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Abstract: Fe nanoparticle-functionalized ordered meso-
porous carbon (Fe’/OMC) was synthesized using triblock
copolymers as templates and through solvent evaporation
self-assembly, followed by a carbothermal reduction.
Fe’/OMC had three microstructures of two-dimensional
hexagonal (space group, pémm, Fe’/OMC-1), body centered
cubic (Im3m, Fe’/OMC-2), and face centered cubic (Fm3m,
Fe®/OMC-3) which were controlled by simply adjusting the
template. All Fe’/OMC displayed paramagnetic characteristics,
with a maximum saturation magnetization of 50.1emu-g .
This high magnetization is advantageous for the swift extrac-
tion of the adsorbent from the solution following the adsorp-
tion process. Fe?/OMC was used as an adsorbent for the
removal of silver ions (Ag()) from aqueous solutions, and
the adsorption capacity of Fe’/OMC-1 was enhanced by
the functionalization of Fe®. Adsorption property of Fe’/
OMC-1 was significantly higher than that of Fe?/OMC-2
and Fe’’OMC-3, indicating that the long and straight
ordered pore channels were more favorable for adsorp-
tion, and the adsorption capacity of Ag() on Fe’’OMC-1
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magnetic removal

was 233 mg-g . The adsorption process exhibited confor-
mity with both the pseudo-second-order kinetic model
and the Freundlich model, suggesting that the dominant
mechanism of adsorption involved multilayer adsorption
on heterogeneous surfaces.
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1 Introduction

As industrialization has progressed, the pollution resulting
from heavy metal wastewater has become increasingly
severe. The presence of heavy metals ions in the environ-
ment poses a threat to both the ecosystem and human
health [1,2]. Nowadays, the problem of water pollution
has been paid more and more attention by the researchers
and the general public because of its potential threat to
human existence. Particularly, heavy metal ions are con-
sidered as one of the biggest challenges for environmen-
talists due to its high toxic and non-biodegradable nature.
Moreover, they may accumulate in the body through the
food chain, which is harmful to the ecosystem and human
health. Therefore, it is very important to find a suitable
method for the removal of such toxic metal ions from the
waste water [3]. Silver is recognized as one of the most
significant heavy metals. Silver, with its exceptional elec-
trical and thermal conductivity, outperforms other metals
in these aspects. It also exhibits superior resistance to cor-
rosion and oxidation, making it highly desirable for var-
ious applications. Due to these characteristics, silver found
extensive application in various industrial sectors, including
the manufacturing of mirrors, photographic films, batteries,
and electronic devices [4]. Nevertheless, it is important to
note that silver is also recognized as a potentially toxic sub-
stance, and high concentrations of silver can lead to adverse
health effects, such as liver and kidney degeneration, as well
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as respiratory disorders [5]. The toxicity of silver, combined
with its significant economic value, has created a demand
for a treatment method that can effectively remove this
metal from wastewater while also recovering the valuable
material. This approach aims to prevent ecological destruc-
tion and promote sustainable practices. Many methods of
removing heavy metal have been reported, including
precipitation, oxidation, membrane filtration, reduction,
ion exchange, and adsorption [6]. Among these different
methods, adsorption method had proven to be an effec-
tive and economical treatment process [7].

Herman et al. prepared mercapto-functionalized porous
silica particles using (3-mercaptopropyl)-trimethoxysilane
co-gelation, and the resulting short-range ordered porous
silica particles were particularly effective adsorbents for
aqueous-phase silver ions (Ag@)). The binding of Ag® in
aqueous solution was almost stoichiometric over a wide
range of pH 4.0-9.0, even at lower Ag(1) concentrations, until
the limiting adsorption amount of 238 mg g* was reached.
Furthermore, washing with 10 mM Na,S,03 solution resulted
in almost complete recovery of Ag() and regeneration of the
adsorbent [8]. Al-Anber et al. successfully loaded (Ag()) onto
a specially functionalized silica matrix, termed SG-Cys-Na*,
by batch sorption technique utilizing cysteine-functiona-
lized silica (SG-Cys-Na") against fully loaded Ag(1). And under
certain conditions, an impressive 98% loading efficiency was
obtained. This chemisorption involves strong chemical
bonding between the Ag() and the carboxylate groups
(-CO0-Na") of functionalized silica gel. Valuable insights
into the potential application of SG-Cys-Na“ matrix as a
highly efficient filtration of Ag() from aqueous solutions
were provided [9]. Fan et al. prepared passion fruit shell
source s-doped porous carbon (SPC) by hydrothermal carbo-
nization and KOH/(NH,4),SO, activation. The optimized SPC-3
showed a maximum adsorption of Ag() up to 115mg-g™" in
0.5mol-L ™" HNO; solution. SPC-3 showed good selectivity for
a variety of competing cations, Ag@), which was mainly
attributed to the formation of Ag,S nanoparticles due to
the strong bonding between the Ag() ions and the sulfur-
containing functional groups on the surface of SPC-3 [10].

