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ABSTRACT: Magnetic activated carbon (MAC) derived from
agricultural waste shows significant potential for the removal of
norfloxacin (NOR) from wastewater. However, understanding the
removal mechanisms, efficiency, and recyclability of MAC
produced from walnut green husk and ferrocene for NOR remains
a challenge. In this study, walnut green husk-based MAC (HQP-
MC) was synthesized, and changes in surface functionality,
mechanisms for NOR removal, and major influencing factors
were investigated. The results indicated that HQP-MC predom-
inantly features a mesoporous structure with a diverse array of
surface functional groups, including —OH, NH,, C=0, and C-O0.
Additionally, HQP-MC demonstrates a remarkable adsorption
capacity for NOR, achieving 226.8 mg-g”' at 298 K and pH 7.0

‘ie-gil |

e

‘ ‘ Magnetization

under various substrates and experimental conditions. This high capacity can be attributed to a significantly enhanced specific surface
area and pore volume, which increased by factors of 2.40 and 2.46, respectively, compared with pristine activated carbon. Moreover,
HQP-MC exhibited an exceptional saturation magnetic strength of 11.5 emu-g™', along with a reusability rate of 80.5% after ten
cycles. The adsorption kinetics were effectively described by the pseudo-second-order model and the Langmuir isotherm model.
This study provides valuable insights into the sustainable development of magnetic adsorbent materials derived from agricultural

waste and their applications in wastewater decontamination.

1. INTRODUCTION

Drug residues in water have emerged as a significant global
concern for both environmental integrity and public health.
Recent trends indicate a consistent rise in the variety and
concentration of antibiotics identified in aquatic systems.
Furthermore, the persistence of these residual antibiotics can
contribute to the development of bacterial resistance, which
poses considerable risks to human health through potential
transmission via the food supply." Norfloxacin (NOR) is a
third-generation fluoroquinolone that has been extensively
employed in the fields of medicine,” animal husbandry, and
aquaculture because of its favorable pharmacokinetic character-
istics, broad-spectrum antibacterial activity, potent antibacterial
properties, and low toxic side effects.” As is known, NOR has
been widely used in many countries. For instance, in China,
the annual consumption of NOR amounts to 1820 tons."
However, only 10% to 60% of NOR is absorbed by organisms.
The majority of fractions that have been excreted into the
environment as predrugs cause water, air, and soil pollution,
making them a common organic pollutant in water. This has
caused potential ecological risks and endangered human
health.® As reported by some researchers, the concentration
of NOR residues detected in animal manure ranged from 1.886
to 225 mgkg™'.” Consequently, the development of cost-
© 2025 The Authors. Published by
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effective and efficient methods for the removal of NOR prior
to their release into the environment has garnered significant
interest. Currently, NOR or other pharmaceuticals are
eliminated from aquatic environments through various
methods, including oxidation, ultraviolet degradation, reverse
osmosis, and nanofiltration.*™*> Nevertheless, the economic
viability of these systems has been hindered by challenges, such
as the generation of hazardous sludge, incomplete removal of
contaminants, high capital and operational expenses, and the
requirement for specialized personnel for operation and
maintenance. Consequently, the presence of pharmaceuticals
in water underscores the need for more advanced purification
technologies to obtain clean water. However, current method-
ologies are limited by their substantial costs, low reusability,
and disposal challenges.'"* To address this issue, it is essential
to develop a long-term solution that meets current demands

Received: July 29, 2024
Revised: ~ November 18, 2024
Accepted: November 25, 2024
Published: January 2, 2025

https://doi.org/10.1021/acsomega.4c05032
ACS Omega 2025, 10, 498—508


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Resalat+Yimin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reyangul+Abla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gulbagar+Dawut"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdukader+Abdukayum"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bin+Xiong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c05032&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05032?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05032?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05032?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05032?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/1?ref=pdf
https://pubs.acs.org/toc/acsodf/10/1?ref=pdf
https://pubs.acs.org/toc/acsodf/10/1?ref=pdf
https://pubs.acs.org/toc/acsodf/10/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c05032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

while minimizing the environmental impact. This solution
should be grounded in social, techno-economic, and environ-
mental considerations and implemented in a sustainable
manner. Employing cost-effective and sustainable adsorbents
prevents the direct disposal of pharmaceuticals into water
bodies. Adsorption-based decontamination has been widely
applied due to their low cost, simple preparation, easy
industrialization, high adsorption efliciency, environmental
friendliness, and straightforward technique for eliminating
pollutants.'> A substantial body of research demonstrates that
the remarkable stability, large specific surface area, and rich
pore structure of activated carbon (AC) contribute to its
widespread utilization in the remediation of water pollutants,
including heavy metals,"”'” gaseous substances,'® pharmaceut-
icals, "™ dyes,zs_25 and various other contaminants.

