loop, typical of character.

The plateau of the isotherm at high relative pres-
sures (P/P,) results from the presence of the meso-

Table 2. XRF analysis of ACT

Element Wt (%)
C 88.90
(0] 09.18
Na 00.18
Al 00.08
00.99
S 00.09
Cu 00.33
Zn 00.24

porous structure. For the obtained material, the per-
centage of the surface area attributed to mesopores
and micropores to the total surface area are 52.5 and
47.74%, respectively. More specifically, the isotherms
of ACT display a relatively large hysteresis loop, sug-
gesting the existence of larger size pores and high
specific surface area. As a result, the BET-specific sur-
face area (Sggr) for the ACT can be determined as
904.848 m?.g~1.

The Sper of ACT compared to various activated
carbon materials prepared by chemical activation
with H3POy. It was unearthed that ACT has a suit-
able surface area, making it a promising adsorbent
for OTC and other pollutants such as dyes and
metals [24-26].

In addition, compared to those data found in the
literature, this study shows that the phosphoric acid
activation process is an exciting approach for acti-
vated carbon production. This result could be due
to the phosphoric acid action that moves impurities
from precursors’ materials [27,28].

Therefore, it can be inferred that the excellent Sggr
and the development of large mesoporous structure
52.5% with a portion of micropores created by the
chemical activation leading to the high adsorption of
OTC molecules.

3.1.4. Chemical composition analysis

The XRF analysis involves the determination of
element composition.

The analysis results depicted in Table 2 indicated
that C and P are the major abundant cotenant and
Na, Mg, Al Si, S, Ca, Fe, Ni, Cu, and Zn at trace level.
The high carbon yields are due to the original com-
position of raw biomass of cellulose, phenolic, and
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Figure 4. XRD diffractogram of the ACT.

lignin, while the P content is original chemical acti-
vation agent.

3.1.5. X-ray diffraction (XRD) analysis

The XRD analysis result of the ACT adsorbent is
shown in Figure 4. The activated carbon is amor-
phous and composed of microcrystalline carbon
fragments randomly. It has graphite-like micro-
crystalline, single reticular plane carbon, and non-
organized parts. Figure 4 illustrates the XRD pattern
of ACT activated with H3PO,4 at 500 °C shows char-
acteristic peaks at 260 = 28° and can be indexed to
(002) and (100) diffraction for typical graphite car-
bons [29]. Furthermore, the broad peak detected at
20 = 28° indicates amorphous ACT.

3.1.6. SEM analysis

The scanning electron microscopy (SEM) was
adopted to visualize the sample morphology of the
prepared ACT using the SEM model (FEI Quanta 200)
operating at 15 kV acceleration voltage and the anal-
ysis is portrayed in the photographs Figure 5(a,b).

It can be observed that the surface of raw biomass,
as displayed in Figure 5(a), was heterogeneous
form, highly packed, poreless, and had smaller cav-
ities. These characteristics suggest that the raw
Artichoke biomass comprises lignin, cellulose, and
hemicellulose.

Figure 5(b), shows that the activation at 500 °C
with H3PO, resulted in the creation of a consider-
able number of pores due to the removal of volatiles
matter. These findings have been approved by the

Figure 5. SEM analysis of raw artichoke
biomass (a) and ACT (b).

well-developed pores observed on the surface of the
ACT (Figure 5(b)). Pore development in the ACT
during the activation process was also signeficant.
This phenomenon would enhance the ACT surface
area and pore volume under the diffusion of H3POy4
molecules into the pores, thereby increasing the
H3PO;] carbon reaction via acid hydrolysis processes
creating more pores and crosslink [30]. Khezami and
Capart [31] have stated comparable effects of the
acidic activating agents on the pin wood structural
characteristics.