Nanoscale zero valent iron (nZVI, Fe®) was an environ-
mental-friendly nanomaterial with great magnetic proper-
ties and high specific surface area. Fe® nanoparticles were
highly beneficial for adsorptive removal of silver. Fe’
nanoparticles were a strong reductant due to the low stan-
dard redox potential (E° = -0.44V) of Fe*/Fe® couple
[11,12]. Fe° displayed great potential in the removal of
environmental contaminants such as trichloroethylene,
chlorinated methane, polybrominated diphenyl ethers,
nitroaromatics, nitrate, and heavy metal ions. Fe® nano-
particles have demonstrated a versatile ability to reduce
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heavy metals present in wastewater. The mechanisms of
heavy metal removal by Fe® nanoparticles involves reduc-
tion, adsorption, and co-precipitation [13]. These com-
bined processes effectively facilitate the removal of heavy
metals from wastewater. Consequently, the utilization of
Fe® as a reducing agent offers a simple and convenient
method to mitigate heavy metal pollution in wastewater.
However, the use of Fe® nanoparticles alone to remove
contaminants from water might not be very effective for
the following reasons: 1) Fe® nanoparticles show a high
tendency to agglomerate because of the magnetic forces,
gravitational forces, and high interfacial energies, resulting
in reduced surface area and reactivity. 2) The environ-
mental exposure of bare Fe® nanoparticles was found to
be unstable, posing significant challenges for the practical
application of environmental remediation [14].

In order to overcome these problems, fixing the Fe’
nanoparticles in or on the supports could provide sufficient
loading sites for the immobilization of Fe’ nanoparticles
preventing them from being oxidized and agglomerated.
Various supports, such as amorphous activated carbon,
molecular sieves, polymers, etc., [15,16] had been reported
as supports to protect Fe” nanoparticles from agglomeration
and oxidation. However, these approaches might inhibit the
reaction of Fe’ nanoparticles with pollutants or endow Fe°
nanoparticles with undesirable properties for environ-
mental remediation. Immobilization of Fe nanoparticles
in porous carbon had been considered to improve their
dispersibility and reactivity [17-19]. Mesoporous carbon
materials were considered to be an available support due
to their great physicochemical properties. Serving as the
support for Fe’, mesoporous carbon had a large specific
surface area and thermal stability, which could provide
excellent adsorption properties. In addition, the meso-
porous carbon could effectively control the size of Fe°
nanoparticles. Lin and Chen successfully synthesized meso-
porous Fe/carbon aerogel and employed it for the adsorp-
tion of arsenic ions. The maximum adsorption capacity for
arsenic ions was found to be 216.9 mg-g™* [20]. Fixing Fe®
nanoparticles in mesoporous carbon effectively elevated
the adsorption performance of Fe’ nanoparticles. But the
mesoporous carbon was associated with certain draw-
backs, such as the disordered and collapsed structure
that might block the pore channels [21]. To begin with,
porous carbon materials with a porous structure could
effectively prevent the agglomeration of iron nanoparti-
cles by confining and dispersing them. Furthermore, the
distinctive surface properties and electronic properties of
carbon materials contribute positively to charge transfer
and accumulate Ag(n). Finally, carbon materials had the
high stability in acid and alkali environments, which
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were very important for the regeneration of the adsor-
bent and the recovery of Ag() [22].

Recently, high-ordered mesoporous carbon materials
(OMC) with large surface area and high porosity have
been reported, as a kind of multifunctional nanomaterial,
it has great potential in the fields of catalysis, adsorption
and separation, hydrogen and methane storage, superca-
pacitor, and so on [23].

The Pt-OMC catalysts synthesized by Liu et al. exhib-
ited superior electrocatalytic properties in the oxygen
reduction reaction when compared to typical commercial
electrocatalysts. This indicates that Pt-OMC holds great
potential as an efficient and effective catalyst for electro-
chemical processes, offering improved performance and
enhanced catalytic activity [24]. Li et al successfully
synthesized biomass derived ordered mesoporous carbon
(BOMC) materials, which exhibited a high Brunauer-Emmett-
Teller (BET) surface area of 1,385 m*g . In addition, they also
prepared iron-impregnated BOMC (Fe/BOMC) materials with
a slightly reduced BET surface area of 1,012 m%*g™". These
materials with their large surface areas offer a significant
amount of active sites for adsorption and catalytic applica-
tions, making them promising candidates for various envir-
onmental and energy-related applications. These materials
were employed for the adsorption of Pb(u) and Cr(ur) [25]. The
presence of a considerable number of mesopores within
iron-impregnated BOMC (Fe/BOMC) enhances the diffusion
of metal ions. This structural characteristic allows for effi-
cient uptake of metal contaminants from solution. In the case
of Fe/BOMC, the maximum adsorption capacity for Ph(n) was
determined to be 123 mg'g'l, while for Cr(m), it was found to
be 46 mgg ", These values indicate the high adsorption
efficiency of Fe/BOMC in removing these heavy metal ions
from wastewater, highlighting its potential for environmental
remediation applications. Consequently, OMC has demon-
strated significant potential as a support material for nano-
particles, primarily due to its numerous advantages in the
adsorption and delivery of heavy metal ions. The BET surface
areas of mesoporous carbon did not completely determine
the adsorption and separation property of the materials, and
their mesostructures had an excellent influence on the
transfer and adsorption of pollutants. The various porous
structures showed not only the different transport capacities
but also the different load forms of metals, including disper-
sion on the surface of the material and filling into the inside
of the pores. However, studies on the transport capacity and
adsorption properties of the porous structure of Fe’/OMC for
metal ions were lacking. OMC materials had been synthe-
sized with various porous structures, which could be attributed
to the use of different raw materials and synthetic methods.
Depending on the specific combination of precursors and
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synthesis conditions, OMC could exhibit diverse porous
structures, including two-dimensional hexagonal, three-
dimensional cubic, lamellar, and more. These distinct
structures contribute to the unique properties and appli-
cations of OMC materials, allowing for tailoring their
characteristics to specific needs in various fields such as
adsorption, catalysis, and energy storage [26].

