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Valorization and Upcycling of Acid Mine Drainage and Plastic Waste
via the Preparation of Magnetic Sorbents for Adsorption of
Emerging Contaminants
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ABSTRACT: Plastic waste poses a serious environmental risk, but
it can be recycled to produce a variety of nanomaterials for water
treatment. In this study, poly(ethylene terephthalate) (PET) waste
and acid mine drainage were used in the preparation of magnetic
mesoporous carbon (MMC) nanocomposites for the adsorptive
removal of pharmaceuticals and personal care products (PPCPs)
from water samples. The latter were then characterized using
Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX), transmission electron microscopy
(TEM), Brunauer—Emmett—Teller (BET), and ¢ potential. The
results of Brunauer—Emmett—Teller isotherms revealed high
specific surface areas of 404, 664, and 936 m?/g with corresponding pore sizes 2.51, 2.28, and 2.26 nm for MMC, MMAC-25%,
and MMAC-50% adsorbents, respectively. Under optimized conditions, the equilibrium studies were best described by the Langmuir
and Freundlich models and kinetics by the pseudo-second-order model. The maximum adsorption capacity for monolayer
adsorption from the Langmuir model was 112, 102, and 106 mg/g for acetaminophen, caffeine, and carbamazepine, respectively. The
composites could be reused for up to six cycles without losing their adsorption efficiency. Furthermore, prepared adsorbents were
used to remove acetaminophen, caffeine, and carbamazepine from wastewater samples, and up to a 95% removal efficiency was
attained.

*s, | Adsorption process

1. INTRODUCTION

Pharmaceuticals and personal care products (PPCPs) are
generally natural or synthetic compounds used for personal

Among many concerning PPCP residues, acetaminophen
(ACT), carbamazepine (CBZ), and caffeine (CAF) stand out
as the most widely detected in environmental systems.

care, diagnosing, preventing, or treating human or animal
illnesses.”” Research findings have revealed that these
compounds do not completely metabolize upon consumption.’
Instead, they are excreted both in the original and metabolized
state to the sewer systems, wastewater treatment plants
(WWTPs), and other aquatic/natural environments, mainly
through urine and feces.’” Subsequently, the routes to
environmental contamination may also consist of effluents
from industries, improper disposal by consumers, hospital
effluents, and wastewater treatment plants (WWTPS).4’5 As a
result of population growth and industrialization, the use of
pharmaceuticals and personal care products has increased
drastically.” The increased use leads to their improper
discharge into the environment, causing great concern as
they pose a serious threat to both aquatic and terrestrial life.’
Moreover, a number of literature reports substantiate the risks
to human and animal health when these pharmaceutical and
personal products are present in the environment.””
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Acetaminophen is one of the most commonly used over-the-
counter medicines, and it is the first-line drug for the treatment
of pain and fever globally.”'® It has been reported that about
60—70% of ACT cannot be absorbed by the human body, but
it is eliminated via excretion and discharged into the sewage
system.'"'” Carbamazepine is one of the most concerning
environmental pollutants. It is widely used as an anticonvulsant
drug for the treatment of epilepsy, seizures, and different
psychiatric disorders."” Due to its structural stability,
persistence in nature, and difficulty in biodegrading, CBZ is
one of the widely investigated emerging pollutants,"*~'¢
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Caffeine is a psychotropic substance that is extensively used as
an ingredient in pharmaceuticals, food, and beverages.'”"”
Caffeine is a substance of great pharmaceutical importance as it
is responsible for physical fatigue reduction and alertness
restoration. Furthermore, CAF is predominantly used as a
brain, cardiac, and respiratory stimulant."” Similar to ACT and
CBZ, CAf is frequently detected in the environmental
compartment, owing to its partial removal and low degradation
rate.

The presence of ACT, CBZ, and CAF in the environment is
very worrying in view of the fact that they are intended to react
and produce a response at low doses. Thus, they are of concern
even at low concentrations.'® Moreover, these compounds
have been designed to be stable and to interact only with target
molecules (proteins), which means that they are very slow to
degrade in the environment.'® Therefore, their continual usage
results in a constant release and accumulation in the
environment. Owing to their extensive use and consumption,
acetaminophen, caffeine, and carbamazepine have been
detected in concentrations ranging from ng/L to mg/L in
WWTP and ground and surface waters.'” Furthermore, it is
reported that WWTPs cannot effectively treat these com-
pounds as they are found at low concentrations.”” Thus, it is of
great importance in the scientific community to develop easy
and sensitive methods of treatment that can effectively remove
these compounds from various matrices.

Literature has reported several technologies that have been
employed for the treatment of these micropollutants in water
bodies, which include adsorption,Zl’22 advanced oxidative
processes,m’24 bioremediation,” ion exchange,26 and mem-
brane separation.”””* Among these techniques, the adsorptive
removal method has gained a lot of attention owing to its high
efficiency, lower operating costs, and ease of operation and can
be applied for the removal of pharmaceuticals, even in trace
concentrations.””*° Out of many adsorbents, carbon-based
adsorbents are the most broadly used for the treatment of
contaminated water due to their favorable characteristics, such
as their good porous structures and high surface area that
confers an outstanding adsorption capacity.’** Different
adsorbent materials can be fabricated by making use of a
wide variety of carbonaceous precursors, such as biomass
waste, which can result in the production of a variety of
adsorbents with different characteristics and qualities.”” Using
biomass waste has advantages that include availability and
abundance, the appearance of technical effectiveness, and
integration into existing processes. Despite these advantages,
biomass waste has disadvantages, such as low adsorption
capacity, increased chemical oxygen demand (COD), bio-
logical oxygen demand (BOD), and total organic carbon
(TOC).*®

Recently, there has been an increase in attention to the
upcycling of waste materials such as PET plastic and acid mine
drainage as an approach to the preparation of value-added
chemicals.” Since plastic does not degrade, it builds up in the
environment and causes serious health impacts such as choking
marine wildlife, damaging soil, and poisoning groundwater.3°
On the other hand, Problems associated with mine drainage
include contaminated drinking water, disrupted growth and
reproduction of aquatic plants and animals, and the corrodin§
effects of the acid on parts of infrastructures such as bridges.’
As such, the design of adsorbents for water treatment based on
plastic wastes and acid mine drainage is a promising strategy to
couple plastic waste minimization with the production of new
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functional adsorbent materials at a low cost that can be applied
to resolve pollution issues.”” For example, carbon-based
adsorbents obtained by pyrolysis of plastic waste for the
adsorption of heavy metals and methylene blue dye have been
designed and investigated.”®*” Furthermore, Xinchao and
colleagues successfully synthesized magnetite nanoparticles
with ferric iron recovered from acid mine drainage.*” Not long
ago, Chan and Zinchenko successfully prepared a hybrid
magnetic microparticle adsorbent for cesium removal by
functional upcycling of waste PET plastic.*'

Herein, we propose the synthesis of a magnetic mesoporous
carbon (MMC) nanocomposite from PET waste bottles and
acid mine drainage (AMD). The adsorption properties of the
MMC materials were studied for the simultaneous removal of
ACT, CBZ, and CAF in wastewater samples. Batch adsorption
studies were carried out, and multivariate strategies were
applied to investigate the effects of sample pH and dosage on
the adsorbent capability. The equilibrium data for the
adsorption process was analyzed in detail with adsorption
isotherms, and the adsorption mechanism and rate-limiting
step were evaluated using adsorption kinetics. The practical
applicability and performance of the prepared adsorbents were
investigated using spiked wastewater. To the best of our
knowledge, there is currently no literature report of the use of
MMC composites for the removal of these analytes.