Despite the established methodologies for the preparation of
activated carbon (AC), its limited recyclability results in a
significant energy expenditure. To address this issue,
researchers have effectively synthesized magnetic activated
carbon (MAC),”*™** which contributes to decreased energy
consumption and costs due to its enhanced recyclability.
Various methods have been reported to make MAC, including
ball milling, coprecipitation, wet-dipping, and hydrothermal
treatment with various magnetizing aégents such as iron, cobalt,
nickel, manganese, and their salts.”” Liu et al.*° reported a
preparation method for magnetic biochar through one-step
pyrolysis. They utilized it to remove NOR with a magnetic
strength of 3.57 emu'g_l, reaching equilibrium in 8 h, with a
maximum adsorption capacity of 166 mg-g~'. Wang et al.*
produced y-Fe,O;@BC and used it to remove NOR with a
high magnetic strength of 30.60 emu-g™' and a maximum
adsorption capacity of 5.52 mg-g™' within 2 h. However,
current methods encounter various issues, such as either a low
magnetic strength or low adsorption capacity. After magnet-
ization, the BET surface area and pore volume decrease
because some pores are blocked by magnetic particles.”’
Mohan et al.”' developed MAC from almond shells and used it
for trinitrophenol removal from water. They found that the
specific surface area (Sppr) of MAC (527 m*g™") was lower
compared to nonmagnetic activated carbon (733 m*g™") due
to pore blocking. It is necessary to find an improved method
for magnetization that offers strong magnetic strength, high
adsorption capacity, and minimal or no pore blocking.

Agricultural waste is characterized by its abundance,
renewability, and low-cost availability, rendering it an ideal
resource for the production of carbon-based materials such as
graphene oxide, carbon nanotubes, carbon dots, and activated
carbon.””~ The utilization of these materials has the potential
to mitigate waste management and disposal expenses. Walnut
is a significant category of nuts and woody oilseed tree species,
possessing considerable economic importance. The green husk
of the walnut, as depicted in Figure 1, constitutes a substantial
external layer of immature walnuts, com;)rising approximately
50% of the total weight of the walnut. ® The generation of
byproducts from walnut green husk surpasses that of walnut
kernels. Nevertheless, the lack of specialized technical methods
for prompt processing results in considerable resource waste
and environmental pollution. Dealing with agricultural waste
from walnuts has always been an urgent issue to address during
the mature season (in October). One effective way to address
the above issue is by transforming walnut waste into MAC with
a high specific surface area, stability, low cost, and environ-
mentally friendly properties, thereby achieving the goal of
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Figure 1. Walnut green husk.

“treating pollutants with waste and turning waste into
treasure.”

In this paper, HQP-MC with magnetic response and high
specific surface area was prepared using pyrolysis with walnut
green husk and ferrocene as raw materials. As a result, HQP-
MC offers advantages, such as a high specific surface area, a
well-developed pore structure, rich surface functional groups,
and stable chemical properties. This material exhibits an
excellent adsorption capacity for NOR. Furthermore, the
magnetic response enables HQP-MC to achieve rapid
separation speed and excellent recyclability. Therefore, this
result offers an effective solution for dealing with fluoroqui-
nolones and other pollutants that share similar physical and
chemical properties in water. It also presents an efficient
method for using agricultural residues.

2. MATERIALS AND METHODS

2.1. Materials. Walnut green husks were gathered in
October in Shufu, Xinjiang, China. Subsequent to the
elimination of dust, the item was allowed to air-dry naturally.
Ferrocene (AR) and potassium hydroxide (KOH, AR) were
purchased from Macklin. Ethanol, hydrochloric acid (HC],
AR), and sodium hydroxide (NaOH, AR) were provided by
the Xinjiang Key Laboratory of Novel Functional Materials
Chemistry. Deionized water was used to prepare all of the
solutions required for the experiment.