In this work, Fe®/OMC was prepared through a two-
step synthesis that involved the formation of OMC by using
triblock copolymers as templates and through a solvent
evaporation self-assembly approach, followed by a car-
bothermal reduction of Fe** solutions at high temperatures
under Ar atmosphere to form Fe’/OMC. The surface mor-
phology, chemical composition, and magnetic properties of
the Fe’/OMC were characterized and extensive investiga-
tion of the adsorption capacity of Ag(i) on Fe®/OMC in aqu-
eous solutions were performed.

2 Materials and methods

2.1 Materials

Triblock poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) copolymer Pluronic F127 (PEO;ogPPO
PEO;06) and diblock poly(ethylene oxide)-b-poly(styrene)
copolymer (PEO;o-PS;14) were purchased from Aldrich.
Phenol, formaldehyde, sodium hydroxide, hydrochloric
acid, ferric chloride hexahydrate (FeCly:6H,0), ethanol,
silver nitrate, potassium periodate (KIO,), and potassium
persulfate (K,S,0g) were obtained from Tianjin Chemical.
All reagents were used as received without further
purification.

2.2 Synthesis of OMC

OMC was prepared according to the method reported by
Zhao et al. [27,28]. In a typical synthesis procedure, 6.1 g of
phenol was melted at 40°C. Subsequently, 1.3 g of 20 wt%
NaOH was slowly added to the melted phenol with contin-
uous stirring. Following the dropwise addition of 10.5 g of
37wt% formaldehyde solution, the reaction mixture was
stirred at 70°C for 1h. Once the mixture cooled to room
temperature, the pH was adjusted to neutral using a 0.6 M
HCI solution. The resulting mixture was then subjected to
rotational evaporator for 2h at 45°C to obtain a viscous
liquid. The final sample was re-dissolved in ethanol to
form a 20 wt% ethanol solution.
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To obtain OMC-1 and OMC-2 the following steps were
followed. First, 1.0 g of F127 was dissolved in ethanol to
form a homogeneous solution. Then, solutions containing
5.0 or 10.0 g of ethanol was added dropwise to the mixture
while stirring for 30 min. The resulting solution was trans-
ferred to an evaporating dish and left to evaporate at
room temperature overnight, resulting in the formation
of a transparent film. This film was then heated in an
oven at 100°C for 24 h to thermopolymerize the phenolic
resins in the film. Finally, the products were carbonized
by heating them at a rate of 5°Cmin! under an Ar atmo-
sphere, reaching a temperature of 800°C and maintaining
it for 2h. These samples were named OMC-1 and OMC-2,
respectively.

0.1 g PEO;0o-PSy14 was dissolved in 4.9 g of tetrahydro-
furan solution and stirred well, and then 0.4 g phenolic
resin was dissolved in 1.6 g tetrahydrofuran solution. The
two solutions that had been mixed were stirred for 30 min
to form a homogeneous solution. The following procedure
was similar to that for the synthesis of OMC-1. The obtained
sample was named OMC-3.

2.3 Synthesis of Fe®/OMC

Fe?/OMC was synthesized using the incipient wetness
impregnation and carbothermic reduction. The synthesis
procedure involved the following steps:

0.375 g FeCl3:6H,0 was dissolved into a small amount
of ultrapure water. Then, OMC was added to the previous
FeCl; solution and stirred for 2 h at room temperature. The
obtained black precipitates were cleaned and dried in an
oven at 50°C for 24 h. Finally, the black precipitates were
carbonized in a tube furnace at 900°C for 2 h under an Ar
atmosphere. This synthesis method allowed for the prepara-
tion of Fe’/OMC composites with different OMC, denoted by
the sample names Fe’/OMC-1, Fe’/OMC-2, and Fe’/OMC-3.

2.4 Characterization

The phase composition and ordered intensity of Fe’/OMC
were analyzed using small-angle X-ray scattering (SAXS)
with SAXSess mc* mode. Additionally, wide-angle XRD
(Rigaku D/max2600) was performed under the conditions
of Cu Ka radiation, with a current of 100 mA and a voltage
of 40kV. The morphology and mesostructure of Fe’/OMC
were investigated by TEM (FEI, Tecnai TF20). The specific
surface area of the sample was determined by the BET
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(Micromeritics ASAP 2460) method, which involves ana-
lyzing the N, adsorption-desorption isotherm at a tempera-
ture of 77 K. The pore volume and pore size distribution
were calculated using the BJH method. Additionally, the
functional groups presenting on the surface of the sample
were examined using Fourier transform infrared (FTIR,
NICOLET iS10) spectroscopy. FTIR samples were mixed
with dried KBr and pressed as pellets prior to the collection
of spectra that covered wave numbers from 500 to 4,000 em™L
The magnetic properties of Fe’/OMC were analyzed using a
vibration sample magnetometer (VSM, Lakeshore, 7407-S).
The magnetic field strength was measured within a range of
-15 to 1.5T to characterize the magnetization behavior of
the Fe’/OMC sample.

2.5 Adsorption experiments of Ag(1)

The adsorption performance of Fe®’OMC on Ag() in an
aqueous solution was investigated using the static adsorp-
tion method. A concentration of 1g-L™ of Ag(1) was pre-
pared by dissolving a specific quantity of AgNO; in ultra-
pure water. To prepare different concentrations of Ag(),
the stock solution was diluted accordingly. A 0.0625 mol-L™
KIO, solution and a 2 wt% K,S,0g solution were utilized as
chromogenic agents for Ag(»). The absorbance of the solu-
tion was measured at a wavelength of 365nm using a
UV-Vis spectrophotometer. The concentration of Ag(1) was
calculated from the standard curve of Ag().