3.2. Adsorption study

3.2.1. Effect of the initial pH

The pH variation is considered to simulate and
highlight the real conditions concerning the interpre-
tation of the functional groups’ manifestation that



16 Mohammed Kebir et al.

pH=4.81
—9—pH=5.6
40 pH=7.81
—4—pH=10.44

% Removal of OTC

A —
A “

20 "
1—44"‘ —%

0 : T T T T T T
0 20 40 60 80 100 120 140
Time (min)

Figure 6. Effect of pH on the adsorption of
OTC onto ACT, ACT dose =1 g-L‘l, [OTC] =
50 mg-L~1.

leads to the acidic or basic character of the adsor-
bent surface. It causes the protonation states of OTC
molecule and the structure that can involve different
mechanisms of complex action responding to divers
pH values of the solution with adsorbent [32].

Batch adsorption experiments were performed
using a fixed dose of adsorbent (1 g-L 1) at 25 °C,
initial OTC concentration (50 mg~L’1). The pH was
adjusted over the range of 2 to 11 by adding either
NaOH or HCl (0.1 M) solutions.

The obtained results are illustrated in Figure 6.
As can be seen, the OTC uptake decreased at low
pH when pH is below 5.8, and the removal capac-
ity of OTC is affected by increasing pH from 2 to 4;
the higher OTC removal is noted at pH ~ 4.81. How-
ever, the adsorption capacity decreased sharply from
16.5 to 30 mg-g~! when pH varied from 4.88 to 10.44.
These results were consistent with those found by
Zhao et al. [33,34]. These adsorption values were con-
sistent with the results of Zhao et al. [35,36]. They ex-
amined the adsorption of diclofenac onto goethite
under different pH and found that the adsorption
capacity strongly depends on the solution pH [35].
Earlier, they investigate the adsorption behaviours of
OTC onto Sediment in the Weihe River at different so-
lution pH. They did not remark any effect on the ad-
sorption capacity at pH ranging from 4.0 to 7.0. Still,
they noticed a decrease in the 2.0 to 4 and 7.0 to 9.0
ranges.

The decrease in adsorption capacity could be ex-
plained by the decreasing of electrostatic attractions

Macropores

Micropore

Mesopores

Figure 7. Schematic mechanism of OTC ad-
sorption onto ACT.

between the ACT surface and OTCH3* (cationic or
positive) species. Furthermore, at low pH values,
the competition between H30" and OTCHJ for the
adsorbent sites possibly will partially overcome the
OTC removal. At solution pH 2-7.81, the OTC is
in its zwitterionic (neutral or amphoteric ion) form
OTCHj 0. It is controversial that the significant OTC
removal in its zwitterionic form at solution pH 4.81-
7.86 could be subjected to other interactions such
as complexation [37]. While solution pH > 7.86,
OTC is negatively charged (anion), which resulted
in increasing repulsion with the ACT adsorbent sur-
face [38]. Different interactions mechanism can be il-
lustrated in Figure 7.

3.2.2. Effect of the adsorbent dose

The adsorbent amount is considered a significant
parameter in the adsorption phenomenon. Since the
surface is available and subsequently, the ACT dose
can considerably affect the overall performance of
the adsorption process. Its effect on the OTC ad-
sorption was investigated by introducing different
amounts ranging from 0.2 to 2 g-.L ! into 100 mg-L ™!
OTC solution at free pH~5.8 and 25 °C (Figure 8).

The OTC removal increases to 98.54% with rais-
ing the ACT dose to 1 g'L™' and remains almost
unchanged after that. It can be discerned that the
amount of OTC adsorbed g; (mg-g~!) declined signif-
icantly from 99.43 to 51.058 mg-g~! when raising the
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Figure 8. Removal versus adsorbent dose,
pH =5.5, [OTC] = 100 mg-L L.

adsorbent dose. This trend can be accredited to the
availability of many unsaturated binding sites on the
adsorbent surface during the adsorption process [39]
Figure 8. For an ACT concentration of 1 g-L‘l, the
g and R (%) were 99.43 mg'g‘1 and 98.54%, respec-
tively, for 100 mg-L™! of OTC.

This phenomenon may be due to the decrease
in total adsorption surface area available to OTC re-
sulting from overlapping or aggregating adsorption
sites [40].