2.2. Preparation. 2.2.1. Preparation of HQP-AC. After
undergoing a series of processing steps including cleaning,
drying, crushing, and sieving, the walnut green husk was
activated with 1.7 mol-L™" KOH solution for 12 h with stirring
at 298 K. Subsequently, after being filtered and dried, the
sample was placed in a tube furnace and heated up to 1073 K
under nitrogen protection at a flow rate of 5 °C/min.
Activation was conducted for 2.5 h, followed by a cooling
process. The sample was then rinsed with deionized water until
reaching a neutral pH and subsequently dried for 24 h at 373 K
in a vacuum oven.

2.2.2. Preparation of HQP-MC. HQP-AC powder and
ferrocene (m:m, 2:3) were mixed with the proper amount of
ethanol (just submerge the solid mixture) and sonicated for 1 h
to ensure thorough mixing. The mixture was placed in the
crucible and then transferred to a tube furnace heated to 1073
K for 4 h under nitrogen protection at a flow rate of 5 °C/min.
After being cooled to room temperature, the sample was
washed with deionized water until neutral and then dried in a
vacuum oven at 373 K for 24 h (Figure 2).

2.3. Characterization. The microstructure of the materials
was observed by using a scanning electron microscope
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Figure 2. Diagram illustrating the preparation process and performance of HQP-MC.

(Hitachi, SU8010). Functional groups of the materials were
determined by using a Fourier transform infrared spectrometer
(Hitachi, FTIR-200) with a wavenumber range of 4000—400
cm™". The hysteresis loop of the materials was measured using
a vibrating sample magnetometer (Lake Shore, 7404) within a
magnetic field range from —2T to 2T at room temperature.
Phase composition of the materials was examined using X-ray
diffractometry (XRD) with 26 ranging from 20° to 80°
(Bruker, D8 ADVANCE). N, adsorption isotherms of the
materials were tested by using a surface area and pore size
analyzer (Micromeritics, 3Flex Version 5.00). The specific
surface area, pore size, and pore volume of the sample were
determined using the BET, BJH, and HK methods,
respectively.

2.4. Adsorption Experiment. The influence of various
initial pH values (3.0—13.0), adsorbent dosage (0.4 g-L™'—2.0
g-L_l), adsorption time (0—250 min), reaction temperature
(298K, 308 K, and 318 K), and concentration of NOR (50—
400 mg-L™') was studied by conducting batch experiments.
The effect of different pH was studied at 298 K. Sixty
milligrams of HQP-MC were added to 50 mL of NOR solution
with a concentration of 100 mg-L™". The mixture was placed in
a water bath oscillator and allowed to react for 10 h. The pH of
the solution was adjusted by adding 0.1 mol-L™" of NaOH or
HCL The magnetic adsorbent was separated by adding an
external magnet in the following experiments. The concen-
tration of NOR before and after adsorption was analyzed using
an ultraviolet—visible spectrophotometer (SHIMADZU, UV-
2600) at a wavelength of 272 nm. The adsorption capacity and
removal rate of NOR by HQP-AC/HQP-MC were calculated
using the following formulas, respectively.’”

(= c)V

(3

(1)

m

500

w= M X 100%

G (2
where q. (mgg™") and w (%) represent the adsorption
capacity and removal rate of HQP-AC/HQP-MC for NOR,
respectively, ¢, (mg-L™") and ¢, (mg-L™") denote the initial and
equilibrium concentration of the NOR solution, respectively, V'
(L) stands for the volume of the NOR solution, and m (g)
represents the mass of HQP-AC/HQP-MC. Langmuir (3) and
Freundlich (4) models were applied to study the adsorption
isotherm.

1/9, = 1/(q k) + 1/q, (3)

q, = keee'”" @

where ki (L-mg™") is the Langmuir constant, g,, (mg-g™") is
the maximum adsorption capacity, kp (mg/(L"'™™g)) is the
Freundlich constant related to adsorption capacity, and #n is an
empirical parameter related to adsorption strength.” Pseudo-
first (5), pseudo-second-order (6), and Elovich model (7)
kinetics were used to study the mass transfer mechanism of the
adsorption process.

lg(q, — q) =lgq, — kt/2.303 (s)
t/qt =1/kyq> + t/q, (6)
q, = 1/pIn(apt + 1) (7)

where k; (min) and k, (g/(mg'min)) are the reaction rate
constants for the pseudo-first-order and pseudo-second-order
models, respectively, the variable g, (mg-g™') represents the
adsorption capacity at a specific time, @ (mg/(g-min)) is the
initial adsorption rate constant, and # (g'min~") is the extent of
surface coverage.”® The thermodynamic parameters were
calculated using formulas 8—10 to estimate the thermody-
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Figure 3. SEM images of Fe;0, (a), HQP-AC (b), and HQP-MC (c).

