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Abstract: In this study, following the concept of “treating waste with waste”, magnetic chitosan
carbon (MCC) was developed through the pyrolysis of chitosan/iron sludge (CHS) beads created
using an embedding method in a closed environment for antimony removal. The results indicate MCC
has a good magnetic recovery rate and that its magnetic saturation strength can reach 33.243 emu/g.
The iron proportion and acid resistance of MCC were all better than those of CHS, and at 25 °C,
its adsorption saturation capacity improved from 24.956 mg/g to 38.234 mg/g. MCC has a quick
adsorption equilibrium time, and in about 20 min, 90% of the final equilibrium capacity can be
achieved. The primary mechanism of Sb adsorption by MCC is the formation of an inner sphere
complex between Fe-O and Sb, while surface complexation, hydrogen bonding, and interaction also
play a function. Thus, MCC, a lower-cost and greener adsorbent for Sb removal, has been made
using iron sludge. This enabled it to utilize iron sludge as a resource and served as a reference for the
sustainable management of water treatment residuals.

Keywords: antimony; iron-containing water treatment residuals; chitosan; adsorption; utilization
of waste

1. Introduction

Antimony is a toxic chemical element that exists naturally in nature [1]. The European
Union and the United States set antimony as a priority control pollutant and stipulated
that the concentration of antimony in drinking water should not exceed 6 ng/L and
5 ug/L, respectively, and China restricts the amount of antimony in drinking water to
a maximum of 5 ug/L [2,3]. The level of antimony in natural water bodies ranges from
tens of ng/L to several ug/L [4]. However, because of human activities like antimony
mining, the concentration of Sb in the water body surrounding the antimony mining area
can reach several thousand ng/L [5-7]. This is far greater than the limited concentration
in the drinking water standards set by different nations and regions and poses a health
risk to humans. Thus, it is vital that antimony be removed from the waters around us,
especially the more toxic antimony trivalent. Membrane filtration [6], adsorption [8,9],
electrochemical reaction [9,10], ion exchange [11], and other techniques are frequently used
for antimony removal. Among these, the adsorption method has attracted a lot of attention
due to its benefits of low cost, simple operation, and recyclability [9]. Finding effective,
affordable, and environmentally friendly adsorption materials is an essential step in the
adsorption process.

Chitosan is widely used in the water treatment industry due to its economic accessi-
bility and ecological friendliness [12,13]. Chitosan does, however, have some drawbacks,
including low surface area, poor hydrophilicity, low porosity, and no acid resistance [14].
According to some research, chitosan porous carbon materials can be produced via py-
rolysis in a nitrogen environment or hydrothermal pyrolysis with KOH or NaOH as the
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active ingredient, which helps with the above-mentioned issues of chitosan. It has an
important advantage in adsorption and an excellent adsorption capacity for the removal of
pollutants such as carbon dioxide [15], dye 54 [16,17], arsenate [18], chromium [19], and
other pollutants because of its porosity and large specific surface area [20,21]. Moreover, it
is thought that chitosan carbon has some potential for Sb removal because it has abundant
functional groups that can compound with Sb. Nevertheless, the material has certain
practical application limits because it is challenging to recover in powder form.

A commonly used method for efficiently separating the adsorbent from the medium
is magnetic separation [22,23]. This approach may improve material reuse and is cheap
and simple to apply. Transition metal salt solutions are cheaper, highly pure, and simple
to achieve. However, applying transition metal salt solutions to make magnetic materials
requires complex steps involving thermal reduction and precipitation [24,25]. Although
there are abundant natural iron ore reserves and it is inexpensive, the purity is not very
high [26]. A significant quantity of iron elements exists in the backwashing water of biofilter,
which is used to remove manganese and iron. Additionally, over 80% of the iron y-FeOOH
in the iron sludge is recovered after precipitation is present, with high iron content. The
direct pyrolysis of iron sludge yields the magnetic product y-Fe;O3, which has a good
magnetic separation effect, high productivity, and simple operation [27]. As a result, iron
sludge, when mixed with chitosan and activator, can be regarded as a precursor to magnetic
materials. Consequently, iron sludge is a preferable option to use as the magnetic precursor
of magnetic chitosan carbon compounds. Furthermore, the literature verified the viability
of using iron-based materials for the adsorption of antimony removal [28]. Simultaneously,
it acknowledges the decrease in iron sludge and offers a pathway for the resource of waste
containing iron.