3.2.3. Effect of OTC initial concentration and contact
time

The influence of OTC initial concentration on the
mass transfer between the OTC bulk solution and
the ACT solid phase is investigated in a batch reac-
tor for various OTC concentrations varying between
50 and 200 rng-L’l. Therefore, it is carried out with a
fixed amount of adsorbent of 1 g-L."! at pH ~ 5.5 and
25 °C. The obtained results are exposed in Figure 9.
A sharp increase of the adsorption capacity with in-
creasing initial pollutant concentrations can be seen.
The same figure also reveals that the adsorption of
OTC for different concentrations appeared to have
similar kinetic behavior. However, at low concentra-
tions, the rate of adsorption was higher and saturated
rapidly related to more active sites for the adsorp-
tion. This behavior indicates that high concentration
contributes to saturating the adsorption site and pro-
vides a significant driving force for the migration of
OTC molecules to overcome the mass transfer resis-
tance of OTC on the adsorbent solid surface [41].

100

o
=
[5)
© 4
: —=—200mg L
E —+—175mgL"
[ —a—150mg L"
s —¥-125mgL"

—+—100mg L’
—<—75mgL’
—»—50mg L’
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0 20 40 60 80 100 120
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Figure 9. Effect of initial concentrations on the
OTC removal (%) on ACT, pH = 5.5, ACT dose =
l1gL™L.

In addition, the results shown in Figure 9 demon-
strate that the adsorption kinetics are subdivided into
two steps. The first step, the adsorption, is extremely
rapid at the initial stage for the low initial concentra-
tion; this Behavior is related to the external diffusion
and slows down as the diffusion of the adsorbate into
the interior surface of the particles the adsorption
proceeds. In the first 30 min, the percentages of to-
tal amounts adsorbed are about 99.26%, 96.28%, and
74.10% for initial OTC concentrations 50, 100, and
200 mg-L‘l, respectively. After that, the second step
is slow until the constant concentration reaches an
equilibrium time within 120 min due to the available
OTC molecules in solution and their slow pore diffu-
sion into the bulk of adsorbent [42].

The results can also be related to hydrophobic in-
teractions between OTC molecules and ACT materi-
als [43]. Furthermore, OTC aggregation may also oc-
cur on the adsorbate surface at high OTC concen-
trations. The OTC adsorption capacity (q.) increases
from 50 to 165 mg-g~! with increasing initial OTC
concentration from 50 to 200 mg-L~!; this behavior
indicates that ACT is not efficient at high OTC con-
centrations, and this step elucidates the intraparticle
diffusion as the dominant mechanism in the kinetic
adsorption process.
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4. Equilibrium isotherms and kinetic models

The equilibrium adsorption isotherm study is fun-
damental to reveal that the adsorption performance
could indicate the surface properties, the affinity of
adsorbent, and the distribution between the solution
and the adsorbent phase, instead of understanding
the adsorption mechanism onto activated carbon, as
well as the nature of molecular forces. Besides, this
isotherm is valuable in estimating the adsorption ca-
pacity and the effectiveness of the adsorbent.

The adsorption data have been suggested to Lang-
muir and Freundlich [35]. All these models have been
generally applied to express the experimental data of
adsorption [36].

The Langmuir model form is given by:

Ce 1 +%

de bdy 4o
The Freundlich model is given by:

)

1
logg. =logKy + ;logCe 3)

C, and C, are the initial and equilibrium OTC con-
centration (mg-L™!) in these equations. ge, g, are
the OTC adsorbed amount at equilibrium and max-
imal capacity (mg-g™!). b: is the Langmuir constant
(L-mg_l).

k¢ and n are the Freundlich constants related to
the adsorption capacity and intensity, respectively.
All the parameter models are summarized in the
Table 3.

Furthermore, the essential characteristic of the
Langmuir isotherm is described by a separation fac-
tor or dimensionless equilibrium parameter (Rp)
shown in Table 3 [44]:

1
T 1+bC,”

It appears from the correlation coefficient (R?)
that the Langmuir model adequately fits the ex-
perimental results over the investigated concentra-
tions range. At natural initial pH (5.6), the maxi-
mum adsorption capacity of dried ACT was ¢, is
126.58 mg-g~! indicating that this material is promis-
ing in treating OTC solutions (50-200 mg-L™1).