T
1.L7um

namic behavior of NOR adsorption onto HQP-AC and HQP-
MC.

Kd = qe/ce (8)
AG = AH — TAS 9)
InK; = —AH/TR + AS/R (10)

where /\G represents Gibbs free energy (kJ-mol™"), AH
denotes enthalpy (kJ-mol™"), /\S signifies entropy (J-mol™-
K™') and R is the universal gas constant 8.314 (J-mol "-K™"), T
stands for temperature (K), and Ky is the distribution
coefficient for adsorption.”

3. RESULTS AND DISCUSSION

3.1. Characterization Results. The surface morphologies
of HQP-AC and HQP-MC examined by SEM are shown in
Figure 3. The surface of HQP-AC is quite rough and exhibits
an irregular pore structure. The surface of HQP-MC is highly
porous, featuring numerous irregular wrinkled structures that
facilitate the provision of more adsorption sites. After
activation with KOH and treatment with ferrocene, the
porosity of the MAC derived from walnut green husk is
enhanced. This unique structure and morphology enable
HQP-MC to have a higher surface area and better adsorption
performance. BET test results and adsorption performance
further confirm this finding,

XRD analysis was conducted to identify the presence of
Fe;0, in HQP-MC. The XRD spectra of Fe;O,, HQP-AC, and
HQP-MC are shown in Figure 4. There are two broad
diffraction peaks in the ranges of 20—30° and 40—50° for
HQP-AC, which can be assigned to (002) and (100)
diffraction peaks, indicating graphitic carbon (JCPDS: 75—
2078).*° The XRD patterns of HQP-MC exhibit obvious
diffraction peaks at 30.1°, 35.5°, 43.1°, 53.7°, §7.1°, and 62.8°;
they can be assigned to the (220), (311), (400), (422), (511),
and (440) crystal structure of Fe;O,, according to the standard
card (JCPDS: 75—0033).*" This confirms that HQP-MC has
good purity and crystallinity.

FTIR was applied to verify the structural composition and
functional groups present in the materials. The absorption
peak at 579 cm™), as illustrated in Figure S, is exclusively
associated with the Fe—O stretching vibration in HQP-MC,
confirming the successful magnetization process. The broad
band with high intensity appearing at about 3450 cm™' is
associated with the elongation vibration of the functional
groups —OH and —NH,. The band of high intensity around
1627 cm™' is attributed to the stretching vibration of C=0
due to carboxyl. The peak around 1400 cm™ should be the
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Figure 4. XRD patterns of HQP-AC (a), Fe;0, (b), and HQP-MC
(o).

bending vibration of carbon hydrogen bonds.* ~* The peak
examined at 1040 cm™' is the stretching band of C—O from
the carboxylic group.”* The sharp band at 872 is the bending
vibration of =C—H in aromatic hydrocarbon. These various
functional groups are more favorable to the adsorption process.

The magnetic responsiveness of HQP-AC and HQP-MC
was evaluated through VSM analysis conducted at room
temperature. The findings are illustrated in Figure 6. The
hysteresis curve of HQP-AC demonstrates a linear trend
without hysteresis and magnetization, suggesting the absence
of magnetic characteristics in activated carbon derived from
walnut green husk. The magnetic saturation strength of HQP-
MC reached 11.5 emu-g™', and the hysteresis loop is
symmetric with zero coercivity. Therefore, it exhibits super-
paramagnetism and demonstrates a strong magnetic response
to an external magnet. After the external magnetic field is
removed, the magnetic adsorbent demagnetizes and ensures
high dispersion in the system. Due to its magnetic properties,
the HQP-MC was separated within 15 s by an external magnet,
thereby increasing the recyclability of the absorbents.”” The
strong magnetic properties facilitate the rapid separation of
HQP-MC from the system without the need for suction and
filtration, greatly reducing the experimental time.