Chitosan/iron sludge particle adsorbents were successfully produced and applied
for removal, as in our previous research [29]. In addition to iron sludge, NaOH, and
chitosan, this material also contains acetic acid for chitosan dissolution, which has been
shown to improve the structural creation of chitosan carbon materials during the hy-
drothermal/pyrolysis process [15,16]. By using chitosan/iron sludge particle adsorbent
in a one-step pyrolysis process, magnetic chitosan carbon can be prepared and activated.
For the removal of Sb, the functional groups and iron-based compounds produced during
pyrolysis are also useful. In addition, studies have shown that waste sludge combined
with y-Fe,O3 can prepare magnetic biochar (BC-@y-Fe;O3) for antimony adsorption [30];
however, it is unclear how antimony removal by iron sludge rich in iron components works
by adsorption.

Thus, this study aimed to produce magnetic chitosan carbon (MCC) for the adsorption
and removal of antimony by pyrolyzing chitosan/iron sludge particle adsorbents. By using
a variety of methods to characterize MCC, the effect of various factors on the ability to
remove antimony for MCC was examined. The adsorption capacity and mechanism of
MCC were then discussed. In summary, this study provides an adsorbent for Sb adsorption
that is more affordable and environmentally friendly. It also analyzes the possible use for
Sb removal from iron sludge, offering a reference for using iron sludge as a resource.

2. Materials and Methods
2.1. Material

The iron and manganese removal biofilter in a groundwater treatment plant in Harbin,
Heilongjiang Province, China, supplies all of the iron sludge used in this paper. After
letting the backwash water of the filter settle for a few hours, the supernatant is disposed
of. For several days, the iron clay at the bottom dries naturally in the atmosphere. After
the iron sludge has completely dried, grind it through a 100-grit screen and store it in an
airtight, dry container for later use.

The hydrochloric acid (HCI), sodium hydroxide (NaOH), acetic acid (CH3COOH),
thiourea (CH4N,S), and potassium borohydride (KBH4) used in the experiment were all
analytically pure and purchased from Tianjin Fuchen Chemical Reagent Factory, Tian-
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jin, China. Potassium antimony tartrate (CgHsK;01,Sb,-3H,0) and chitosan (viscosity
200-400 mpa-s) were supplied by Shanghai McLean Biochemical Technology Co., Ltd.,
Shanghai, China.

2.2. Adsorbent Preparation

Figure 1 shows the MCC synthesis way. First, the precursor for pyrolysis was prepared.
The particular actions were as follows: To create the acetic—chitosan-iron sludge hydrogel,
1 g of chitosan and 4 g of iron sludge were dissolved in 100 mL 1% acetic acid solution,
and the two were then equally mixed ultrasonically for 5 h. After that, the hydrogel was
strengthened for 12 h by being submerged in 0.5 mM NaOH. To absorb surface moisture,
the particles are then simply cleaned and lightly pressed using filter paper. To obtain the
chitosan/sludge particle adsorbent (CHS) as the precursor of pyrolysis, it was frozen in
a refrigerator at —20 °C for 24 h and then dried in a vacuum dryer for 12 h. After that,
one step of pyrolysis was employed to create and activate the magnetic chitosan carbon
material. To achieve uniform heating, the CHS is crushed. The crushed precursor is then
placed in a quartz sand bottle, sealed with a quartz cover, and put in a Muffle Furnace
for calcining. The following adjustments are made to the parameters of Muffle Furnace:
temperature rise for one hour, constant temperature for three and a half hours, constant
temperature of 500 °C, and cooling period of two hours. The end product is magnetic
chitosan carbon (MCC), a black powder.
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Figure 1. Schematic diagram of MCC preparation.