2. EXPERIMENTAL SECTION

2.1. Reagents and Standards. The reagents used in this
study were analytical grade, and ultrapure water (Direct-
Q3UV-R purifier system Millipore, Merck, Darmstadst,
Germany) was used throughout. Acetaminophen (99.9%)
(ACT), caffeine (99.9%) (CAF), carbamazepine (99.9%)
(CBZ), HPLC-grade methanol, acetic acid, sodium hydroxide
(NaOH), ammonium hydroxide (NH,OH), iron(Il) chloride
hexahydrate (FeCl,-6H,0), and phosphoric acid (H;PO,)
were all purchased from Sigma-Aldrich (St. Louis, MO). PET
bottles were collected from waste bins at the University of
Johannesburg, Doornfontein campus (Gauteng, South Africa).
Acid mine drainage waste was collected from the central basin
acid mine drainage treatment plant (Germiston, Gauteng,
South Africa). The stock solutions were prepared by dissolving
appropriate amounts of ACT, CAF, and CBZ in 100 mL of
methanol. The model samples and stock solution were kept in
the refrigerator at 4—8 °C, and working solutions were
prepared daily by a subsequent dilution of stock solution with
ultrapure water.

2.2. Sample and Sample Collection. Influent and
effluent wastewater samples were collected from the
Hammersdale (Durban, KwaZulu Natal Province, South
Africa) WWTP. River water samples were collected from the
Umlazi River (Durban, KwaZulu Natal Province, South
Africa). Tap water samples were collected from the University
of Johannesburg, Doornfontein campus (Johannesburg,
Gauteng, South Africa).

2.3. Instrumentation. The materials were characterized
using transmission electron microscopy (TEM JEOL JEM-
2100, Japan), scanning electron microscopy (SEM, TESCAN
VEGA 3 XMU, LMH instrument, Czech Republic) coupled
with energy-dispersive X-ray spectroscopy (EDS), X-ray
diffraction instrument (PANalytical BV, Almelo, Netherlands),
FTIR instrument (PerkinElmer, Shelton, CT), nitrogen
adsorption—desorption isotherms (Micrometrics Instrument
Corp., Norcross, GA), and Nano-ZS Zetasizer (Malvern
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Scheme 1. Schematic Diagram Showing the Preparation of (a) Synthesis of Mesoporous Carbon (MC) and Mesoporous
Activated Carbons (MACs); (b) Magnetite Nanoparticles; and (c) Magnetic Mesoporous Carbon (MMC) and Magnetic

Mesoporous Activated Carbons (MMACs)
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Instruments, Malvern, UK). An inductively coupled plasma—
optical emission spectrometer (ICP-OES) (iCAP 6500 Duo,
Thermo Scientific, UK), a Scientech ultrasonic cleaner
(Labotec, Midrand, South Africa), and an Agilent HPLC
1200 Infinity series equipped with a diode array detector
(Agilent Technologies, Waldbronn, Germany) were used for
leaching studies, ultrasonication, and determination of PPCPs,
respectively. Detailed information about the instrumentation is
provided in the Supporting Information (SI).

2.4. Synthesis of Sorbent Materials. 2.4.1. Preparation
of Mesoporous Carbon Derived from PET Waste and Its
Activation. Mesoporous carbon (MC) was prepared from PET
waste bottles using a modified method as described by Dyosiba
and co-workers."” Scheme la shows a schematic diagram for
the preparation of MC. The initial step involves the
depolymerization of waste PET bottles that are first cut into
small PET flakes, followed by their hydrolysis in a hydro-
thermal reactor (at 220 °C for 8 h) using a mixture of ethylene
glycol and deionized water (5:95, v/v ratio), which yielded 10
g of the product. The resulting material is an organic linker
called terephthalic acid (TPA), which was washed with 30 mL
of ethanol three times and deionized water before being dried
at 100 °C for 12 h. The product was then physically
carbonated at the temperature of 725 °C in a muffle furnace
for 2 h to form the mesoporous carbon.

The mesoporous carbon (2 g) was activated by dispersing it
in 25 mL of 25 and 50% KOH solution (6.25 g in 25 mL and
12.5 g in 25 mL, Figure 1a). The solution was then heated at
100 °C for 12 h, and the resulting sludge was transferred into a
crucible. This was followed by physical activation at 700 °C in
a muffle furnace for 2 h. The product was then washed with
warm water and 10 mL of 1% of HCI. After the product was
washed three times with water, the sample attained a neutral
pH (~7). The final product was then dried at 100 °C and kept
there until use.

2.4.2. Preparation of Magnetite Nanoparticles. The
synthesis of magnetite was done following the method
described in the literature*® with slight modifications (Scheme
1b). Briefly, SO0 mL of acid mine drainage (AMD) was
transferred into an 800 mL beaker, and the pH was increased
from 2.7 to approximately 4.5 by gradually adding drops of a
10% NaOH solution to precipitate the Fe(III) completely. The
Fe(Ill) precipitate was then separated by means of
centrifugation. After that, the Fe(III) sludge was stored in a
refrigerator at 4 °C until further use.

Commercial FeCl,-6H,0 was used as the source of Fe(II).
Briefly, 4 g of Fe(Ill) wet sludge was dissolved in enough
ultrapure water (100—150 mL) in a 250 mL round-bottom
flask and stirred at 80 °C. Then, 2 g of FeCl,.6H,0 was
transferred into the solution while continuously stirring. The
reaction was performed under an N,(g) atmosphere to remove
the dissolved oxygen from the solution completely. Then, 20
mL of a 28% NH,OH solution was transferred into the
reaction, and the solution immediately turned black. The
reaction was left to stir vigorously for 30 min to precipitate the
magnetite completely. The black precipitate (magnetite) was
then separated from the solution by an external magnet and
washed with deionized water until the neutral pH (~7.5) and
then vacuum-dried.

2.4.3. Preparation of Magnetic Mesoporous Carbon
(MMC) or Magnetic Mesoporous Activated Carbons
(MMAC). The MMC or MMAC adsorbents were synthesized
via an ultrasonication method (Scheme 1c). First, 1 g of
synthesized pristine MC or MAC was placed into a clean
beaker, followed by the addition of 100 mL of ethylene glycol
as an adhesion/binding agent.** The solution was then
sonicated for 1 h to disperse the carbon in the solution
properly. Then, 1 g of magnetite was added to the
aforementioned solution and further sonicated for another 1
h. The product was separated via centrifugation, washed
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Figure 1. XRD patterns of (a) mesoporous carbon (MC), (b) mesoporous activated carbon (MAC-25%), (c) MAC-50%, (d) Fe;0,, (¢) magnetic
mesoporous carbon (MMC), (e) magnetic mesoporous activated carbon (MMAC-25%), (f) magnetic mesoporous activated carbon (MMAC-

25%), and (g) MMAC-50%.
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several times with deionized water, and then dried for 8 h at
100 °C.

2.5. Batch Adsorption Experiments. The adsorption
study was employed by the batch adsorption method. In the
experiments, appropriate amounts (56.2 mg) of the adsorbents
were weighed and placed into clean glass bottles, followed by
10 mL aliquots of the synthetic sample containing the mixture
of analytes (ACT, CAF, and CBZ) at concentrations of 1.0
mg/L adjusted at different pH values (3—9). The sample
solutions were then agitated in an ultrasound water bath for 30
min, and thereafter, the adsorbent(s) were separated from the
supernatant by an external magnet. After separation, 1 mL of
the supernatant was filtered by a 0.22 ym PVDF filter and then
analyzed using the HPLC-DAD. The filtration step was
conducted to remove any foreign fine particles that might be
in the sample as well as to avoid blockage of the injection port
and tubing. The adsorption removal efficiency (%RE) was
calculated by eq 1

© X 100
Cy (1

where C, and C, are the initial and equilibrium concentrations,
respectively.

A central composite design (CCD) method was employed
to optimize the influential variables (mass of adsorbent and
pH) for the adsorption of ACT, CAF, and CBZ on the surfaces
of the adsorbents. Under optimum conditions, the equilibrium
isotherms, kinetics, and thermodynamics were investigated.
The equilibrium isotherms were conducted by varying the
sample concentrations in the range of 5—50 mg/L with a
sample volume of 10 mL and 30 min sonication time. The
isotherm studies were performed in triplicate, and the
adsorption capacity (q., mg/g) was calculated by eq 2

G-V

¢ Co ()

where C; and C, are the initial and equilibrium concentrations
(mg/L), respectively, m is the mass (g) of the adsorbent, and V
is the volume (L) of the sample solution. The adsorption
kinetics were studied by varying contact time from 5—60 min
for each sample before analysis. The kinetics experiments were
conducted using initial concentrations of 50 mg/L, sample pH
of 7, and adsorbent mass of 56.2 mg. The concentration of
analytes in aqueous solution was determined using HPLC-
DAD. The adsorption capacity (q,) at time, t, was calculated
using eq 3.