The N, adsorption—desorption isotherms and BJH pore size
distribution profiles of HQP-AC and HQP-MC are clearly
illustrated in Figure 7 and Table 1. The isotherms exhibit rapid
N, adsorption rates at low relative pressures (P/P,) between 0
and 0.1, indicating the presence of micropores. At higher

https://doi.org/10.1021/acsomega.4c05032
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magnetically activated carbon without pore blockage. This
enhancement can lead to a high adsorption capacity, as the
BET surface area is a critical factor in the adsorption capacity
of absorbents.*

The pore size distribution analysis conducted using the BJH
method, as illustrated in Figure 7b, indicated that the pore size
distribution patterns of HQP-AC and HQP-MC primarily
focused on the ranges of 1—15 and 1—10 nm, respectively.
This suggests the existence of micropores (with an average
pore diameter (D,,) below 2 nm) and mesopores (D,
between 2 and SO nm), with a little presence of macropores
(Dap exceeding SO nm). The total pore volume of HQP-MC
(1.6868 cm®-g™") was notably higher, being 2.46 times that of
HQP-AC (0.6857 cm®-g™"). These findings suggest enhanced
adsorption potential for NOR, as the adsorption capacity of
adsorbents toward contaminants is directly linked to their
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Pore diameter (nm)

Figure 7. N, adsorption—desorption isotherms (a) and pore size
distribution profiles (b) of HQP-AC and HQP-MC.

specific surface area and pore volume, facilitating increased
adsorption sites and storage capacity. Furthermore, the pore
size distribution of the adsorbent plays a critical role in its
adsorption efficacy, influencing the accessibility of adsorbate
molecules into the adsorbent pores and consequently
impacting the adsorption kinetics.

3.2. Adsorption Behavior. 3.2.1. Effects of Initial pH and
Adsorbent Dosage. In order to investigate the impact of pH
on the adsorption mechanism, an experimental analysis was
conducted utilizing solutions with pH levels spanning from 3.0
to 13.0. The results depicted in Figure 8 illustrate that the
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Table 1. Pore Parameters of HQP-AC and HQP-MC

sample Spr (m*g™") V, (em®g™) Vines (cm®g™") Vinie (em™g™") Vines/ Ve (%) Vinic/ Ve (%)
HQP-AC 648.9 0.6858 0.3659 03197 53.3 46.6
HQP-MC 1541.6 1.6868 0.9774 0.6868 57.9 40.7
400 120
100 | 4 Hap-MC —— HQP-MC (%)
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Figure 8. Influence of pH on adsorption performance of HQP-AC (a)
and HQP-MC (b) (T =298 K, ¢, = 100 mg-L™", t = 10 h).

surface of the adsorbent exhibited a positive charge at pH
values below the point of zero charge (pszc), which is
recorded at pH values of 5.3 and 3.9 for HQP-AC and HQP-
MC, respectively. Conversely, at pH levels exceeding pH,,, the
adsorbent surface displayed a negative charge. Regarding
NOR, it is present as NOR" at pH values lower than the pK,,
of 6.34, transitioning to NOR*(™) within the pH range of 6.34
to 8.75, and finally as NOR™ at pH levels surpassing 8.75.
Consequently, when the pH falls below the pH,,, there is a
repulsion of electrons between the adsorbent and NOR
molecules, leading to a lower removal rate. Conversely, when
the pH,,. < pH < 8.75, the attraction between electrons of
opposing charges intensifies, resulting in an enhanced removal
rate. Upon surpassing a pH of 8.75, electron repulsion occurs
between particles carrying the same charge. The pH of the
solution significantly influences the adsorption process by
altering the charge of the adsorbent surface and NOR during
the adsorption process.

The quantity of adsorbent utilized is a critical factor
influencing adsorbent effectiveness. Hence, an investigation
was carried out within the adsorbent dosage range of 0.4 g-L™"
to 2.0 g¢'L™". Following the addition of NOR solution with a
concentration of 250 mg-L™", the adsorption process persisted
for 10 h at 298 K. The outcomes, as illustrated in Figure 9,
demonstrate that the removal efficiency of HQP-AC and
HQP-MC increased from 18.5% to 50.5% and from 48% to
98.8%, respectively. Conversely, the adsorption capacity
decreased from 151.6 mg-g™" to 63.1 mg-g”' and from 306.2
mg-g~' to 123.6 mg-g~!, respectively. As the adsorption dose
increases, the adsorption area and adsorption sites also increase
accordingly, while the amount of NOR adsorbed per unit
around the adsorbent decreases. At an adsorbent quantity of
1.2 g¢'L7', the removal rate exceeded 95%. However, further
increments in the quantity resulted in a gradual increase in the
removal rate, indicating a low adsorption capacity. Con-
sequently, an adsorbent dose of 1.2 gL' was selected for
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Figure 9. Adsorption capacity and removal rate under different
adsorbent dosages (T = 298 K, pH = 7.0, ¢y = 250 mg:L™", t = 10 h).