2.3. Characterization

Tecnai G2 F30, FEI, Hillsboro, OR, USA, scanning electron microscopy (SEM) was
used to comprehend the essential surface morphology of MCC. The structural properties of
the materials were analyzed by N, adsorption-resolution experiments performed using
the ASAP 2460 absorbent apparatus (Micromeritics, Atlanta, GA, USA). With an X-ray
diffractometer (XRD, Bruker D8 Advance, Karlsruhe, Germany), phase analysis of MCC
was carried out. The Co K« radiation (1 = 1.79026 A) was carried out between 10° and 90° in
the 20 range, and the scanning speed was 6° /min. Fourier transform infrared spectroscopy
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(FTIR, Nicolet IS10, Nicolet, Green Bay, WI, USA) was used to identify and characterize
the functional group types in the 400-4000 cm~! range. The valence states of the elements
are identified by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher
Scientific, Waltham, MA, USA).

2.4. Batch Sorption Experiments

To prepare 1 g/L of Sb(III) mother liquor, potassium antimony tartrate was dissolved
in deionized water. The Sb(III) solution was then put in a wide-mouth bottle and kept at
4 °C for later use.

On the adsorption of Sb(III) by MCC, the effects of dose, initial pH, ionic strength,
ionic coexistence, contact time, and initial concentration of Sb(IIl) were examined. The
basic requirement for the batch experiment is for a 250 mL conical bottle with 100 mL of
0.1 mg/L Sb(III) solution and 0.04 g of adsorbent unless otherwise noted. The conical bottle
is to be put in a constant temperature shaker set to 25 °C, pH 6.6, 165 rpm, and shaken for
24 h. Following the reaction, the supernatant of the water sample was filtered by a 0.45 um
filter membrane. Each group of data was measured three times and averaged.

The remaining antimonial content in water samples was measured by atomic fluores-
cence spectrophotometry (AFS-8230, Beijing Yoshida Instrument Co., Ltd., Beijing, China).
A total of three measurements were made for each set of experimental data, and the average
was calculated. The antimony adsorption amount (mg/g) and removal rate were calculated
with Equations (1) and (2), respectively.

9e = (Co— Ce)V/m 1)

% of Remove = (C, — C.)/Cy ()

where C. (mg/L) and qe (mg/g) are the concentration of Sb and the adsorption capacity
in the solution at equilibrium, respectively, and Cy (mg/L) is the initial amount of Sb in
the solution.

2.4.1. Influence Factors

We studied how the dosage, initial pH, ion strength, and ion coexistence impacted Sb
adsorption by MCC.

The MCC dosage levels were 0.2 g/L, 0.3 g/L, 04 g/L, 05 ¢g/L, 0.6 g/L, 0.7 g/L,
0.8g/L,09g/L,and 1.0 g/L. Initial pH levels were 3,4, 5, 6,7, 8,9, and 10. Also, 0.1 mol
of HCl and 0.1 mol of NaOH were added to the solution to adjust its pH. NaCl was used to
change the ionic strength of the solution to 0.01 M, 0.1 M, 1M, 10 M, and 50 M. C1~, NO32-,
CO327, 50427, and PO3*~, some of the common anions in natural water, and their effects
on Sb adsorption at concentrations of 0 mM, 1 mM, and 10 mM were examined.

Adding 0.04 g of adsorbent to 100 mL of 0.1 mg/L Sb(Ill) and applying 0.1 mM NaCl
as the background electrolyte allowed for the measurement of the solution pHyp,c. The
solutions are adjusted to different beginning pH ranges (3-10), and after a day, the ultimate
pH of each solution is measured. The point zero charge (pHypzc) of the adsorbent can be
calculated by the intersection of the final and initial pH curves.

2.4.2. Adsorption Kinetics

A total of 800 mL Sb(III) aqueous solution was placed in a plastic bottle, and 0.32 g
of MCC was added. The concentrations of Sb(III) were adjusted to 0.1 mg/L and 1 mg/L.
Samples were taken at intervals of 0-1200 min.