(Co = C)V
Co (3)

where g, and C, are the adsorption capacity (mg/g) and
concentrations (mg/L) of the analytes at time ¢. The impact of
temperature on the adsorption capacities of the adsorbents
toward ACT, CAF, and CBZ was investigated by performing
the adsorption process at varying temperatures (25—45 °C).
During this process, the mass of the adsorbent, pH, contact
time, sample volume, and initial concentrations were all fixed.

2.6. Regeneration and Reusability Studies. To explore
the reusability of the prepared adsorbents, 56.2 mg of each
adsorbent was placed into a glass bottle, and 10 mL of sample
solution containing S0 mg/L was added to the bottle, followed
by ultrasonication for 30 min. After that, the adsorbent was
separated from the supernatant with an external magnet.

C,—C
%RE = —4_——

qt=

Preliminary results have proved that a minimum of 2 mL of
methanol was suitable for complete desorption of the analytes
from the surface of the adsorbent. Therefore, the resultant
adsorbent was washed with 2 mL of methanol three times to
remove the adsorbed analytes. Then, 1.0 mL of the composite
methanol phase (all methanol extraction fractions were
combined) containing the analytes of interest was separated
using an external magnet and analyzed with HPLC-DAD. The
adsorbent was then washed with a 10 mL mixture of ultrapure
water and ethanol, followed by rinsing three times with 5 mL
of ethanol. The spent adsorbent was dried in the oven at 60 °C
for 2 h before reuse. The adsorption—desorption process was
repeated five times. Furthermore, the stability of the
adsorbents was evaluated by determining the iron concen-
trations in the supernatant solutions after every cycle using
inductively coupled plasma optical emission spectrometry
(ICP-OES).

2.7. Real Water Sample Analysis and Method
Validation. As a proof of concept, the adsorption process
was applied to remove selected PPCPs from water samples.
The WWTP influent, WWTP effluent, and surface water
samples were collected from Hammarsdale WWTP. The tap
water samples were collected from the laboratory. All samples
were first analyzed for their physicochemical characteristics,
namely, pH, electrical conductivity (EC), total dissolved solids
(TDS), turbidity, and chemical oxygen demand (COD). The
results are presented in Table S1 (Supporting Information). A
solid phase extraction method employing HLB as a sorbent
material coupled with HPLC-DAD was used to characterize
the water samples, and the results are presented in Table SI.
The results obtained showed that the target analytes were
detected in wastewater samples and surface water samples.
Therefore, to test the effectiveness of the prepared adsorbents,
the samples were spiked at levels (0.1 and 2.0 mg/L)
representing the relevant concentrations of wastewater
(influents and effluents) and surface water samples. The
optimized adsorption process was applied to remove ACT,
CAF, and CBZ.

3. RESULTS AND DISCUSSION

3.1. Fourier Transform Infrared (FTIR) Spectroscopy.
Figure S1 shows the FTIR spectra of the as-synthesized (a)
(MC), (b) MAC-25%, (c) MAC-50%, (d) Fe,0,, (¢) MMC,
(g) MMAC-25%, and (g) MMAC-50%. All of the spectra
displayed a broad band at 3410 and 2000 cm™, which were
ascribed to the OH stretching vibration of the absorbed water
and O=C=0, which is the atmospheric CO, absorbed from
moisture. The bands at 2981, 1384, and 813 cm™' were
assigned to the CH, and CHj; stretching and bending
vibrations on the mesoporous carbons, including the nano-
composites. The bands found at wavenumbers 1628 and 1139
cm™! were attributed to the C=0 and C—O vibrations of the
carbonyl groups, and the 949 cm™" was ascribed to the C=C
stretching, which agrees with the FTIR spectrum of the carbon
material reported in the literature.’ All of the compounds
comprising the mesoporous carbon displayed all of these
characteristics. The bending peaks at 590 and 503 cm™ were
reported to represent the characteristic vibrations of Fe—O
corresponding to the magnetite nanoparticles.”

3.2. X-ray Diffraction (XRD) Spectroscopy. The crystal
structure was studied, and the XRD patterns of the (a)
mesoporous carbon (MC), (b) mesoporous activated carbon
(MAC-25%), (c) MAC-50%, (d) Fe;O4 (e) magnetic
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Figure 2. SEM of (a) mesoporous carbon (MC), (b) mesoporous activated carbon (MAC-25%), (c) MAC-50%, (d) Fe;O,, (e) magnetic
mesoporous carbon (MMC), (f) magnetic mesoporous activated carbon (MMAC-25%), and (g) MMAC-50%.

Figure 3. TEM images (a) mesoporous carbon, (b) mesoporous activated carbons, (c) Fe;0,, (d) magnetic mesoporous carbon (MMC), and (e)
magnetic mesoporous activated carbons (MMAC).
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Figure 4. N, adsorption and desorption isotherms at 77 K (a) mesoporous carbon (MC), (b) mesoporous activated carbon (MAC-25%), (c)
Fe;0,, (d) mesoporous activated carbon (MAC-50%), (e) magnetic mesoporous carbon (MMC), (f) magnetic mesoporous activated carbon

MMAC-25%), and magnetic mesoporous activated (MMAC-50%).
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mesoporous carbon (MMC), (f) magnetic mesoporous
activated carbon (MMAC-25%), and (g) MMAC-50% are
shown in Figure 1. The XRD pattern revealed the good
orientation and purely crystalline nature of the iron oxide
nanoparticles. It was found to be comparable to the carbon and
the magnetite reported in the literature.*® The diffraction peaks
at 260 = 19.5, 30.0, 35.4, 43.0, 57.0, and 62.6° were indexed and
ascribed to the (111), (220), (311), (400), (511), and (440)
magnetite planes, and the sharp peaks displayed the crystalline
nature of magnetite.”* The XRD patterns of magnetite powder
synthesized with ferric iron recovered from AMD were almost
identical with that of the sample prepared with reagent-grade
chemicals, indicating that the purity of the resolubilized
(Fe,(SO,);) solution recovered from AMD was sufficient for
magnetite synthesis. The XRD patterns of the carbon materials
displayed two broad peaks, which revealed the amorphous
nature of carbon. The diffraction peaks at 20 = 24.1 and 43.3°
correspond to the carbon planes indexed to (002) and (100),
respectively, in the compounds containing carbon. The MAC-
25% and MAC-50% sharp peaks depict small amounts of KOH
that were used in the activation phase. The MMAC, MMAC-
25%, and MMAC-50% displayed both the properties of carbon
and magnetite nanoparticles, which confirmed the impartation
of the magnetite nanoparticles onto the carbon.

3.3. Scanning Electron Microscopy/Energy-Disper-
sive X-ray Spectroscopy (SEM/EDX). Morphological
properties are important in determining the homogeneity or
heterogeneity of the materials. This indicates the uniformity of
the material. SEM was used to investigate the surface
morphology of the synthesized materials, and their micro-
graphs are presented in Figure 2 (a) MC, (b) MAC-25%, (c)
MAC-50%, (d) Fe;O,, (e) MMC, (f) MMAC-25%, and (g)
MMAC-50%. Figure 2a—c shows sheet-like structures of
mesoporous carbon stacked on top of one another. The
SEM image in Figure 2d reveals a spherical structure of the
magnetite nanoparticles of varying sizes, which are aggregated
because of magnetic field properties. Similar results have been
reported in the literature.”” The nanocomposite images in
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Figure 2e,£f clearly showed the magnetite nanoparticles
embedded in the pores and the surface of the carbon sheets.
This confirms the successful incorporation of nanoparticles
within mesoporous carbon.