subsequent experiments to explore other factors influencing
the adsorption process.

3.2.2. Adsorption Kinetics. Batch adsorption was conducted
at different times ranging from 0 to 250 min. The findings
depicted in Figure 10 indicate a rapid initial adsorption rate

200

150

100

q,(mg.g”)

= HQP-MC

50 e HQP-AC
- - -Pseudo 1st
—— Pseudo 2nd
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0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100 120 140 160
Time (min)

Figure 10. Adsorption kinetic nonlinear fit for NOR adsorption onto
HQP-AC and HQP-MC (T = 298 K, pH = 7.0, ¢, = 250 mg-L ™!, m =
12 gL™).

attributed to the active sites present. With prolonged
adsorption periods, the active sites of the absorbents became
saturated with NOR molecules, leading to a deceleration in the
reaction rate until equilibrium was attained. The observed
experimental adsorption capacities for HQP-AC and HQP-MC
were recorded at 84.7 mg-g”' and 193.1 mg-g~', respectively.

The study of adsorption kinetics plays a crucial role in
understanding the progression and potential mechanisms
involved in the adsorption process. Various nonlinear models
such as pseudo-first/second-order kinetic models and the
Elovich kinetic model”® have been utilized to investigate
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Table 2. Kinetic Parameters of Pseudo-First-Order, Pseudo-Second-Order, and Elovich Models

adsorbent first-order kinetic model second-order kinetic model Elovich model

K (min™)  gecy (mgg™) R Aq  k(min™) g (mgg) R Ag  a(mgg'min™) p(gmg!) R
HQP-AC 0.077 81.0 0.978 3.7 14 x 1073 88.7 0.998 4.0 47.2 0.070 0.949
HQP-MC 0.101 185.4 0.982 13.8 8.6 x 107* 199.2 0.999 6.1 252.8 0.036 0.924

adsorption kinetics. Analysis presented in Figure 10 and Table
2 demonstrates that the pseudo-second-order kinetic model
effectively fits the experimental data, as indicated by the higher
correlation coefficient (R*) and the close alignment between
the experimental and theoretical adsorption capacities.
Furthermore, the Elovich kinetic model effectively character-
izes the adsorption behavior of NOR on HQP-AC and HQP-
MC, with notable correlation coefficients (R?) of 0.949 and
0.924, respectively. Moreover, the substantial values of a (47.2
for HQP-AC, 252.8 for HQP-MC) in comparison to # (0.070
for HQP-AC, 0.036 for HQP-MC) suggest the feasibility and
irreversible nature of the adsorption process.

Furthermore, the study also incorporated the intraparticle
diffusion model to analyze the adsorption of NOR on HQP-
AC and HQP-MC. The adsorption process exhibited three
distinct linear stages with varying adsorption rates (shown in
Figure 11 and Table 3): external diffusion with a fast

200
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Figure 11. Intraparticle diffusion model for NOR adsorption onto
HQP-AC and HQP-MC.

adsorption rate, intraparticle diffusion with a slow adsorption
rate, and adsorption equilibrium. Within the first 30 min, a
significant portion of the adsorption occurred rapidly,
accounting for over 75% of the total adsorption. Subsequently,
the rate of reaction decelerated, eventually reaching equili-
brium around 90 min. This behavior was attributed to the
abundance of active sites and functional groups present on the
surfaces of HQP-AC and HQP-MC during the initial
adsorption phase. Over time, as the available adsorption sites

on the adsorbents’ surfaces became saturated, the adsorption
rate declined.