Pseudo-first-order dynamics model Equation (3) and pseudo-second-order dynamics
model Equation (4) were used to fit the data. Using the Weber—Morris in-particle diffusion
model (Equation(5)), the complete adsorption process was analyzed.

q =, (1-e™) 3)
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q = keqet/ (1 +koqet) (4)

g = kait™ + G )

where k; (1/min) and k; (g/(mg-min)) are the rate constants of pseudo-first-order and
pseudo-second-order kinetic models, respectively, q; (mg/g) and qe (mg/g) are the adsorp-
tion capacity of Sb at time t and equilibrium, ky; is the in-particle diffusion constant, and C;
is the stage i intercept.

2.4.3. Adsorption Isotherms

Starting Sb(III) concentration for MCC and CHS, respectively, will range from 0.5 to
50 mg/L and 0.5 to 30 mg/g at 25 °C. The data were fitted by the Langmuir Equation (6)
and Freundlich Equation (7) isothermal adsorption models.

de = qpkrce/ (1 +kice) (6)

qe = kpct/™ )

where ki, (L/mg) and kg are the Langmuir and Freundlich constants, respectively, qm
(mg/g) is the adsorption maximum capacity, n is a dimensionless parameter that represents
the affinity of the adsorbent for the adsorbent.

2.4.4. Cycle Experiment

To assess the cycle performance of MCC, three sets of continuous cycle experiments
were created. Magnetic separation is utilized to keep the used MCC apart from the water.
After repeatedly wiping the surface with deionized water to remove any remaining Sb(III)
solution, continue to the following set of cycles. Additionally, research was performed
on the ability of MCC for regeneration. Using a hand-held magnet, the MCC that was
adsorbing antimony for 24 h is retrieved. It is then added to 50 mL 1 M sodium hydroxide
solution, and the supernatant is obtained by shaking for another 24 h. After being isolated
from sodium hydroxide, the MCC is repeatedly cleaned with water until it becomes neutral.

3. Results and Discussion
3.1. Characterization of the Adsorbents
3.1.1. Surface Morphology of MCC

The digital electronic image of MCC, which seems like black powder, is shown in
Figure 2a. The uneven shape of powder, with a diameter of around 90 pm, can be attributed
to its grinding process before calcination, as revealed by the scanning electron microscope
(SEM) shown in Figure 2a illustration. Figure 2b—d displays the SEM at various MCC
magnifications. An electron microscope image of MCC with a 10.0 K magnification is
shown in Figure 2b. It is obvious that the MCC surface is rough, that many tiny particles
group together as an effect of magnetic, and that visible accumulation forms. Furthermore,
some lamellar structures—dense layers made from calcining chitosan—are also visible [15].
The MCC is extended to 20.0 K and 50.0 K, respectively, visible in Figure 2c,d. It is also seen
that the MCC has a variety of pore sizes, that a layered porous structure forms, and that
the surface of the dense layer has pores of various sizes. The following two factors could
be to blame for this: (1) The iron sludge will have a significant pore structure throughout
the calcination process [27]. The pore structure was created on the MCC surface by etching
NaOH before calcination [31]. Adsorption can be assisted by the creation of a pore structure.
In addition, the energy spectrum analysis results demonstrate that the distribution of C,
N, and Fe in MCC is rather uniform. It helps ensure that Sb binds completely to the
adsorption site.
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Figure 2. The digital electronic image (a); SEM with 10.0 K (b), 20.0 K (c), 50.0 K (d); EDS of C (e), N (f),
Fe (g); N, adsorption-desorption isotherm (h) and the diameter distribution (inset); the magnetic
hysteresis loops (i) of MCC.

In addition, as can be shown in Figure 2e—g, the energy spectrum analysis results
demonstrate that the distribution of C, Fe, and O in MCC is comparatively uniform. It
demonstrates how effectively the carbon layer and the magnetic substance are blended. It
helps ensure that Sb binds completely to the adsorption site.