The batch experiments for the adsorption of Ag(1) were
conducted in a 250 mL sealed conical flask. In each experi-
ment, 10 mg Fe’/OMC was added to the flask along with
50 mL of Ag() solution at different initial concentrations.
The mixture was sonicated and dispersed for 30 min and
then placed in a constant temperature oscillator at 298 K
and 120 rpm for 24 h.

The aim of the experiments was to investigate the
effects of the initial concentration of Ag() and the adsorp-
tion time on the adsorption capacity of Fe’/OMC. The initial
concentration of Ag(r) solution ranged from 10 to 100 mg-L %,
and the adsorption time varied from 0 to 24 h.

The equilibrium adsorption capacity of Ag() and the
removal rate were determined using Egs. (1) and (2), respec-
tively. These equations provide quantitative measures of the
amount of Ag(1) adsorbed onto Fe®/OMC and the efficiency of
Ag() removal.

_ (G -GV
Qe - m

(CO B Ce)
G

, )]

R= % 100%. 2
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These equations allow for the calculation of the equili-
brium adsorption capacity (Q.) and the removal rate (R) of
Ag()) by Fe’/OMC. The equilibrium adsorption capacity
represents the amount of Ag() adsorbed per unit mass of
Fe’/OMC at equilibrium. The removal rate indicates the
percentage of Ag(i) removed from the initial concentration
in the solution.

3 Results and discussion

3.1 Structures and morphologies of OMC

OMC was synthesized by a facile solvent evaporation
induced self-assembly (EISA) strategy with resol as a carbon
source (Scheme 1). SAXS patterns were investigated to verify
the successful synthesis of OMC with tailored mesostructure
as shown in Figure 1. OMC-1 showed two legible diffraction
peaks that could correspond to the (10) and (11) planes of the
the two-dimensional hexagonal (p6mm) structure. The three
diffraction peaks in the SAXS patterns of OMC-2 could cor-
respond to the (110), (200), and (211) planes, associated with
the body-centered cubic (Im3m) structure. Three diffraction
peaks in the SAXS patterns of OMC-3 could also be indexed
as (111), (220), and (331) planes, indicating that OMC-3 had an
face-centered cubic (Fm3m) structure. OMC possessed the
highly ordered arrangements of mesopores.

OH
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Figure 1: SAXS patterns of OMC.

Figure 2 shows TEM images of OMC-1 viewed along the
[001] and [110] directions, OMC-2 viewed along the [111] and
[110] directions, and OMC-3 viewed along the [111] and [110]
directions. The regular arrangement of the pore channels
show that the synthesized OMC-1, OMC-2, and OMC-3 had
highly ordered and homogeneous pore channel structures.
The observed structures of the samples, namely, the well-
ordered two-dimensional hexagonal and body-centered
cubic and face-centered cubic mesoporous structures, are
consistent with the results obtained from the SAXS pat-
terns. These further demonstrate that OMC with three
mesoporous structures were successfully obtained.

*

poly merizatlon \

Scheme 1: Synthetic route of Fe nanoparticle-functionalized mesoporous carbon with tailored mesostructure.
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50 nm

Figure 2: TEM images of OMC-1 viewed along the [001] (a) and [110] (b) directions, OMC-2 viewed along the [111] (c) and [110] (d) directions, and OMC-3

viewed along the [111] (e) and [110] (f) directions.
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Figure 3: Nitrogen adsorption/desorption isotherms (a) and pore size distribution (b) of OMC.

In order to analyze the pore structures of OMC, the N,
adsorption-desorption isotherms of N, were conducted.
Figure 3 shows the isotherms of OMC, which exhibit type
IV adsorption isotherms according to the classification
defined by the International Union of Pure and Applied
Chemistry (IUPAC). These isotherms display an evident
Hi-type hysteresis loop, with a smooth increase in the
medium pressure range (P/P, = 0.3-0.8), indicating the pre-
sence of regularly arranged mesopores.

Table 1 presents the specific surface area and pore volume of
OMC samples. OMC-1 exhibits relatively high specific surface area

(649 m>g ™) and pore volume (0.32cm>g™Y); OMC2 and OMC3
show hysteresis rings in the same relative pressure range, sug-
gesting similar pore structures, but their specific surface areas are
lower than that of OMC-1.

3.2 Structures and morphologies of Fe®/OMC
The WAXS patterns of OMC and Fe’/OMC are shown in

Figure 4(a). In the case of Fe’/OMC, all three types of Fe’/
OMC exhibited three distinct sharp peaks at 44.2°, 65.0°,
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Table 1: Structure and pore properties of OMC
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Sample BET surface area (m2~g'1) Pore volume (cm3-g'1) t-Plot micropore volume (cm3-g'1) Pore size (nm)
OMC-1 676 0.54 0.25 3.4
OoMC-2 481 0.40 0.12 3.7
OMC-3 627 0.56 0.28 6.4

and 82.3°, which corresponded to the (110), (200), and (211)
crystallographic planes, respectively. These diffraction pat-
terns are consistent with the body-centered cubic o-Fe
structure (JCPDS No. 06-0696). Based on these findings, it
is suggested that the presence of OMC acts as a protective
agent, helping to prevent the oxidation of Fe” and allowing
for a greater amount of Fe’ to be preserved in the material.
SAXS patterns of Fe?/OMC are shown in Figure 4(b). Similar
to the SAXS patterns of Fe’/OMC, the intensity of diffraction peak
of Fe’/OMC only decreased slightly, due to the impregnation of
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Fe’ nanoparticles. This suggested that the regularity of mesos-
tructure of OMC is still maintained after the loading of Fe°
nanoparticles.