3.2.3. Adsorption Isotherm and Thermodynamics. In
investigating the adsorption isotherm of NOR on HQP-AC
and HQP-MC, a mixture of 60 mg of adsorbent and a NOR
solution with concentrations ranging from 50 mg-L™' to 400
mg-L™" was shaken for 1.5 h at varying temperatures of 298,
308, and 318 K. The results shown in Figure 12 illustrate a
notable rise in adsorption as the NOR concentration increased
at lower solution concentrations at the same temperature,
indicating the presence of a sufficient amount of adsorbent
with effective active sites and functional groups. However, the
rate of adsorption capacity increment decelerated at higher
NOR concentrations due to the saturation of active sites by
NOR molecules, leading to equilibrium attainment. Further-
more, an increase in the reaction temperature corresponded to
an increase in equilibrium adsorption capacity. The Langmuir
model exhibited a strong fit to the experimental data, as
evidenced by a high correlation coefficient (R*) and a minimal
deviation between experimental and theoretical adsorption
capacities (small Agq), suggesting a monolayer adsorption
mechanism.””*® Notably, HQP-MC demonstrated higher
NOR adsorption capacity compared to other MAC variants
documented in the existing literature (Table S).

The thermodynamic parameters, specifically AH, AS, and
AG, were computed and are presented in Table 4. The data
illustrates that with an increase in temperature from 298 to 318
K, AG remained consistently negative and decreased, while AS
exhibited a positive trend, indicating the spontaneous nature of
the adsorption processes for both adsorbents. Furthermore, the
positive AH values suggest that the adsorption process is
endothermic.”” Consequently, higher temperatures are advan-
tageous for enhancing spontaneous activity, leading to an
increased adsorption capacity.

3.2.4. Actual Water Adsorption and Reusability. In order
to investigate the adsorption characteristics of HQP-AC and
HQP-MC under realistic aquatic conditions, three distinct
water sources were utilized: deionized water, tap water, and
Tuman River water. A concentration of 1.2 g'L™' of each
adsorbent was added to each water source, which contained 5
mg-L™" of NOR. Consequently, the removal efficiencies for
deionized water, tap water, and Tuman River water surpassed
99.0% within 10 min, with the experimental error being less
than 1.5%.

The reusability experiment demonstrated that a series of ten
repeated adsorption—desorption tests were performed to
assess the stability and cyclic adsorption capacity of HQP-
AC and HQP-MC. These tests utilized a concentration of 100

Table 3. Parameters and Determination Coefficients of the Intraparticle Diffusion Model

adsorbent first stage (0—30 min) second stage (30—90 min) third stage (90—150 min)
Ky (mgg'min™?) C (mgg™) R Kp(mgg'min™?) C,(mgg") R Kg(mgg'min™?) C;(mgg") R
HQP-AC 8.1 24.6 0.948 2.6 55.6 0.962 0.969 72.9 0.959
HQP-MC 16.8 75.6 0.997 5.0 139.1 0.985 0.684 184.7 0.947
504 https://doi.org/10.1021/acsomega.4c05032
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Figure 12. Adsorption isotherm model for NOR adsorption onto HQP-AC and HQP-MC (pH = 7.0, m = 1.2 g-L™', t = 90 min).

Table 4. Adsorption Isotherm and Thermodynamic Parameters of HQP-AC and HQP-MC

adsorbent HQP-AC HQP-MC
298 K 308 K 318 K 298 K 308 K 318 K
Langmuir ky (L-mg™) 0.453 1.273 3.107 1.808 1.624 1.386
qm (mg-g™) 82.4 84.1 89.0 221.8 242.1 2533
R? 0.981 0.984 0.988 0.989 0.968 0.987
Aq 17 1.9 0.9 5.0 11.6 15
Freundlich ke (mg-(LY'""g)) 46.8 53.3 59.9 1212 140.2 160.5
1/n 0.111 0.091 0.07 0.148 0.118 0.097
R? 0.775 0.752 0.855 0.825 0.877 0.626
\q 37.3 327 29.1 105.4 90.2 77.8
thermodynamic A\H (kJ-mol™") 35.8 30.7
AS (Jrmol™-K™) 135.3 1164
AG (kKJ-mol™) —4.51 —5.87 -7.22 —3.98 —-5.15 —6.32

y = —4309.2x + 16.27 (R* = 0.986)

y = —3698.7x + 14.03 (R* = 0.862)