The EDX spectrum of the magnetite nanoparticles showed
that the material was dominated by Fe and O atoms with
elemental composition of 72.5 and 20.4%, respectively, with
oxygen confirming the formation of magnetite, while the
presence of 4.1% of Cl was from the FeCl,-4H,0O reagent
(Figure S2a). The presence of traces of Al, Mg, Mn, and Si
indicated that there was coprecipitation of these elements
during the recovery of Fe (III) species from AMD. The EDX
studies of the nanocomposites also revealed the elemental
compositions, which are represented by carbon (C), iron (Fe),
oxygen(O), sulfur (S), and potassium (K) resulting from
AMD.

3.4. Transmission Electron Microscopy. The TEM
images from Figure 3ab show flat sheets of mesoporous
carbon with visible pores in both the MC and MAC materials.
Figure 3c reveals the shape of the synthesized nanoparticles,
which ranged from cubic to spheroidal, which was consistent
with the literature.”” The particle size and morphology were
almost identical with the ones synthesized from commercial
chemicals. Therefore, ferric iron recovered from AMD proved
to be a low-cost feedstock substitute for commercial ferric salts
for the synthesis of magnetite nanoparticles. The TEM images
in Figure 3e—g showed the incorporation of the magnetite
nanoparticles on the carbon materials. The nanoparticles were
found to be uniformly dispersed on the carbon sheets.

3.5. Nitrogen Adsorption—Desorption. Textural prop-
erties of an adsorbent are very important, as they influence the
adsorption efficiency, especially in complex matrices (such as
wastewater). The specific surface area and porosity have been
reported to be highly associated with the maximal adsorption
capacity of the adsorbent.***’ BET was employed to examine
the structural properties of the synthesized compounds. The
N, adsorption—desorption isotherms in Figure 4 describe the
type and porosity of the material. Figure 4a,b shows type 1
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isotherm graphs with no hysteresis loop for mesoporous
carbon and MAC-50%.

Meanwhile, magnetite, MMC, MAC-25%, and MAC-50%
showed type IV isotherm graphs with a hysteresis loop, which
is mainly characterized by monolayer adsorption. The uptake
continuously increases with pressure and reaches a plateau at
the saturation pressure. The pore size distribution graphs
(Figure S3) confirmed the mesoporous nature of the materials,
as the distribution is mostly in the mesoporous range. Table 1

Table 1. Surface Properties of Magnetite, Mesoporous
Carbon, MAC-25%, MAC-50%, Magnetic Mesoporous
Carbon, MMAC-25%, and MMAC-50%

surface area (m  pore volume pore size

material %/g) (em®/g) (nm)
magnetite 90.8 0.27 12.7
mesoporous carbon 563 0.30 2.11
MAC-25% 853 0.42 1.96
MAC-50% 1037 0.35 2.13
magnetic mesoporous 404 0.13 2.51

carbon

MMAC-25% 664 0.21 2.28
MMAC-50% 936 0.25 2.26

gives a summary of the surface properties of the synthesized
materials. The specific surface area for magnetite, mesoporous
carbon MAC-25%, and MAC-50% were found to be 90.8, 563,
and 853, and 1037 m*/g, the average pore size of 12.7, 2.11,
1.96, and 2.13 nm, along with the pore volume 0.27, 0.30, 0.42,
and 0.35 cm®/g respectively. While the MMC, MAC-25%, and
MAC-50% gave a specific surface area of 404, 664, and 936
m?*/g with corresponding pore size of 2.51, 2.28, and 2.26 nm
and pore volume of 0.13, 0.21, and 0.25 cm®/g respectively.
Activating the carbon increased the pore volume, and
depositing magnetite reduced the pore volume; however, the
pore size was not greatly affected. The resulting decrease in the
specific surface area of the nanocomposite verified the
deposition of magnetite nanoparticles on the surface of the
carbon materials.

3.6. Adsorption Studies of Acetaminophen, Caffeine,
and Carbamazepine onto Adsorbents. 3.6.1. Choice of
Adsorbents. The capacities of MC, MAC-25%, MAC-50%,

Fe;0,, MMC, MMAC-25%, and MMAC-50% adsorbents for
the adsorption of ACT, CAF, and CBZ were investigated as a
function of pH, and the results are illustrated in Figure S4. As
seen, the removal efficiencies of each adsorbent material
toward ACT, CAF, and CBZ significantly changed as the pH
of the solution changed. This phenomenon suggests that
sample pH may have changed the adsorbents’ surface activity
properties and physiochemical features of the analytes. Figure
7 shows that all of the investigated adsorbents showed
quantitative removal efficiencies toward ACT, CAF, and
CBZ between pH 4 and 6. The effect of pH on the adsorption
of the target analytes will be discussed in detail at a later stage.
The typical trend was that the mesoporous activated carbons
and composites had slightly better adsorption performance
compared to MC and magnetite. In addition, these findings
were coherent with the results of N,-adsorption—desorption,
suggesting that there was a compelling proportional correlation
between the surface properties of the adsorbent and their
removal efficiencies. Although all of the investigated materials
proved to be suitable for the adsorptive removal of ACT, CAF,
and CBZ, magnetic materials (excluding magnetite) were
chosen for further studies. This is because magnetite facilitated
the ease of separation and recovery of the adsorbent from the
aqueous solutions. In addition, the results have proven that the
combination of carbon materials and magnetic nanoparticles
has intensified the adsorption efficiency of the resultant
adsorbent in the order MMAC-50% > MMAC-25% > MAC.

3.6.2. Optimization of the Experimental Parameters. The
batch adsorption studies were optimized using a central
composite design (CCD), and the design matrix with the
obtained respective responses (%removal efficiency, %RE) at
the corresponding experimental conditions is illustrated in
Table S2. Statistica software was used to interpret and explain
the adsorption data in Table S2. A Pareto chart based on the
analysis of variance (ANOVA) was used to analyze the effects
of influential parameters by evaluating the variance within the
experimental design matrix (Figure S5). As shown in Figure
SSA, the sample and dosage were significant at the 95%
confidence level because the bar length exceeded the reference
red line (p = 0.05), while in Figure SSB, only the sample pH
was statistically important. The 3D response surface plots were
used to visualize the interactions between dosage and sample

()

3““‘0

eV

(b)

Figure S. 3D plots for the interaction of optimum parameters for the adsorptive removal of acetaminophen using (a) magnetic mesoporous carbon

and (b) magnetic mesoporous activated carbons.
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Figure 6. Effect of (a) ACT, (b) CAF, and (c) CBZ concentration (mg/L) on adsorption capacity qe (mg/g) of MMC-0%, MAC-25%, and MAC-
50% adsorbents. Experimental conditions: contact time: 30 min; mass of absorbent: 56.2 mg; pH: 7; room temperature; sample volume: 10 mL.

Table 2. Nonlinear Adjusted Adsorption Isotherms and Parameters Investigated”

Models Parameters MMC MMAC-25% MMAC-50%
ACT CAF CBZ ACT CAF CBZ ACT CAF CBZ
Qexp (ME/L) 80.5 73.2 70.2 99.1 88.9 94.3 109 98.7 104
Langmuir Qmax (ME/g) 81.7 76.3 73.5 102 94.5 98.7 112 102 106
K (L/mg) 0.21 0.31 0.38 0.24 0.39 0.35 0.29 0.43 0.46
Adjusted R? 0.9944  0.9927 0.9949 0.9971 0.9966 0.9937 0.9976 0.9988 0.9946
RSE 1.25 1.27 1.03 1.17 1.08 1.02 1.15 1.06 1.18
X2 0.89 0.38 0.87 0.29 0.59 0.76 0.12 0.63 0.63
Freundlich K [(mg/g)(L/mg)'n] 25.6 27.5 29.1 32.1 31.7 37.1 39.4 354 44.7
N 1.53 2.35 2.13 2.28 221 2.17 2.5 2.03 2.20
Adjusted R? 0.9945  0.9939 0.9913 0.9946 0.9942 0.9915 0.9953 0.9957 0.9908
RSE 1.49 1.32 1.37 1.33 1.36 1.15 1.26 1.13 1.26
X2 1.02 0.53 1.03 0.29 0.55 0.83 0.25 0.74 0.77
D-R qp.r (Mg/g) 75.4 70.8 66.4 86.5 79.7 84.7 86.5 86.3 95.3
B (mol?/kJ?) 0.0017  0.0013 0.0016 0.00055 0.00037 0.00048 0.00042 0.00034 0.00035
E, (kJ/mol) 17.1 19.6 17.7 30.2 36.8 323 345 383 37.8
Adjusted R? 0.9765  0.9817 0.9788 0.9785 0.9837 0.9865 0.9877 0.9836 0.9887
RSE 5.48 3.54 3.53 3.47 2.87 2.14 2.94 1.73 1.47
%2 6.17 2.19 2.66 1.91 1.93 1.75 1.54 1.51 1.11