The N, adsorption-desorption isotherms were mea-
sured to elucidate the mesoporous structures of various
Fe’/OMC. Figure 5 shows that Fe’’OMC has the type IV
adsorption isotherms defined by the IUPAC, with an obvious
Hy-type hysteresis loop, and a smooth rise in the medium
pressure region (P/P, = 0.4-0.7), which indicated the pre-
sence of regularly arranged mesopores. Comparing Table 2
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Figure 4: Wide angle X-ray scattering (WAXS) patterns (a) of OMC and Fe®/OMC; SAXS patterns of Fe’/OMC (b).
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Table 2: Structure and pore properties of Fe®/OMC
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Sample BET surface area (m2~g") Pore volume (cm3~g") t-Plot micropore volume (cm3~g") Pore size (nm)
Fe®/0MC-1 583 0.49 0.21 3.5
Fe®/0MC-2 397 0.33 0.10 4.2
Fe®/OMC-3 542 0.43 0.20 6.5

100 nm

100 nm

Figure 6: TEM images of OMC-1 (a), Fe’/OMC-1 (b), and HRTEM images of Fe’/OMC-1 (c). TEM images of Fe®/OMC-2 (d) and Fe’/OMC-3 (e).

with Table 1, the specific surface area and pore volume
decreased after the loading of Fe® nanoparticles. Notably,
the pore size was basically unchanged because the pore
structure was destroyed during the synthesis of Fe” nano-
particles, rather than expanding the pore size.

The TEM and HRTEM images of Fe®/OMC are shown in
Figure 6. The pore structure of OMC-1 could be seen and the
dark spots are uniformly embedded in the walls of the
OMC (Figure 6(b)). Combining with the lattice stripes in
Figure 6(c) and comparing the PDF cards, we could con-
clude that the black particles were Fe’. The HRTEM image of
Fe’ nanoparticles embedded in the wall of OMC illustrated
the perfect arrangements of atomic layers and lack of defects.
And the lamellar structures on the surface were crystallized
graphitic carbon. During the synthesis process, the pores of
the ordered mesoporous carbon were partially destroyed,
and the collapsed carbon skeleton was crystallized on the
surface of the Fe to form a layer of graphitic carbon covering
the surface of Fe® nanoparticles.

Fourier analyses of different OMC and Fe’/OMC were
conducted, as depicted in Figure 7. The infrared spectra of
the three OMC and Fe®/OMC exhibited comparable absorp-
tion peaks, indicating that the functional groups presented
on their surfaces were similar. Furthermore, the presence of
only a few functional groups on the surface can be attrib-
uted to the high-temperature calcination process carried
out in an argon atmosphere. This suggests that Fe’/OMC
exists as a pure carbon skeleton with the same composition
as OMC, devoid of additional functional groups. The infrared
spectra exhibited a prominent absorption peak between
3,300-3,600 cm ™, which corresponds to the stretching vibra-
tion of O-H bonds. This indicates the presence of a signifi-
cant number of hydroxyl groups on the surface of the mate-
rial [29]. Between 1,500 and 1,700 cm™* was the stretching
vibration peak of C=C. The peak near 1,350 cm™! was Fe
characteristic absorption peak [30]. The peak observed
around 1,060 cm™ can be attributed to the stretching vibra-
tion of the C-0O bond. Additionally, the peak observed near
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Figure 7: Fourier infrared spectrum of OMC-1 (a), OMC-2 (b), OMC-3 (c),
Fe®/0OMC-1 (d), Fe®/0OMC-2 (e), and Fe®/OMC-3 (f).

680 cm™ corresponds to the stretching vibration of Fe-O
bonds, indicating the presence of iron (Fe) in the Fe®/OMC
material [31].

3.3 Magnetic behavior of Fe’/OMC

To study the magnetic properties of Fe’/OMC, a series of
hysteresis lines were obtained by using the VSM to char-
acterize the magnetic properties as shown in Figure 8, and
the magnetic parameters are shown in Table 3. It was con-
cluded that the hysteresis loops of all samples were S-shaped
and the saturation magnetization of Fe’/OMC-1, Fe’/OMC-2,
and Fe’/OMC-3 were 50.1, 45.8, and 47.7 emu-g ", respectively,
which were all significantly lower than that of Fe°
(142 emu-g™"). The presence of carbon and the smaller
size of Fe® nanoparticles can be attributed to the lower

150

Fe’/OMC-1 a
Fe’/OMC-1
100F__ poomc-1
Fe®
~ 50 i
20
£
£ 0
A
= 50 .
-100 N g ;

_150 1 1 1
-15000 -10000 -5000 0 5000 10000 15000

H (O¢)

The value of Mr/Ms was much less than 0.5, indicating the
presence of uniaxial anisotropy in the growth of the mag-
netic particles. When Fe’/OMC particles were dispersed in a
solution and exposed to a magnetic field, they exhibited
complete separation from the solution, as depicted in the
digital photograph of Fe’’OMC. This photograph serves as
evidence that Fe’/OMC displays an excellent response to an
external magnetic field.