The adsorption efficiency of the substance is greatly affected by the specific surface
area and pore size of the adsorbent. The average pore diameter of MCC is 10.47 nm,
and its specific surface area (SSA) is 52.63 m?/g. As can be observed from the IUPAC
classification and the Nj adsorption—desorption isotherm diagram of MCC (Figure 2f),
the fitted isotherm consists of the Type IV isotherm of the H3 hysteresis loop, meaning
that MCC is a mesoporous material (2 nm < d < 50 nm). Based on data from the pore size
distribution diagram (illustration of Figure 2f), MCC primarily consists of mesoporous
pores, with a small number of macropores (d > 50 nm) present. Furthermore, an evident
increase in the N, adsorption—desorption isotherm appeared in the high-pressure zone
(P/Py = 0.95~1.0), confirming the existence of large pores in the MCC and supporting the
SEM phenomena. Despite this, the average aperture increased when compared to CHS
(d = 4.05). However, the average pore diameter dropped from 12.43 nm to 10.47 nm if
compared to the results of pure iron sludge burnt at 500 °C. Moreover, the pore structure
was altered. The percentage of macropores dropped as the percentage of mesoporous pores
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rose. The creation of mesoporous structures was shown to be aided by the calcination of the
chitosan-acetic-NaOH system. However, the rise in the low-pressure area is not significant,
meaning that there are few micropores. The research finding found that the specific surface
area of the pyrolyzed chitosan carbon material increases with the amount of active agent
(NaOH/KOH) in the pyrolysis precursor [15]. When chitosan carbon is added with an
active agent, its specific surface area is tens of times larger than the nonactive agent [15,16].
However, in this study, NaOH has only a comparatively modest percentage of what is still
on the surface of CHS. To boost the proportion of NaOH and consequently improve the
specific surface area and micropore ratio of MCC, NaOH can, therefore, be injected into the
hydrogel of chitosan/iron sludge, solidified, freeze-dried, and then pyrolyzed during the
production of MCC.

The magnetic saturation strength of MCC is 33.24 emu/g, according to the magne-
tization curve (Figure 2i). MCC is easily attracted when a magnetic field exists. As a
result, MCC is magnetic and can be separated via magnetic separation from the solution.
When the magnetic saturation strength of the material reaches 16.3 emu/g [32], magnetic
separation is thought to be achievable.

3.1.2. XRD

The X-ray diffraction (XRD) of iron sludge, chitosan, particle adsorbent, and MCC
is displayed in Figure 3a. Because the iron sludge contains y-FeOOH, it is evident that
both the particle adsorbent and the iron sludge exhibit wide 20 diffraction peaks near
48° [33]. Additionally, a wide 26 diffraction peak is visible around 20°, which is in line
with the crystal forms II of the chitosan XRD location [34]. These show that, although the
structure is still amorphous, the chitosan and iron sludge were effectively combined in
the particle adsorbent. Following the calcination of the particle adsorbent, the XRD of
MCC results show that it is no longer amorphous. Positions 21.31°, 35.07°, 41.39°, 50.49°,
62.96°,67.41°,74.36°, and 88.96° correspond to the crystal faces of the Fe3O,4 (PDF #88-0315)
nanoparticle, which are located in the following positions: (111) (220) (311) (400) (422) (511)
(440) (533) [35,36]. It proves that Fe3Oy is the main magnetic material in MCC. This could
result from the synthetic production of reducing C during calcination, which reduces Fe3*
to Fe?+. Figure 3c,d show the results of fitting the XRD data of MCC and CHS. The fitted
results show that MCC and CHS have crystallinities of roughly 24% and 76%, respectively.
This indicates that the calcination procedure increases the crystallinity.
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Figure 3. Cont.
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Figure 3. XRD pattern (a); FTIR spectra (b) of iron—sludge, chitosan, CHS, and MCC; the fitting of
XRD spectra of CHS (c) and MCC (d).

3.1.3. FTIR

Figure 3b displays the FTIR diagram of MCC, particle adsorbent, and chitosan at
400-4000 cm~!. The FTIR spectra of chitosan and the particle adsorbent show identical
placements of the major peaks, indicating that the particle adsorbent made by the em-
bedding approach does not significantly change the structure of chitosan. But following
calcination, some peaks vanish and some new ones appear, showing that the structure of
chitosan has changed.