“g. (mg/g): amount adsorbed; gmax (mg/g):

maximum monolayer adsorption; K; (L/mg): Langmuir constant; C, (mg/L); concentration of

adsorbate at equilibrium; R;: separation factor; K (L/mg): adsorption capacity; 1/n: adsorption intensity; Dubin constant: E (kJ/mol): mean

adsorption energy: Polanyi potential; R: gas constant; T: temperature.

pH (Figure S). As seen, the removal efficiency increased with
increasing dosage. This could be attributed to increased active
sites available for adsorption of the analyte.

To understand the effect of pH on the adsorption, the point
of zero charge of the adsorbents (MMC, MMAC-25%, and
MMAC-50%) was considered. As shown in Figure S, the
adsorption of the analyte increased with increasing sample pH

34708

up to 6. This pH value is lower than the point of zero charges
of MMC, which is 8.01 and higher than those for MMAC-25%
and MMAC-50% (4.9) (Figure S6). This suggests that the
surface of the material was positively charged for MMC and
negative for MMAC-25% and MMAC-50%. The analytes had
pK, values of 9.51, 14.0, and 13.9 for ACT, CAF, and CBZ,
meaning that at this pH range, the analytes are in their
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Table 3. Nonlinear Adjusted Adsorption Isotherms and Parameters Investigated”

Models Parameters MMC MMAC- MMAC-
25% 50%
ACT CAF CBZ ACT CAF CBZ ACT CAF CBzZ
Qexp (M/2) 80.5 73.2 70.2 99.1 88.9 94.3 109 98.7 104
R-P Krr(L/g) 15.5 17.1 14.3 13.6 14.5 13.4 12.4 13.6 12.4
og-p(L/mg) 0.87 0.94 0.94 0.89 0.98 1.08 0.77 0.96 0.87
B 0.85 0.90 0.85 0.84 0.95 0.87 0.71 0.91 0.76
R? 0.9945 0.9958 0.9955 0.9989 0.9957 0.9936 0.9977 0.9945 0.9943
RSE 1.13 1.09 1.26 1.04 1.05 1.85 1.07 1.04 1.05
12 0.88 0.65 0.88 0.78 0.36 1.46 0.69 0.49 0.78
Sips qms(Mg/g) 82.3 76.5 73.1 104 96.7 102 113 106 107
Ks(L/mg) 0.11 0.26 0.27 0.28 0.37 0.34 0.054 0.42 0.46
ng 1.23 1.48 1.85 1.19 1.29 1.21 1.07 1.11 1.02
R? 0.9966 0.9936 0.9985 0.9991 0.9966 0.9982 0.9989 0.9984 0.9976
RSE 1.16 1.05 1.03 1.07 1.04 1.13 1.05 0.94 1.03
02 0.55 0.11 0.19 0.23 0.16 0.73 0.18 0.22 0.55

“Kg (L/g) and oy (L/mg): Redlich—Peterson constants; B: slope; g,,s (mg/g): Sips maximum adsorption capacity; Kg (L/mg): Sips isotherm

model constant; ng: Sips isotherm model exponent.

50—52
molecular state.

This translates to the presence of the lone
pairs on the analytes to be available for ionic interaction with
the positively charged MMC. For the MMAC-25% and
MMAC-50%, the mechanism of adsorption is suggested to
include pore filling and 7—7 interactions.””

The optimal experimental conditions for the investigated
factors were estimated by applying the desirability function.
Desirability score ranging from 0—1 (where 0, 0.5, and 1
correspond to the least desired, middle, and most desirable
response). According to Figure S7, the optimum experimental
conditions for the adsorption of selected PPCPs were 6 and 56
mg for sample pH and MA. The predicted optimum conditions
were validated and confirmed experimentally (six replicates).
The experimental and predicted responses are presented in
Table S4. According to the Student t-test (paired two samples
for means), the results were not significantly different at a 95%
confidence level. This is because the tyiaed/ tsar Was less than
tcritical'

3.7. Equilibrium Studies. Isotherm models are used to
describe the interaction between the analyte and the adsorbent
at dynamic equilibrium after a certain incubation time.’*
Furthermore, the isotherm models demonstrate the economic
feasibility of the adsorbent for viable applications, thus
influencing the adsorption experimental design for an
industrial-scale process.”” In this instance, the isotherms for
ACT, CAF, and CBZ were used to explain the sorption
mechanism on the surface of the adsorbents (MMC, MMAC-
25%, and MMAC-50%). It was observed that the adsorption
capacity increased with increasing analyte concentration until it
reached equilibrium (Figure 6). This increase in adsorption
capacity was attributed to higher initial analyte (ACT, CAF,
and CBZ) concentrations, which created a greater driving force
by hastening the diffusion of the adsorbate molecules onto the
surface of the adsorbent.’® The equilibrium adsorption data
was fitted into five nonlinear isotherm models, including the
Langmuir, Freundlich, Dubin—Radushkevich, Redlich—Peter-
son, and Sips. Various studies have applied the linear
regression of adsorption models for the estimation of isotherm
parameters (Batool et al, Hamzaoui and Bestani, Okpara et

al.).>’=*%% However, previous studies have reported that

linearizing the models is not suitable for the estimation of
isotherm parameters, thus leading to erroneous conclu-
sions.5¢!

Furthermore, researchers have recommended the use of
coefficient of determination (R?) to decide on the best-fitting
isotherm models, which was found to be misleading and
insufficient.”*®*> Therefore, nonlinear regression models were
used to estimate the isotherm parameters. The values of the
nonlinear regression model parameter for ACT, CAF, and
CBZ adsorption by MMC-0%, MMAC-25%, and MMAC-50%
are presented in Tables 2 and 3.

3.7.1. Two-Parameter Isotherm Models. The data in Figure
6 was fitted into two-parameter nonlinear models, including
Langmuir, Freundlich, and Dubin—Radushkevich isotherms.
The isotherm parameter values calculated from the nonlinear
expressions of these models are summarized in Table 2. The
nonlinear isotherm regression analysis revealed that the ACT,
CAF, and CBZ data were better described by the Langmuir
and Freundlich models (Table 2) than the Dubin—
Radushkevich model. This is supported by the higher
correlation of the determination and lower RSE and y* values.
These findings suggest that the adsorption behavior of ACT,
CAF, and CBZ onto magnetic carbon-based adsorbents could
not be explained by one isotherm model but by the
combination of the two models.”* These results suggest that
the adsorption process was monolayer adsorption on a
heterogeneous adsorbent surface.””% The results show that
maximum adsorption capacity and Langmuir affinity constants
(Ky) for all of the analytes followed the trend: MMC-0% >
MMAC-25% > MMAC-50%. This might be related to the
increased oxygenated functional groups introduced during the
activation of the mesoporous carbon. Furthermore, the BET
surface area of the synthesized carbon-based adsorbents proved
to play a critical role in their adsorption behavior (Table 1).
Moreover, the values of the K were low, confirming the high
affinity between the analyte molecules and the adsorbents’
active sites.”* The separation factor (R;) estimated from the
Langmuir model parameters was used to assess the adsorption
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Figure 7. Effect of contact time on the adsorption of (a) ACT, (b) CAF, and (c) CBZ onto MMC-0%, MMAC-25%, and MMAC-50% adsorbents.
Experimental conditions: initial concentration: 20 mg/L; mass of adsorbent: 56.2 mg; sample pH: 7; sample volume: 10 mL.