3.4 Removal effects of Ag(1) upon Fe’/O0MC

The impact of the initial concentration of Ag() on the
adsorption performance of different Fe®’OMC materials
was investigated, and the results are presented in Figure 9.
It can be observed that the adsorption capacity of Fe’/OMC
increased with the increase in the Ag() concentration and
reached a nearly constant value at an initial Ag(1) concentra-
tion of 80 mg-L™". Among the Fe’/OMC samples, Fe’/OMC-1
exhibited the highest adsorption capacity, reaching 233 mg-g™.
As the initial Ag(1) concentration increased, the adsorption
process progressed, leading to the gradual occupation of
active sites on the surface of Fe’/OMC. The superior adsorp-
tion capacity of Fe’/OMC-1 can be attributed to its larger

Figure 8: Magnetic hysteresis loops of various Fe’/OMC and Fe® (a) and local enlargement (b) and digital photographs of Fe®’OMC under external

magnetic field (c).
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Figure 9: Effect of initial concentrations on adsorption capacity of Ag(i)
on Fe®/0MC.

specific surface area, which provides more adsorption
active sites. Furthermore, the ordered p6mm pore struc-
ture of OMC-1 facilitates the entry of Ag() into the interior
of the pores during the adsorption process, ensuring exten-
sive contact between Ag() and the adsorption active sites
on the pore surface.

Figure 10 illustrates the impact of magnetic Fe’/OMC
on the adsorption capacity of Ag() at different adsorption
times, using an Ag(1) solution with an initial concentration
of 80mg-L™. It can be observed that the removal rate of
magnetic Fe?/OMC on Ag() is rapid within the first 30 min,
with a sharp increase in adsorption capacity during this
initial period. After 30 min, the adsorption rate gradually
slows down. At an adsorption time of 2 h, the adsorption of

250 | Fe/OMC-1

="

200 Fe/OMC-3
o e A A
B0 150
=
N’

o 100 A Fe/OMC-2
i -
|

0
0 200 400 600 800 1000 1200 1400 1600
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Figure 10: Effects of adsorption times on adsorption capacity of Ag() on
Fe®/OMC.
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magnetic Fe’/OMC on Ag(1) reaches a dynamic equilibrium,
and the adsorption capacity also reaches its maximum.

Throughout the adsorption process, the adsorption
rate is remarkably fast, and the adsorption capacity exhi-
bits significant growth within the first 30 min. This can be
attributed to the abundant adsorption active sites on the
surface of the material and the high concentration of Ag(1)
in the solution. As the adsorption experiment progresses,
the adsorption active sites provided by Fe’/OMC gradually
become saturated, leading to a decrease in the adsorption
rate of Ag(1). The adsorption capacity tends to level off as
the adsorption of Ag() reaches its maximum content, sig-
nifying the attainment of dynamic equilibrium in the
entire adsorption process.

In addition, Table 4 shows the comparison of the adsorp-
tion capacity of different adsorbents for Ag(), and it can be
seen that Fe”/OMC-1 has better adsorption performance.

3.5 Adsorption kinetics

The adsorption kinetics of Ag(1) adsorption by Fe’/OMC was
investigated to explore the adsorption behavior of Ag(1) in
the adsorbent. The adsorption data were analyzed using
three kinetic models: the pseudo-first-order model, the
pseudo-second-order model, and the intraparticle diffusion
model.

Pseudo-first-order model: assuming that the adsorp-
tion process was controlled by the diffusion step, the
kinetic expression is shown in Eq. (3) [32].

ln(Qel - Qt) = ln Qel _klt' (3)

The pseudo-second-order model is based on the assump-
tion that the rate of adsorption is controlled by electron
sharing and electron transfer between Fe’’OMC and Ag().
This process involved the transfer and sharing of electrons
between the adsorbent and the adsorbate. The Kkinetic
expression for the pseudo-second-order model is shown
in the Eq. (4) [33].

t 1 t
— = 5 + —,
Qt kZQeZ QeZ

Based on the results of the kinetic analysis, an intra-
particle diffusion model was employed to investigate the
diffusion mechanism of Ag() and to identify the rate-lim-
iting step in the adsorption process. The equation for the
intraparticle diffusion model is expressed as follows [34]:

@

Q[ = kitllz + C; (5)
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Table 4: Comparison of adsorption capacity of different adsorbents for Ag(i)

Adsorbents Adsorption Initial concentration Time Ref. Adsorbent
capacity (mg-g™") of Ag(1) (mg-L™") (min) content

Fe®/OMC-1 233 80 120 [Our 02¢gL™

work]

MnO, nanotubes@reduced graphene 138.2 200 720 [3] 02gL™

oxide hydrogel (MNGH)

TU-PVDF 7 107 560 [7] 0.1g

Fruit shell-derived (SPCs) 115 100 480 [10] 0.2 g-L'1

Recycled supercapacitor activated carbon 104.2 2000 1440 [22] 2g:L”"

CNS/OHO0.5 152 1,080 360 [33] 1 g-L’1

TPCFMA 124.3 400 720 [43] 2 g-L_1

where k; (min™), k; (g-(mg-min) ™), and k; (mg-(gmin %))
represent the rate constants for the pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models,
respectively. Q; (mg-g™) refers to the adsorption capacity at
time ¢, while Q; (mg:g”™") and Qe, (mgg ™) denote the adsorption
capacities of Ag() on Fe’OMC; C (mgg™) represents the

intercept obtained from the curve derived using the intrapar-
ticle diffusion model.