The figure shows that hydroxyl absorption bands exist in chitosan, CHS, and MCC at
around 3420 cm ™!, suggesting that -OH/-NH persists even after calcination [30,37]. The
C-H (e.g., -CH-, -CH>-) tensile vibrations of the saturated hydrocarbons in chitosan are
represented by the peaks at 2830-2930 cm ™! [38]. When compared to chitosan and its
predecessor, it is evident that the peak of MCC at this location is weaker; nonetheless, a new
peak formed at 1000 cm ™! is caused by the C-H of aromatic group bending vibration [39].
Consequently, it can be proven that the calcination process generates the -7t bond and
encourages the creation of the aromatic structure. The C=O of the amide group tensile
vibration is represented by the peaks in chitosan and CHS at 1650 cm !, which disappear
with calcination. The asymmetric vibration of C=O and the symmetric vibration of O-C-
O in carboxylic acid, respectively, matched the new peaks that appeared at 1627 cm ™!,
1476 cm~!, and 1397 cm ! in MCC [40-42]. This may indicate that calcination broke down
the chitosan structure and created carboxylic acid in MCC. Furthermore, CHS has a strong
peak around 500 cm !, which is frequently recognized as the result of Fe-O vibrations in
v-FeOOH [43]. The peak at 500 cm~! faded in MCC, and a new peak that protruded at
564 cm ™~ !—related to Fe-O vibration in Fe3O4—appeared [36].

In conclusion, while the structure of chitosan shifts and some functional groups
vanish, MCC produces new functional groups such as -COOH and aromatic structures.
Furthermore, y-FeOOH transfer to Fe;Oy after calcination was further confirmed with
FTIR. Antimony can be removed from MCC through the adsorption sites supplied by both
the functional group and Fe-O.

3.1.4. XPS

The primary elements in the precursor and MCC are C, O, Fe, and N, as the XPS total
spectrum shows in Figure 4a. The collected iron sludge contains contaminants for natural
water bodies are made up of a fairly substantial number of elements. On local amplifying CHS
and MCC throughout the whole XPS spectrum at 80-240 cm ! (Figure 4b), the corresponding
peaks of Si 1s, P 2p, and P 2s in CHS become visible. In MCC, the corresponding peaks of P
and Si vanish. This suggests that some contaminants (such as Si and P) can be decreased in
content by the pyrolysis process, and the purity of iron was boosted for MCC.
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Figure 4c displays the sub-peak fitting results of the Cls of MCC and CHS. Three
peaks that belong to the groups C-C, C-O, and C=O can be seen at positions 284.77 eV,
286.39 eV, and 287.59 eV. Following the calcination process, the Cls peak of MCC at
284.77 eV, 286.33 eV, 288.91 eV, and 291 eV, corresponding to the keys C-C/C=C, C-O, C=0,
and 7t-7* [16,44]. The local enlarged of the Cls spectrum near 291 eV is shown in Figure 4d.
More clearly, the characteristic peak, belonging to 7-7*, appears at 291 eV after pyrolysis.
This implies that the FTIR data are consistent with the production of aromatic structures
following calcination.

The broad peaks of CHS Fe 2p at Fe 2p3,, and Fe 2p; ; relate to the peaks of Fe3*
and are deconvolution peaks at 711.02 eV and 724.48 eV, respectively (Figure 4e). Fe 2p3,»
has been shown to simulate two peaks in MCC, with corresponding energies of 710.64 eV
and 712.56 eV for Fe?* and Fe®", respectively. Similarly, Fe?* and Fe®*, or 723.85 eV and
725.96 eV, respectively, are fitted at Fe 2p; /, [45]. It demonstrates how C will convert some
Fe3* to Fe?" throughout the calcination process. The XPS results show that the percentage
of Fe?* is around 68.52%, the proportion of Fe>* is roughly 31.48%, and Fe 2p shows the
presence of satellite peaks, indicating that MCC contains more than only Fe3O4 [45,46].
However, Fe3O4 appears to be the primary component of MCC, according to the results
of XRD. Therefore, other iron oxides that may be formed in MCC are not discussed in
this paper.