favorability of the analytes onto adsorbents.”**” According to
previous studies, the adsorption process is favorable,
irreversible, and linear if 0 < R;, < 1, R, > 1, R, = 0, and R,
= 1, respectively.”® In this study, the calculated R; value for
MMC-0%, MMAC-25%, and MMAC-50% ranged from
0.083—0.15, 0.07—0.12, and 0.055—0.097, respectively, and
these values were between 0 and 1, demonstrating that the
adsorption of ACT, CAF, and CBZ onto these adsorbents was
favorable. In the Freundlich isotherm, the parameter n
indicates the adsorption intensity, and if 1 < n < 10, this
suggests that the sorption process is favorable. As seen in Table
2, the n values were greater than unity, indicating that the
adsorption of ACT, CAF, and CBZ onto the adsorbents was
favorable, and the active sites on the surface of the adsorbent
were heterogeneous.()9 The R? RSE, and y* values for D-R
isotherms (Table 2) showed that this model could also
describe the adsorption of ACT, CAF, and CBZ onto the
adsorbents. This model was then used to estimate the
adsorption energy (E,), which represents the nature of the
sorption process. As seen in Table 2, the E, values were greater
than 16 kJ/mol, suggesting that ACT, CAF, and CBZ
adsorption onto MMC-0%, MMAC-25%, and MMAC-50%
adsorbents chiefly occurred through chemisorption.”””"

3.7.2. Three-Parameter Isotherm Models. The adsorptive
behavior of ACT, CAF, and CBZ on the adsorbents was
further investigated using three-parameter isotherm models
such as Redlich—Peterson and Sips. These isotherm models
were chosen because they can be used in either homogeneous
or heterogeneous systems.72 Furthermore, Redlich—Peterson
and Sips isotherm models were selected because they are
hybrid adsorption mechanisms that could overcome the
shortcomings of the Langmuir and Freundlich models.”” The
three-parameter isotherm and error function values derived
from the nonlinear plots are presented in Table 3. The results
show that both Sips and the Redlich—Peterson models gave
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high R? and low error values, indicating that both isotherms
were the best fit for all of the adsorbents.

Additionally, the adsorption capacities estimated using the
Sips model were closer to the experiment values, suggesting
that depending on the initial concentrations of the analyte
molecules, the adsorption of ACT, CAF, and CBZ happened
on both monolayer sorption and heterogeneous surfaces of the
adsorbents.”*”® Furthermore, the surface heterogeneity values
derived from the Sips model were close to 1 for the adsorbents,
suggesting that the Langmuir equation predominantly
describes the data. The heterogeneous surfaces of the
mesoporous adsorbents might be from the ununiform
distribution of hydroxyl and carboxylic groups, as seen by
the bands 3410 and 1628 cm™ on the FTIR spectra.”®

3.8. Kinetics Studies. The adsorption kinetics studies were
conducted to understand the adsorption mechanism of ACT,
CAF, and CBZ on the surfaces of magnetic mesoporous
adsorbents. Figure 7 presents the results obtained from the
three adsorbents. These revealed that a fast adsorption rate was
achieved within the first 15 min, and then, the uptake of the
analytes slowed to reach the adsorption equilibrium after 20
min. Furthermore, it was noted that the adoption capacities at
time ¢t (q) of MMC-0%, MMAC-25%, and MMAC-50%
adsorbents were significantly different. This was attributed to
the difference in the physicochemical properties because the
MMACs had higher g, values than MMC. This could be
attributed to the increase in the oxygenated functional
groups.”® Furthermore, it was noted that the large specific
surface area for MMAC-50 was found to be favorable for the
simultaneous adsorption of ACT, CAF, and CBZ, thus
increasing the removal efficiency of this adsorbent.

Four kinetic nonlinear models, including pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle diffusion, were
used to explain the experimental data presented in Figure 7.
Table 4 presents the kinetic parameters for pseudo-first-order,
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Table 4. Nonlinear Adjusted Adsorption Kinetics and Parameters Investigated”

models parameters MMC MAC-25% MAC-50%
ACT CAF CBZ ACT CAF CBZ ACT CAF CBZ
e (mg/8) 80.5 732 702 99.1 88.9 94.3 109 98.7 104
PFO q. (mg/g) 72.1 65.6 63.9 82.7 71.9 81.8 932 86.8 88.1
k, (1/min) 0.43 0.56 0.63 0.46 0.47 0.47 0.55 0.64 0.47
R* 0.9635 0.9518 0.9781 0.9759 0.9838 0.9887 0.9837 0.9813 0.9871
RSE 5.20 6.13 3.18 S.11 4.97 5.18 4.39 4.76 391
7 3.81 4.01 2.12 3.87 243 318 2.03 2.74 2.33
PSO . (mg/g) 82.0 74.5 72.7 101 90.3 94.9 110 99.6 103
k, (g/mg min) 023 0.17 0.13 0.14 0.11 013 0.12 0.13 0.15
R* 0.9918 0.9963 0.9982 0.9975 0.9979 0.9950 0.9981 0.9986 0.9972
RSE 1.94 1.86 1.75 1.46 1.67 1.58 1.66 1.62 223
b 1.13 1.24 1.33 1.04 1.16 1.03 0.96 0.79 1.10
Elovich o (mg/g/min) 35.4 25.5 47.6 483 32.3 44.9 52.9 55.4 52.8
B (g/mg) 0.054 0.055 0.077 0.045 0.047 0.048 0.041 0.047 0.057
R? 0.9881 0.9873 0.9884 0.9793 0.9776 0.9876 0.9898 0.9889 0.9786
RSE 2.18 2.34 2.01 2.30 2.52 3.57 2.75 2.92 3.77
7 1.82 1.77 1.48 1.83 14§ 1.32 1.81 1.73 1.69

“q. (mg/g): sorption capacity; k; (1/min): rate constant; k, (g/mg min): second-order constant; @ (mg/g/min): initial rate constant; f: (g/mg)

desorption constant.

pseudo-second-order, and Elovich models. The RSE, %, and R?
values were used to select the models that best explain the
experimental data. As seen, the experimental data were better
described by the pseudo-second-order model followed by the
Elovich kinetic model because they both had low RSE and y*
values and high R%. This trend was observed for all of the
investigated adsorbents. In addition, the adsorption capacities
obtained using the pseudo-second-order model were close to
the experimental g, values, suggesting that the adsorption
process might be dominated by chemisorption. Even though
the pseudo-first-order model had high values of RSE and y*
and lower R” values, the calculated adsorption capacity values
using its nonlinear expression were closer to the experimental
data values (Table 4), suggesting that there was a competition
between physisorption and chemisorption.”” The Elovich
model was used to clarify the nature of ACT, CAF, and
CBZ adsorption onto the adsorbents. As seen, the initial
constant rate (@) was found to be higher than the desorption
coefficient (f3) for all adsorbents. These results confirmed that
the adsorption process was dominated by chemisorption,”®
thus agreeing with the isotherm results.

The kinetics data was fitted to the intraparticle diffusion
model, and the adsorption of ACT, CAF, and CBZ onto the
magnetic mesoporous adsorbents resulted in multilinear plots
showing the adsorption process. The first stage was attributed
to the external diffusion or mass transfer of analytes from the
bulk solution to the external surface of the adsorbents. In
contrast, the second step was ascribed to the diffusion of ACT,
CAF, and CBZ molecules from the exterior surface to the
internal pores of the magnetic mesoporous adsorbents.”” The
intraparticle diffusion kinetic model parameters are summar-
ized in Table 5. Table S shows that boundary layer diffusion
(C) values are not equal to zero, suggesting that the
intraparticle diffusion is not the rate-limiting step. Therefore,
it was concluded that the adsorption of ACT, CAF, and CBZ
onto the surfaces of the adsorbents was concurrently governed
by surface adsorption and intraparticle diffusion.