Figure 11 displays the kinetic curves obtained by fitting
the data from the adsorption experiments. Figure 11(a) and
(b) represent the simulations of the pseudo-first-order
model and the pseudo-second-order kinetic model,

3 18
a 1. = Fe’/OMC-1 16 b = Fe’/OMC-1
® Fe’/OMC-2 [ e Fe’/OMC-2
2r A Fe/OMC-3 14 4 Fe'/OMC-3
o 12+
%‘ 1F 5 10 -
o . < 8
N’
= 0 6
] al
-1+ 2L
0 -
- 1 1 1 1 1 1 _2 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 0 200 400 600 800 100012001400 1600
t(min) t(min)
300 = Fe'/OMC-1
¢ * Fe'/OMC-2
250 A Fe'/OMC-3
n
200 -
—_
w ‘_‘_A,_A,_A—E——A——’A
?‘0150 -
£
~
<100 +
L)
50 -
0 L
S0 5 10 15 20 25 30 35 40
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Figure 11: Experimental data fitted using (a) quasi-first order, (b) quasi-second order and (c) intraparticle diffusion models for adsorption of Ag(1) by

Fe®/0MC.
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respectively. The comparison presented in Table 4 indi-
cates that the pseudo-second-order kinetic model exhibits
a higher R? value, suggesting that the adsorption of Ag(r) on
Fe’/OMC is in agreement with the pseudo-second-order
kinetic model. These results suggest that the adsorption
process involves electron sharing and electron transfer.

The curves obtained by fitting the intraparticle diffu-
sion model are shown in Figure 11(c), revealing two stages
within the overall adsorption process: the surface diffusion
stage and the intraparticle diffusion stage. The complete
diffusion process of Ag(1) on Fe’’OMC primarily involves
physical and chemical adsorption, with intraparticle diffu-
sion serving as the rate-controlling step.

3.6 Adsorption isotherms

The isothermal adsorption process could describe the
interaction between Fe?/OMC and Ag(1). Four isothermal
adsorption models, Langmuir [35], Freundlich [36], Temkin

1.2 >
= Fe’’OMC-1 a
e Fe’’OMC-2
LOF o pevjomc3
0.8
[}
% 0.6 -
o
04
0.2+
0.0
Ce(mg/L)
250
= Fe”/OMC-1 "o
°  Fe’/OMC-2
200+ A Fe/OMC-3
—
o
0150 -
£
A
"]
Q1o0t
50

2.0 2.5 3.0 3.5 4.0 4.5 5.0
LnCe
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[37], and Dubinin-Radushkevich [38], were used to fit the
experimental results, respectively. The related expressions
were as follows:

Langmuir:
Ce 1 Ce
=t (6)
Qe KLQm Qm
1
= . 7
k=17 K.Co @
Freundlich:
1
InQ, = InK + ;lnCe. ®)
Temkin:
RT
Q. =~ In(KiCo), ©
Q.= A+ BInC,, 10)
RT
A=— anT: an
b
6.0
® Fe"/OMC-1 b
® Fe’/OMC-2

Fe’/OMC-3

5.0

6.5 .
= Fe/OMC-1 d

60L ° Fe’/OMC-2
A Fe/OMC-3

5.5

by
(=}
T

0.00 0.01 0.02 0.03 0.04 0.05 0.06
2
€

Figure 12: Adsorption of Ag(1) Fe®/OMC (a) Langmuir isotherm adsorption model, (b) Freundlich isotherm adsorption model, (c) Temkin isotherm
adsorption model, and (d) Dubinin-Radushkevich isotherm adsorption model.
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Dubinin-Radushkevich:

InQ, = InQ,,- Be?,

£ =RTIn

E:

1+ —
(5

1
\/ﬁ .

1
C )
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where C, (mg-L™) represents the equilibrium concentration

12

@ of the adsorbate and Q. (mg-g ") represents the equilibrium
adsorption capacity; Qn, (mg-g™) refers to the maximum
adsorption capacity of the adsorbent. K, K¢, and Kt are

(13) equilibrium constants associated with the Langmuir,
Freundlich, and Temkin models, respectively. The value

(4) " 5fRis the ideal gas constant (8.314 J-(mol-K) ™), and T repre-
sents the reaction temperature.

(15) The experimental data obtained from the Ag() adsorp-

tion experiments on Fe’OMC were fitted using four

Table 5: Parameters of adsorption kinetics model for adsorption of Ag(1) by Fe®/OMC

Models Parameters Fe’/0MC-1 Fe’/OMC-2 Fe’/OMC-3
Pseudo-first-order R} 0.36093 0.84707 0.92245

Ky (min™) 0.0969 0.0740 0.0926

Q. (exp) (mg-g™) 233 90 185

Q. (cal) (mg-g™") 229 84 182

Equation In(Qe - Q) = 1.7037 - 0.00224t  In(Qe — Q;) = 2.2072 - 0.00228t  In(Qe — Q;) = 1.9333 - 0.00459¢
Pseudo-second-order R} 0.9999 0.9998 1

Qe (exp) (mg-g™") 233 20 185

Qe (cal) (mg-g™") 232 90 185

K (g-(mg-min)™") 0.0478 0.00136 0.00272

Equation t/Q; = 0.00431t + 0.000389 t/Q; = 0.0111¢ + 0.09024 t/Q; = 0.0054¢ + 0.0107
Intraparticle diffusion g2 0.9993 0.9999 0.7415

R% 0.2639 0.9008 0.8190

ki (mg-(g " *min™%%)  1.451 1.645 1.895

kz (mg-(g~min™®%)  0.122 0.225 0.152

Equationj
Equationj,

Q; = 1.451£"% + 215.277
Q, = 0.122¢"2 + 229.040

Q; = 1.645t"% + 69.619
Q; = 0.225¢'2 + 82.043

Q; = 1.895t"% + 166.564
Q; = 0.152t"2 + 179.950

Table 6: Adsorption isotherm model parameters for adsorption of Ag(1) on Fe®/OMC

Models Constants Fe®/OMC-1 Fe®/OMC-2 Fe’/OMC-3
Langmuir Qmax (Mg-g™) 403 125 326

K. (L-mg'1) 0.0000418 0.000213 0.0000438

R 0.94941 0.95148 0.98723

Equation Co/Qe = 0.147 + 0.00248C, Co/Qe = 0.297 + 0.00795C, Co/Qo = 0.214 + 0.00306C,
Freundlich Ke (mg-g™) 12.503 12.441 9.641