3.2. Discussion of Adsorption Mechanism
3.2.1. FTIR

Figure 3a displays FTIR before and after Sb adsorption by MCC. It is apparent upon
adsorption that the peak density decreases and the peak position of -NH/-OH in MCC
moves. The impact of hydrogen bonds on adsorption could be the reason for it. The oxygen
atoms on the Sb(IIl) molecule can form hydrogen bonds with the -NH/-OH hydrogen
atoms [38,47]. Furthermore, it is thought that the hydrogen on -OH functions as a metal-
binding site where ions can take the place of H and Sb can take the place of H [48]. After
adsorption, the functional group at -COOH changes significantly, and a peak appears at
1602 ecm 1, between C=0 and C-O, which can be attributed to the replacement of H on -OH
in -COOH by Sb.

Following the adsorption of Sb by MCC, the C-H peak of the aromatic structure also
shifted, and the peak density dropped, suggesting that the - bond was also implicated
in the reaction. To adsorb antimony, the 7 electron on C-H bonds with the 7t electron on
Sb(III) [49]. In the MCC, the Fe-O bond shifts from 562 cm~! to 565 cm™!. To produce the
adsorption action, Fe-O and Sb chelate to form Fe-O-Sb [30,50].

3.2.2. XPS

Figure 4a shows a comparison of the XPS spectra obtained before and after Sb adsorp-
tion by MCC. As can be observed, adsorption precedes the peak of Sb 3d, suggesting that
MCC successfully absorbed Sb. After adsorption, the peak of O 1s slightly rises as a result
of the dividing of the Sb3d peak into Sb 3d3,, and Sb 3ds5,,, where the peak place of Sb
3ds/, coincides with that of O 1s. Fe-O took part in the adsorption reaction, as seen in a
distinct drop in the peak of Fe 2p.

When the peak fitting findings of C1s are compared before and after Sb(IIl) adsorption,
the percentage of 7t-mt falls from 5% to 3%, indicating that MCC and Sb(IlI) interact via 7t-7.
After adsorption, the binding energies of C-O and C=0 reduced from 286.33 eV to 286.29 eV
and 288.91 eV to 288.57 eV, respectively, which indicates that the two roles assisted in
eliminating Sb using MCC by forming surface complexes with Sb.

The peaks of Fe 2p were separated into Fe 2p3,, and Fe 2p1 /, after the adsorption of
Sb, and the peaks were fitted in Figure 4e. Fe?* and Fe** hold binding energies of 723.85 eV
and 725.96 eV on Fe 2p;,, and 710.64 eV and 712.56 eV on Fe 2pj,, respectively. The
peak area and binding energy decreased to varying levels after the fitted Fe?*, Fe3*, and
satellite peaks absorbed Sb in Fe 2p, showing that electron transfer occurred and Fe-O
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formed internal coordination complexes with Sb. Nonetheless, Fe>* and Fe3* area ratios
after adsorption are 67.58% and 32.42%, respectively, and the Fe?* /Fe®" area ratio, which
was around 2.1 before and after adsorption, remained constant. The valence state of Fe
valence state is thought to remain steady during the adsorption process, which means
Fe304 may not undergo a redox reaction.

Figure 5a,b display the peak fitting results of O 1s both before and after Sb(Ill) adsorp-
tion by MCC. The Fe-O percentage reduced from 76.39% to 37.13%, and the location of
the peak changed. Additionally, it is shown that Fe-O is the primary effect of MCC on Sb
removal, and Fe-O and Sb chelate to produce Fe-O-Sb. The -OH binding energy went up
to 533.50 eV from 533.45 eV. The creation of hydrogen bonds is implied by the increased
electron absorption properties of -OH, as indicated by the increase in binding energy after
adsorption [51]. These findings imply that during the adsorption phase, the -OH in MCC
may form a hydrogen bond with Sb(III) molecules, resulting in the removal effect.