According to the Ry values calculated for the ini-
tial OTC concentrations is 0.01 < R; < 0.13. Since the
R; values are within the range of 0-1, it can be con-
cluded that the adsorption of OTC onto ACT appears
to be a favorable process.

Rp 4)

The adsorption is nonlinear when the n value
is less than 1. This result indicates that the het-
erogeneous surfaces of ACT are weakly bonded to
the adsorbate by weak free energies, so adsorption
is essentially dominated by adsorption rather than
partitioning [45].

The adsorption kinetic is undertaken to under-
stand the dynamics of the adsorption reaction in
terms of the rate constant and to determine the
possible rate-controlling step of the adsorption
mechanism.

The adsorption kinetic data were evaluated by
using general linearized forms kinetic models, and
the goodness of fit was estimated by the regression
coefficient (R?).

The pseudo-first-order and pseudo-second-order
models are given, respectively by [46,47]:

k1 ,
2.303

log(qe — q¢) =log(qe) - (5)

t 1 t
—= +—.
qc kg de
In these equations, g, and g, (mg-g~!), are the
adsorption capacities at time ¢ and equilibrium k;,
k, are the rate constant for pseudo-first-order and
pseudo-second-order.
The intraparticle diffusion equation is expressed
as Weber and Morris, 1963, [48]:

(6)

qr = kaist®> + C, @)

where Ky is the intraparticle diffusion rate
(mg-g~!-min) and C is the intercept.
The Elovich kinetic model is described by [49,50]:

1 1
= W‘FBIH(I), (8)

where a and S are the Elovich constants.

The initial rates of adsorption reaction are
calculated according to the pseudo-first-order
and pseudo-second-order model by the following
equations:

q:

h = kiq; )

ha = k2. (10)
The constants and parameters calculated from all
kinetic models tested are presented in the table.

The obtained results show the model’s applica-
bility on the dynamic adsorption of OTC onto ACT
based on the regression coefficient and g, values.
In the actual study, the kinetic data were well fit-
ted by the pseudo-second-order kinetic model. The
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Table 3. Isotherms parameters models and separation factor Ry of OTC adsorption onto ACT

pH Langmuir Freundlich
R>  b@Lmg" gnmggl R R? n  Kp@Lgh
2.0 0.9937 0.0625 181.82 0.1379 0.7850 0.0670 129.02
4.0 0.9980 0.2960 136.98 0.0326 0.9310 0.0546 98.73
5.6 0.9989 0.5600 126.58 0.0175 0.9544 0.0753 87.54
8.0 0.9984 0.9050 105.26 0.0109 0.8653 0.0562 84.22
10.0 0.9950 0.9380 78.13 0.0105 0.3312 0.0416 66.49
Table 4. Parameters of different adsorption kinetics
Concentration (mg-L™1) 50 75 100 125 150 175 200
Gexp (mg-g_l) 48.59 73.49 99.94 122.12 143.22 156.68 164.98
Pseudo-first-order
qe (mg-g_l) 0.1962 2.03 14.63 32.17 41.82 44.22 50.09
K (g~mg_1~min_1) 0.0109 0.0089 0.0201 0.0275 0.0297 0.0344 0.0337
h (mg'g_l-min_l) 0.0004 0.03 4.30 28.42 51.96 67.26 84.52
R? 0.0125 0.2641 0.4462 0.7943 0.8448 0.8698 0.8839
Pseudo-second-order
qe (mg-g_l) 50 75.02 99.80 121.95 142.85 77.94 71.42
K> (g~mg_1~min_1) 0 0.0505 0.0109 0.0047 0.0035 0.0274 0.0575
hy (mg-g_l-min_l) 0 284.02 108.76 69.89 72.04 166.33 291.60
R? 0.9999 0.9997 0.9995 0.9993 0.9990 0.9967 0.9994
Intraparticle diffusion
K; (mg-g~!-min=%9) 2.64 4.26 5.85 7.62 9.07 9.72 10.46
C 30.66 43.21 53.81 58.5247  67.19 76.77 78.37
R? 0.2333 0.3041 0.3525 0.4524 0.4725 0.4376 0.4637
Elovich
a 110.24 120.44 132.29 114.94 127.51 156.91 152.35
b 0.1255 0.0796 0.0594 0.0472 0.0399 0.0369 0.0348
R? 0.4766 0.5579 0.6068 0.7013 0.7175 0.6849 0.7082