N (mg-L™) 1.479 2.288 1.504

R? 0.94653 0.96914 0.98727

Equation In Qe = 2.526 + 0.676 In C, In Qe = 2.521 + 0.437 In C, In Qe = 2.266 + 0.665 In C,
Temkin Kt (L~g'1) 0.170 0.286 0.155

B (J-m0|71) 27.987 92.135 36.296

R 0.98453 0.9263 0.98136

Equation Q. = 88.571 In C. - 157.055 Q. = 26.904 In C. - 33.694 Q. = 68.294 In C, - 127.184
Dubinin-Radushkevich Qmax (Mg-g™) m 75 152

B (mol*k|™%) 28.486 14.698 25.626

E (kJ-moI'1) 0.132 0.184 0.140

R 0.8812 0.59291 0.79348

Equation

In Qe = 5.352 - 28.486¢°

In Qe = 4.318 - 14.698¢>

In Qe = 5.028 - 25.626¢°
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Figure 13: XPS spectra of (a) Fe’/OMC-1 before and after adsorption of Ag(1). High resolution spectra of (b) Ag 3d after adsorption of Ag(r). High
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isothermal adsorption models: Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich. The results of the fit-
ting are presented in Figure 12, and the fitted parameters
are listed in Table 5. Among the four models, the Freundlich
isothermal adsorption model provides a better simulation of
the adsorption data. This suggests that the adsorption pro-
cess involves multilayer adsorption on a heterogeneous sur-
face (Table 6).

3.7 Adsorption mechanism

To further understand the adsorption mechanism of Ag()
from solution by magnetic Fe’/OMC-1, the chemical compo-
sitions of the material before and after adsorption of Ag(1)
by Fe’/OMC-1 were characterized by XPS. Figure 13(a)
shows a full scan of Fe/OMC-1 before and after adsorption.
The spectrum of the Ag()-adsorbed material (Figure 13(b))
reveals an additional Ag 3d peak, corroborating the exis-
tence of elemental Ag on Fe’/OMC. XPS spectrum of the
regions for C 1s, O 1s, and Fe 2p of the Fe®/OMC before
and after adsorption of Ag(I) are shown in Figure 13(c-h).

A high-resolution scan of Ag(l) adsorbed Fe/OMC shows
two large characteristic peaks of Ag 3d as shown in Figure 13(b).
By splitting and fitting the characteristic peaks, two charac-
teristic peaks of 369.6 and 373.2 eV representing Ag( and
two characteristic peaks of 367.6 and 373.8 eV representing
Ag singlet could finally be obtained. This result shows the co-
existence of Ag() and Ag after adsorption. After adsorption,
Ag() and Ag accounted for 38% and 62% of the Ag in
Fe®/OMC-1, respectively, indicating that Ag() was partially
reduced through redox adsorption of Fe’/OMC. The C 1s
spectra (Figure 13(c) and (d)) for the material before and
after adsorption of Ag() showed little change, indicating
that the features of the skeleton of Fe/OMC are very stable.
As shown in Figure 13(e), the O 1s peaks can be decomposed
into four components originating from —-OH (around
531.2 eV), 0% (around 529.3 eV), and 0-O=C (around 532.7 eV).
The 0°" at 529.3 eV (Figure 13(f)) belonged to the Fe—O in the
Fe’/OMC-1 that was oxidized to Fe;0, characteristic peaks
[39,40]. Figure 13(g) and (h) shows the high-resolution
spectra of Fe 2p. Before adsorption, 709.4 eV corresponds
to the characteristic peak of Fe® [41]; 711.6, 724.9 and
727.6 eV can be attributed to the Fe?*; 714.3, 719.8, and
733.1eV correspond to the characteristic peaks of Fe®*
[42]. After adsorption, the characteristic peak area of
Fe® decreased while the characteristic peak area of Fe*
increased, which was due to the partial involvement of
Fe® in the redox reaction to generate iron oxides during
the adsorption process, while reducing Ag( to Ag. The
above results indicated that the magnetic Fe/OMC-1 has

Fe®/OMC with tailored mesostructures and their applications in Ag(r) removal
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undergone not only physical adsorption but also redox reac-
tions during the adsorption of Ag().

4 Conclusion

The successful synthesis of three OMC materials with dif-
ferent structures was achieved using a soft-template induc-
tion method. These materials were then loaded with Fe°
through impregnation and carbon thermal in situ reduc-
tion method. The specific surface area and pore volume of
the Fe’/OMC decreased after Fe loading, but the presence
of Fe resulted in increased Fe-containing chemical bonding
adsorption active sites on the material surface. These func-
tional groups were found to be beneficial for the adsorp-
tion capacity of the materials.

The adsorption process of Ag(r) by the Fe’’OMC-1 com-
posite was well-described by the pseudo-second-order kinetic
model and Freundlich isotherm adsorption model. This
suggests that the adsorption of Ag()) occurred through a mul-
tilayer adsorption on a heterogeneous surface, and the pre-
sence of Fe” exhibited a synergistic effect on the adsorption
of Ag(1). X-ray photoelectron spectroscopy (XPS) analysis sup-
ported this mechanism by revealing that the adsorption of Ag
() by Fe%OMC involved both physical adsorption through
active sites on the material surface and a redox reaction facili-
tated by the loaded Fe’. Ultimately, Ag() was adsorbed onto the
surface of Fe’/OMC in the form of Ag() and Ag species.
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