Table 5. Comparison with Other MAC for NOR Adsorption

magnetic contact
magnetic strength SBET Qu time
raw material preparation conditions substance  (emug™') (m2-g—1) (mgg—1) (h) ref
pomelo peel 5 g BC + FeSO,/FeCl; = 1:2 n/n 1 mol/L NaOH solution was 7-Fe,0; 30.60 20.732 5.52 2h 4
added dropwise to precipitate the iron oxide
Salix 4 g of Salix psammophila +1 g of FeCl;-6H,0 and 4 g of ZnCl, in  y-Fe,0; 3.57 1348 166 8h 30
psammophila 45 mL of water for 6 h at 60 °C and then pyrolyzed at the setting
temperature of 700 °C
corn stalks, reed  raw material: (ZnCl,/FeCl; = 1:1 m/m) = 5:1 m/m, shaken at y-Fe,05 ungiven 760—856  3.51-7.62 4h 37
stalks, willow 150 rpm for 24 h, then heated at 500 °C in a furnace, and
branches pyrolyzed for 90 min
walnut green HQP-AC powder and ferrocene (m/m, 2:3) mixed with ethanol, Fe;0, 11.5 1541.6 226.8 1.5h  this
husk sonicated, and pyrolyzed in a tube furnace heated at 800 °C for 4 h (298 K) work

under nitrogen protection

mg-L™" of NOR and an adsorbent concentration of 1.2 g-L 7/,
conducted at a temperature of 298 K. Following each
adsorption phase, HQP-AC and HQP-MC were isolated
through centrifugation and an external magnet, respectively. As
depicted in Figure 13, HQP-MC exhibited a sustained removal
efficiency of 80.5% after 10 cyclic adsorption—desorption tests,
surpassing HQP-AC, which experienced a decline in removal
efficiency after the fifth cycle. These findings suggest that
magnetized activated carbon, characterized by high reusability
and rapid separation capabilities, exhibits the potential for
applications aimed at removing contaminants from water
sources.

505

3.3. Mechanism of Adsorption. The adsorption mech-
anisms of NOR onto HQP-AC and HQP-MC are depicted in
Figure 14. When the pH is below the point of zero charge
(pHPZC), the surfaces of HQP-AC and HQP-MC exhibit a
positive charge. In this scenario, the nitrogen atom in the NOR
molecule accepts a proton, resulting in the formation of
positively charged species NOR". Consequently, electrostatic
repulsion occurs between the adsorbents and the NOR". The
primary adsorption processes under these conditions include
pore filling, 7—n interactions between the aromatic rings of
NOR and the adsorbents, and hydrogen bonding between the
hydroxyl (OH) and amine (NH) groups on the adsorbents
and the nitrogen, oxygen, and fluorine atoms in NOR. When
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Figure 14. Schematic illustration of the adsorption mechanism of
NOR onto HQP-AC (a) and HQP-MC (b).

the pH is within the range where pH,,. < pH < pK,, (NOR),
the surfaces of HQP-AC and HQP-MC exhibit a negative
charge. Consequently, the predominant mechanisms of
adsorption include electrostatic attraction, pore filling, 7—x
interactions between the aromatic rings of NOR and the

A high-quality porous magnetic activated carbon (HQP-MC)
was synthesized using walnut green husk and ferrocene as
precursors, demonstrating remarkable characteristics such as a
specific surface area of 1541.66 m*-g™', pore volume of 1.6868
cm®g™!, and magnetic saturation strength of 11.5 emu-g™'.
Comparative analysis of HQP-MC and HQP-AC for the
adsorption of NOR revealed that HQP-MC exhibited a
significant adsorption capacity of 226.8 mg-g~' at 298 K,
along with a reusability rate of 80.5% over 10 cycles. The
adsorption kinetics were well-described by the pseudo-second-
order model, while the Langmuir model effectively represented
the adsorption isotherm. Thermodynamic analysis indicated
the endothermic, spontaneous, and entropy increment nature
of the adsorption process, with negative Gibbs free energy (AG
< 0), positive enthalpy change (AH > 0), and positive entropy
change (AS > 0). Furthermore, the magnetic properties of
HQP-MC facilitate easy separation using an external magnet,
eliminating the need for conventional separation methods such
as centrifugation or filtration. This study not only introduces a
novel approach for producing magnetic carbon materials from
agricultural byproducts but also accomplishes the objective of
“treating pollutants with waste and turning waste into
treasure”.
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