R? values obtained from the pseudo-second-order
kinetic model were higher; this indicates the excel-
lent agreement of this model to describe all the ex-
perimental adsorption data of OTC onto ACT mate-
rial. Kinetics of OTC adsorption onto ACT process,
suggests that the adsorption rate-limiting step may
be the chemisorption’s adsorption. The adsorption of
OTC occurs probably via surface complexation reac-
tions at specific sorption sites, highlighting the im-

portance of the surface functional groups activated
by our experimental condition. Also, it was perceived
that the calculated (g,) values increased with an in-
crease in the initial concentration of OTC.

In addition, the calculated g. (32.3 mgg™!)
value close to the experimental data (30.85 mg-g~!)
indicated that the pseudo-second-order model than
the pseudo-first-order one could approximate OTC
adsorption onto activated carbon more favorably.
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Pseudo-second-order kinetic model suggests that
the predominant process here is chemisorption.
Similar data were also reported by other investigates
[51,52].

Based on the results presented in the table,
the Elovich model did not fit perfect linear forms
(0.47 < R?> < 0.70) for the adsorption of OTC onto
activated carbon.

5. Temperature effect and thermodynamic pa-
rameters of OTC adsorption

Temperature is a crucial parameter in the adsorption
process [53]. It has two significant effects, i.e., it en-
hances the diffusion rate of the adsorbate molecules
through the outer boundary layer and into the ad-
sorbent particles’ pores by decreasing the solution’s
viscosity. Moreover, it improves the solubility of the
adsorbate.

To adequately understand the temperature influ-
ence on the adsorption of OTC by ACT, experiments
were carried out in a temperature range from 15
to 55 °C.

This choice of temperature is justified by the cli-
matic conditions prevailing during winter and sum-
mer, in which the elimination is carried out on an in-
dustrial scale. This study can be investigated under
the operating conditions: ACT dose: 1 g-L™!; contact
time: 120 min; OTC initial concentration: 200 mg-L‘1
and the free pH of the solution.

Figure 10 manifests the influence of temperature
on the adsorption evolution of the OTC on the ACT.
It can be noticed that the increase in temperature in
the studied range promotes the OTC removal rate on
ACT up to reaching equilibrium. This finding could
be explained by higher energy input, which can break
the associations between the OTC molecules and wa-
ter. This phenomenon causes a decrease in the vis-
cosity of the solution, resulting in a rise in the motion
and diffusion rate of the OTC molecules in the film
surrounding the ACT grain. At the same time as the
pores amount expand and improve the diffusion in
the pores.

In other words, the increase in energy in the pro-
cess can reduce the restrictions in film diffusion and
pore diffusion. In addition, the OTC molecules ac-
quire more energy to establish stronger interactions
with the active sites of the ACT. Several authors in the

100

% Removal of OTC

0 T T T T T T
0 20 40 60 80 100 120
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Figure 10. Temperature effect on Adsorption
of OTC onto ACT, pH = 5.5, dose ACT =1 g-L7!,
[OTC] =200 g-L 1.

literature have reported this positive effect of temper-
ature on adsorption [8].