Furthermore, the intraparticle diffusion rate constant (kipl)
for the first stage was higher than that for the second stage.
This phenomenon was due to the availability of free adsorption

Table S. Intraparticle Diffusion Kinetic Model Parameters”

parameter
analytes values MMC-0% MMAC-25% MMAC-50%
step 1 ACT kip1 22.3 25.6 272

C, 16.9 14.3 13.2

R? 0.9524 0.9886 0.9884
CAF ki1 226 25.8 24.9

C, 24.3 24.4 11.2

R? 0.9602 0.9878 0.9847
CBZ Kip1 17.2 24.5 21.0

C, 5.09 14.5 10.9

R 0.9724 0.9940 0.9936

step2  ACT ki 0.40 0.50 0.60

C, 77.3 98.1 103

R? 0.8121 0.8130 0.8926
CAF ki 0.38 0.29 0.33

C, 70.1 86.1 95.6

R? 0.9273 09173 0.8912
CBZ ki 0.31 0.71 0.68

C, 68.0 88.1 99.2

R? 0.8737 0.9241 0.7956

“C: intercept; k;,: intraparticle diffusion rate constant.

sites and high concentrations of the analytes in the bulk
solution. The (kipz) values for the second stage decrease
significantly because of the continuing diffusion of analytes
into the adsorbents’ surface-active sites and inner pores.”’
3.9. Adsorption Thermodynamics. Thermodynamic
studies were investigated to ascertain the dominant adsorption
mechanisms (that is, physisorption or chemisorption). The
adsorption process was carried out at different temperatures
(25, 30, 35, and 40 °C). The thermodynamic parameters, such
as enthalpy (AH®), entropy (AS°), and Gibbs energy (AG®),
were calculated according to the expressions reported in the
literature.**~* The AH® and AS® values were estimated from
regression equation parameters (slope and intercepts) of the
van’t Hoff plots. Table 6 presents the thermodynamic
parameter values for ACT, CAF, and CBZ adsorption onto
the surfaces of MMC-0%, MMAC-25%, and MMAC-50%
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Table 6. Thermodynamics Parameter Values for ACT, CAF, and CBZ Adsorption onto MMC-0%, MMAC-25%, and MMAC-

50% Adsorbents

ACT CAF CBZ
parameters T (K) MMC-0% MMAC-25% MMAC-50% MMC-0% MMAC-25% MMAC-50% MMC-0% MMAC-25% MMAC-50%

AG® (KJ/mol) 298 —6.67 —7.88 —-623 —5.89 —5.78 —5.68 —6.12 —5.48 —-527
303 —7.38 -826 —7.34 —6.87 —6.04 729 —7.19 —6.87 —7.78
308 -893 —9.49 —-893 —8.75 -7.93 -8.33 —-925 —-7.98 —9.06
313 —9.67 —-10.82 ~10.07 —9.75 -9.03 -9.93 ~10.81 —9.41 —~10.98

AH (kJ/mol) -25.6 —344 —46.7 —36.2 —40.7 —58.7 —26.7 -38.5 —47.6

AS°(J/(molK)) -763 -83.5 —126 —88.4 -87.9 —134 —68.7 —784 —974

Table 7. Comparison of the Sorption Capacities for ACT, CAF, and CBZ on Various Activated Carbon Sorbents

mass of
adsorbent analyte adsorbent (mg)
activated carbon (peanut shells) CAF 150
activated carbon (coconut) ACT 80
activated carbon (Babassu coconut biomass) ~ACT 10
activated carbon (Argania Spinosa tree CBZ 100
nutshells composites)
biochar (coffee grounds) CBZ 50
activated carbon (Cannabis sativam Hemp)  ACT 20-120
activated carbon (ceramic) ACT 15
activated Carbon (cashew nutshell) ACT 12.5
MMC-0% ACT, CAF, 562
CBZ
MMAC-25% ACT, CAF, 562
CBZ
MMAC-50% ACT, CAF, 562
CBZ

sample volume contact Time adsorption capacity

(mL) (hr) Ph (mg/g) refs

10 24 5 122 90

10 24 7 5.96 89

20 24 3 128 86

S50 24 7 105.3 91

20 24 7 19.89 92

25 0.5-8 3—-11 16.18 94

15 24 7 159 87

25 24 7 146 88

10 0.5 7 81.7, 76.3, 73.5 this

study

10 0.5 7 102, 94.5, 98.7

10 0.5 7 112, 102, 106

adsorbents. Table 6 shows that the AG® values were negative,
suggesting that the simultaneous adsorption of the emerging
contaminants onto the adsorbents was feasible, favorable, and
spontaneous.”* Moreover, the AG° values increase with
increasing temperature, demonstrating that the efficiency of
ACT, CAF, and CBZ adsorption onto the surface of magnetic
mesoporous adsorbents was more favorable at higher temper-
atures.”* The negative AH® reveals that the adsorption process
was exothermic, and its values were higher than 20.9 kJ/mol,
confirming that the chemisorption was dominant,® supporting
prior observations from the isotherms and kinetics results.
Furthermore, the negative AS° suggested a decrease in the
randomness at the boundary of the solid/liquid phases during
the adsorption process, and these results supported the affinity
of magnetic mesoporous adsorbents toward the simultaneous
adsorption of ACT, CAF, and CBzZ.%

3.10. Comparison Studies. The adsorption methodology
using activated carbon derived from PET plastics was
compared with that of activated carbon derived from other
waste materials documented in the literature to assess their
analytical performance. The comparison was narrowed down
to only the analytes (ACT, CAF, and CBZ) of interest. Table 7
summarizes the adsorbed emerging contaminant, some of the
characteristic parameters of the activated carbon used as
adsorbent, the pH, mass of adsorbent, contact time, and
sample volume at which the adsorption process was analyzed,
and the maximum adsorption capacity (mainly from the
Langmuir’s monolayer adsorption capacity but also) obtained
from some of the studies previously reported in the literature.
The adsorption capacities obtained in this study were high and
comparable to the previous studies and followed the trend
MMC > MMAC-25% > MMAC-50% for all three analytes.
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The obtained adsorption capacities for ACT ranged between
81.7—112 mg/g, which was lower compared to those reported
elsewhere (Table 7).%7®* This could be that Ferreira and co-
workers used a lower pH, mass of adsorbent, high sample
volume, and longer contact time, suggesting lower pH (Table
7) gave more ionic interactions and higher sample volume,
which allowed more room for interactions for a longer time.*’
On the other hand, some researchers used similar pH
conditions but higher sample volume and longer reaction
time, which allowed for room and longer interactions between
analytes and adsorbents.””* However, a lower capacity
obtained by Hamoudi and colleagues suggests that increased
mass of adsorbent and longer reaction time did not have much
influence on the adsorption capacities.”” The adsorption
capacities for CAF ranged between 76.3—102 mg/g, which
were lower than those reported in the literature (Table 7).
This might be due to lower pH, which gives more ionic
interactions, longer interactions, and more absorbency to
remove the analyte. The capacities for CBZ (73.5—106 mg/g)
were comparable to those reported by’' and lower than the
values reported by.”> This suggests that CBZ was affected
much by the higher adsorbent mass, sample volume, and
longer reaction times. Moreover, adsorbent surface properties
from various resources might also play a role in the adsorption
capacities.93

3.11. Regeneration and Reusability Studies. The
regeneration and reusability of the spent adsorbent are
important parameters to be studied when investigating its
practical application and the cost-effectiveness of the
adsorption process for water treatment. Furthermore, it is
important to examine the stability of an adsorbent because it is
one of the critical uses in assessing the practical applicability

https://doi.org/10.1021/acsomega.4c03426
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Figure 8. Regeneration and reusability studies of MMC-0%, MMAC-25%, and MMAC-50% adsorbents on the adsorption of (a) ACT, (b) CAF,
and (c) CBZ. Experimental conditions: mass of absorbent: $6.2 mg; contact time: 30 min; temperature: 298 K; pH: 7.