The enthalpy (AH;{> ds), entropy (ASZ’1 das) and free
energy (AG; ) thermodynamic standard parameters
changes are due to the transfer of OTC from the so-
lution onto the solid-liquid interface. The thermody-
namic parameters are an approach used to highlight
the OTC adsorption mechanism (Table 5); they are

computed according to the following equations:

AGly =-RTInKy (1
AGyo = AHS — TAS; (12)

ads’

where K is the equilibrium constant is calculated by
the following relation [31,54]:

K=
d C

(13)
The experiments were carried out from 288 to 328 K
for an initial OTC concentration of 150 mg-L‘l, and
the values of AH,; and AS? , were determined from
the slopes and intercepts of the linear regression of
In(Ky) against (1/7) linear plot (14) (see Supplemen-
tary Figure S2):

(14)

-5 (35)

R RT

Based on the results of Table 4, the negative value
of AG; , is given for all temperatures indicating that
OTC adsorbed onto ACT is spontaneous.
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Table 5. Thermodynamic parameters of OTC removal onto ACT

AH (J-mol™) AS (J-mol K™} AG (kJ-mol™}
288K 298K 308K 318K 328K
15.5469 72.31 -20.81 -21.53 -22.25 =-22.97 -23.70

It was observed that with increasing tempera-
ture, AG; . decreases, implying that adsorption be-
comes thermodynamically more favorable. The posi-
tive AH; - further confirms the endothermic nature
of the OTC adsorption process, while the value of
AH,, is very tiny. This result may be due to a bit
of desorption of pre-adsorbed water. Supports this
assumption the positive entropy AS? ,  that means
the increased disorder during the OTC adsorption
process at the solid-solution interface. This behav-
ior is probably due to the displacement of water
molecules sorbed on the solid surface or some struc-
tural changes in the adsorbent and adsorbate during

the adsorption process [31,55].

6. Computational studies

In this work, the configurations of OTC in water and
vacuum media were optimized using DFT calcula-
tion and the corresponding FMO (Frontier Molecu-
lar Orbitals), resulting in HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied
Molecular Orbital) are shown in Figure 11. The MEP
(Molecular Electrostatic Potential) was computed to
discuss the electrophile and nucleophile character
position of OTC [56], illustrated by blue and red area,
respectively (Figure 11).

The HOMO is located mainly on C=0 N-C and
C-OH groups. At the same time, the LUMO is
situated on the C=C of the aromatic ring C-OH and
a weak part on C=0, indicating that these molecular
moieties are from active sites for adsorption [57].
Additionally, the MEP predicts a dominant elec-
trophilic character of OTC except around the oxy-
gen, in which strong negative potential was ob-
served. This high polarity of OTC-molecule favors
the intermolecular electrostatic and/or weak dipolar
interactions [58].

Furthermore, an attempt has been realized to
acquire in-depth erudition on the adsorption mech-
anism of OTC onto ACT. Two models of substrate

surface were proposed, cellulose and cellulose-
H,PO3, having the area of 16.40 x 20.76 A? (Fig-
ure 11). The choice of the two surface models il-
lustrates the adsorption on the raw biomass (Arti-
choke) before and after acid treatment (ACT). Fig-
ure 11 shows that the OCT molecule adsorbed lon-
gitudinally on both surfaces. The aromatic cycle is
almost in a parallel configuration, indicating that
m-electrons are strongly involved in the adsorption
mechanism. Besides, the oxygen atoms of OTC are
tilted toward the substrates, with distances close to
covalent bonds, suggesting that these last may occur.
Additionally, the adsorption energy values are given
in Table 6. The adsorption energy was found to be
-562.92 kJ-mol™! and —116.84 kJ-mol™! for cellu-
lose and cellulose-HyPO3, respectively. These high
energy values confirm again that OTC molecules are
strongly adsorbed, maybe through the chemisorptive
process, and their negative values indicate the spon-
taneity of the process. Therefore, the relative stability
and adsorption energy for the two surfaces follow
the order:

OTC/cellulose > OTC/cellulose-H,POs3.

Furthermore, the charges distribution of
molecules was illustrated by the electrostatic po-
tential maps, and the MEP maps of OTC-cellulose,
and OTC-cellulose HyPO3 were calculated using the
DFT method. From Figure 11, the MEP negative re-
gions mentioned by red and yellow colors were lo-
cated on the oxygen and nitrogen, indicating that
these sites are the most appropriate for electrophilic
attacks. Otherwise, electron transfer increases the
adsorption and favors the intermolecular electro-
static interactions [58].