Table 8. Adsorption Performance of MMC-0%, MMAC-25%, and MMAC-50% Adsorbents for ACT, CAF, and CBZ Removal

from Water Bodies (n = 3)

%removal efficiency (mean + %RSD)

adsorbents samples ACT
0.1 mg/L 2.0 mg/L
MMC-0% tap water 99.5 £2.3 98.7 £ 2.5
surface water 974 + 23 95.5 £ 2.5
influent 834 + 23 76.7 + 2.5
effluent 882 + 21 813 £ 24
MMAC-25% tap water 100 + 4 99.8 £ 3.2
surface water 979 + 2.2 96.1 + 2.3
influent 86.1 + 2.5 81.5 + 2.6
effluent 90.2 + 2.6 87.7 £ 2.7
MMAC-50% tap water 100 + 2 99.8 + 2.5
surface water 983 + 2.5 97.5 £ 2.4
influent 88.5 + 2.7 87.3 + 2.6
effluent 92.7 £ 3.2 90.2 + 2.3

CAF CBZ

0.1 mg/L 2.0 mg/L 0.1 mg/L 2.0 mg/L
99.1 + 2.2 99.3 + 2.1 99.6 + 2.4 98.7 £ 2.6
96.5 +2.3 98.1 + 3.2 98.7 + 2.4 96.7 + 2.5
74 £ 22 68.8 + 2.3 747 £ 2.3 727 + 24
78.1 + 2.2 73.8 +2.5 79.3 + 2.5 839 +22
99.8 + 1.3 99.6 + 1.6 100 + 4 99.5 £ 24
97.6 £ 2.5 98.5 + 3.1 98.2 + 2.5 97.7 £ 2.6
792 + 2.8 722 +£23 853 +23 84.1 + 24
85.6 + 2.7 773 £ 2.5 90.1 + 2.5 893 + 2.2
100 + 3 99.6 + 3.1 100 + 3 100 + 2
98.1 + 2.2 98.6 + 2.5 929.1 + 2.1 98.2 + 2.3
842 + 123 76.8 + 2.6 89.7 £ 2.2 887 + 2.4
89.4 + 2.5 832 + 2.7 933 £ 24 90.9 + 2.5

and the possible secondary contamination caused by the spent
adsorbent.”” In this study, the reusability and regeneration of
MMC-0%, MMAC-25%, and MMAC-50% adsorbents were
assessed by conducting successive adsorption—desorption
cycles repeated six times. As seen in Figure 8, the adsorption
capacities of MMC-0%, MMAC-25%, and MMAC-50%
adsorbents slightly decreased in the sixth adsorption—
desorption cycle. The overall reduction of the adsorption
capacities in the sixth adsorption—desorption cycle ranged
from 18.2—23.6%. These results revealed that MMC-0%,
MMAC-25%, and MMAC-50% adsorbents had good adsorp-
tion performance, and they were highly efficient and reusable.
The leaching of iron from the magnetic adsorbents was
evaluated to assess the stability of the sorbents. Iron was not
detected in the solutions for all of the adsorption—desorption
cycles when MMAC-25% and MMAC-50% adsorbents were
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used. However, for the MMC-0% adsorbent, traces of Fe ions
(107—233 ug/L) were detected after the fifth adsorption—
desorption cycle. The detected Fe concentrations were below
the maximum allowable limits (300 ug/L). These results
suggest that the prepared adsorbents could be safely used for
the removal of emerging contaminants in water bodies with a
very minimal possibility of causing secondary environmental
pollution. Therefore, the prepared adsorbents displayed
excellent stability, recoverability, separability, and reusability,
thus making them promising adsorbents for industrial
applications.

3.12. Application of the Magnetic Mesoporous
Adsorbents in Real Water Samples. The applicability of
the adsorption process using MMC-0%, MMAC-25%, and
MMAC-50% adsorbents was evaluated for the adsorptive
removal of ACT, CAF, and CBZ from different water samples,
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such as domestic wastewater, surface water, and tap water. Tap
water samples were used to compare the performance of the
adsorbent to real complex samples. The physicochemical
characteristics of the samples are presented in Table S1. The
removal of the analytes was performed without adjustment of
the pH of the water samples. This was done to maintain the
environmental conditions of the samples. As seen in Table S1,
the residual concentrations of ACT, CAF, and CBZ were
detected in surface water, influent, and effluent wastewater
samples. Table 8 presents the results obtained for the
simultaneous removal of ACT, CAF, and CBZ in all water
samples. As seen, the adsorption eficiency of the analytes in
tap and surface water was greater than 95%. However, it
decreased significantly, especially in wastewater effluents. The
trend (MMC < MAC-25% < MAC-50%) was similar to all of
the investigated real water samples. However, due to its high
surface area, MMAC-50% displayed better removal efficiency
compared to other adsorbents. The general decrease in the
removal efficiency was attributed to the presence of high levels
of coexisting substances in wastewater samples as compared to
surface and tap water samples. These results suggest that some
of the coexisting substances caused interferences in the
adsorption of the analytes, thus resulting in the reduction of
the adsorption efficiency of the target emerging contami-
nants.” The results obtained in this study also showed that the
concentration of substances such as sulfates, COD, and
turbidity significantly decreased after adsorption.

Furthermore, lower removal efficiency in wastewater samples
was also attributed to the higher concentrations of ACT, CAF,
and CBZ. Even though the performance of the adsorbents
decreased in real wastewater samples, it is suspected that
increasing the dosage of the adsorbents on a larger scale could
lead to improved removal performance. Moreover, relatively
high removal efficiencies ranging from 68.9 to 93.3% in
wastewater samples indicated that the prepared magnetic
mesoporous adsorbents are promising options for wastewater
treatments.

4. CONCLUSIONS

Unique magnetic activated carbon adsorbents were success-
fully prepared from waste materials (PET plastics and AMD
solutes) and applied for the adsorption of ACT, CAF, and
CBZ from model solutions and real wastewater samples. The
attractiveness of the surface properties of the prepared
adsorbents was uncovered through the analysis of the
physicochemical properties of the adsorbent by using
techniques such as SEM, TEM, FTIR, XRD, BET, and {
potential. The adsorbents were applied, and optimization of
the parameters, such as pH and MA, was performed to adsorb
the analytes from water. The optimum conditions (pH 6 and
56.2 mg of MA) obtained were satisfactory, considering the
optimal performance of the adsorbents. The analytical
performance of the adsorbents was examined in terms of
equilibrium, kinetics, and thermodynamic studies. The non-
linear isotherm regression analysis data best fitted Langmuir
and Freundlich models, suggesting that the adsorption process
was monolayer adsorption on a heterogeneous adsorbent
surface. The maximum adsorption capacity and Langmuir
affinity constants for all of the analytes followed the trend:
MMC-0% > MMAC-25% > MMAC-50%. The kinetic
experimental data were better described by the pseudo-
second-order model followed by the Elovich kinetic model
due to low RSE and y* and high R* values. The adsorption
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capacities obtained using the pseudo-second-order model
suggested that the adsorption process might be dominated
by chemisorption, which the Elovich model also confirmed.
The thermodynamics data revealed negative values of AG®,
suggesting that the simultaneous adsorption was feasible,
favorable, and spontaneous. The negative AH® indicates that
the adsorption process was exothermic, confirming that the
chemisorption was dominant, and the negative AS° suggested
a decrease in the randomness at the boundary of the solid/
liquid phases during the adsorption process. The magnetically
activated carbon adsorbents were observed to be highly
reusable, with satisfactory recovery for more than six cycles.
Ultimately, the adsorbent was applied to real wastewater
samples collected from a domestic WWTP. The potential
applicability of the adsorbent was impressive for the extraction
of selected analytes; this may be a solution for wastewater
treatment systems that face the challenge of organic pollutants.
The proposed method of waste conversion to functional
adsorbent materials minimizes waste and removes other
pollutants with high efficiency, which in turn will ensure a
better circulation of waste, providing necessary key technol-
ogies for sustainable materials use.
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