7. Comparison of the adsorption of OTC on
various adsorbents

To evaluate the removal efficiency, a comparison of
maximum adsorption capacity obtained from the
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Figure 11. DFT-optimized configurations, FMOs (HOMO and LUMO) and MEP plots of OTC adsorption

onto Cellulose and Cellulose-H,PO3 system.

Table 6. Adsorption values using different substrates

(cellulose, cellulose-H,PO3)

Structure Total energy  Adsorption  Rigid adsorption Deformation Oxytetracycline:
(kJ/mol) energy (kJ/mol) energy (kJ/mol) energy (kJ/mol) dEad/dNi

Cellulose (2 x 2) (100) 74.45 —562.96 —-31.59 —531.36 —562.96

Cellulose H,PO3 (2 x 2) (100) 72.60 -116.84 —34.65 -82.18 -116.84

Langmuir model of the prepared ACT with investiga-
tions findings towards the OTC drug removal at the
optimum operating conditions is given in Table 7.

The obtained results revealed that ACT exhibits a
great extent of adsorption performance compared to
other adsorbents materials reported in the literature
for the same contaminant. Moreover, this compara-
tive study indicated that ACT could be a promising
and satisfactory adsorbent for pharmaceuticals and
dyes removal.

8. Conclusion

An undeniable and low-cost activated carbon pro-
duced from agriculture by-products, using the chem-
ical activation, has been identified as an effective ad-
sorbent for OTC removal from wastewater. Phospho-
ric acid was used to promote bond cleavage reactions
and the formation of crosslinks through different
mechanisms such as cyclization and condensation
and its combination with organic species to form
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Table 7. Comparison of the OTC maximum adsorption capacity obtained from Langmuir isotherm at

optimal operating conditions on various adsorbents

No Materials gm (mg/g) References
1 Theresidue of Flueggea suffruticosa  129.9 [59]
2  Corn stalk 88.5 [60]
3 Aerobic granular sludge 91.74 [15]
4  Surfactants modified sepiolite 39.18 [61]
5 Sediment 81.8869 [62]
6 Forest 263.8 [63]
7  Wood 254.1 [63]
8 ACT 126.58 This work

phosphate and polyphosphate bridges that bond and
crosslink fragments. These fragments were employed
to remove OTC molecules as a pharmaceutical pollu-
tant from an aqueous solution and achieve the sta-
tus of green environmental policy. The techniques
characterization of activated carbon the SEM im-
age clearly showed a heterogeneous surface mor-
phology of ACT signifying the presence of pores and
appreciate surface area obtained after carboniza-
tion processes with H3PO, acid treatment. The FTIR
spectroscopy revealed the presence of different peaks
corresponding to the functional groups formed after
activation by reducing the hydroxyl group and creat-
ing a carboxylic function. XFR analysis indicates that
the C, O, and P are the most elements composition.
The XRD analysis confirmed that the ACT displayed
a crystallinity structure characterized by an amor-
phous nature. The large surface area and the devel-
oped porous material structure after the activation
process proved by BET analysis reveal that the adsor-
bent is a typical mesoporous material.

As the results of the experimental studies revealed,
a minimum contact time for the adsorption equilib-
rium was less than 2 h, and for a fixed amount of ad-
sorbent 1 g-.L'~, an increase in the initial concentra-
tion of the solution reduces the contact time required
to reach equilibrium. In addition, the OTC adsorp-
tion increases with an increase in the temperature,
thereby suggesting the process to be endothermic.

The description of adsorption behavior by DFT
calculations showed superior ability and a good
agreement between experimental and theoretical in-
vestigation due to the different interaction energies
of adsorbent functional groups (C=0, -OH, C-POx)

OTC molecules.

Finally, this study demonstrates the outstanding
adsorption efficiency of ACT materials to OTC drugs
from an aqueous solution, and it has provided feasi-
ble, economical, and valuable practical water treat-
ment applications.
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