CCO
(@) o MCC O1s ()

MCC-Sb O1s+Sb 3d

Sb3+

528 530 532 534 536 530 535 540 545
Bending Energy (eV) Bending Energy (eV)

Figure 5. The XPS spectra of O 1s for MCC (a); the XPS spectra of O 1s+Sb 3d for MCC-Sb (b).

By using peak fitting for Sb adsorbing by MCC (Figure 5b), Sb 3d was divided into Sd
3ds/, and Sd 3ds /. The peaks that correlate are 539.89 eV and 530.50 eV. It is thought that
there is no Sb(V) in the adsorbed MCC because there is no correlation peak of Sb(V) at a
place of relatively high binding energy (540.20 eV) [3]. There were initially two reasons for
this phenomenon: one is that Sb(IlI) was not involved in the redox reaction; the other is
that Sb(IIT) was oxidized to Sb(V) and then reduced to Sb(III) [41]. It was noted that when
Sb(III) and Sb(V) absorb in aqueous solution, Fe30, does not exhibit a redox reaction with
them [41,52].

Given the significant role Fe3O4 plays in adsorption for MCC, it is assumed that there
may not be a redox reaction during the MCC adsorption process. This is also similar to the
nearly constant area ratio of Fe?* /Fe3* both before and during Fe 2p adsorption.

3.3. Batch Sorption Experiments
3.3.1. Effect of Adsorbent Dosage

The relationship between the dosage of MCC and Sb(III) removal from the solution
is shown in Figure 6a. The figure shows that the removal rate of Sb(Ill) increased from
roughly 20% to more than 80% when the dosage of adsorbent increased from 0.2 g/L to
0.4 g/L. However, when the dosage of MCC reached 0.4 g/L, the adsorption removal
rate essentially remained unchanged with the increase in dosage. Furthermore, the figure
also indicates that the unit adsorption capacity improved as the dose increased up to
0.4 g/L, but the capacity declined as the dosage crossed this threshold. This is because the
adsorption capacity of the MCC for Sb(III) will rise before the dose reaches 0.4 g/L since
the mass transfer force between the solid-liquid phase is insufficient at low dosages. The
adsorption site of Sb(IIl) increases as the dosage increases, but there is a limit to the amount



Sustainability 2024, 16, 2788

12 of 21

of Sb(III) in the solution, which means that the concentration of Sb(III) assigned to each
unit of adsorption site will decrease. This further demonstrates that an excessive amount
of adsorbent cannot be fully utilized in the adsorption process, leading to waste.
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Figure 6. The effect of dosage (a); pH (b); pHp.c (c); the effect of ionic strength (d); the presence of Sb
at different pH (e); the state of MCC and CHS, after a 24-h of shaking in pH = 3 (f).

3.3.2. Effect of pH and Ionic Strength

The form of heavy metals in the solution and the surface of the adsorbent charge
are both influenced by pH. As a result, pH is another significant component affecting the
adsorption impact.

Figure 6b depicts how pH affects the removal effect of Sb(III). The figure shows that
the removal rate of MCC for Sb(III) in the pH range of 3-10 was around 80%, revealing
that pH has a negligible effect on Sb(IlI) adsorption. As Figure 6e illustrates, Sb is mostly
present as uncharged Sb(OH)3 across the pH range in this study [53,54]. As can be shown
in Figure 6¢, MCC has a pHpzc of 7.9. The MCC surface becomes negatively charged when
the solution pH exceeds pHpzc, and vice versa. Nonetheless, Figure 6b illustrates that the
adsorption is not significantly influenced by pH; therefore, electrostatic attraction is not
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the primary adsorption mechanism in the MCC adsorption of Sb(IIl) [54]. Furthermore,
MCC and CHS were placed in two conical bottles, respectively, in an acidic environment
(pH = 3), and after a 24 h reaction, the scenario depicted in Figure 6f was observed. CHS
disintegrated, which was connected to the characteristics of chitosan. After a full day, MCC
might still separate from water. One could argue that MCC is more stable structurally and
has superior acid resistance compared to CHS.

Furthermore, Figure 6d indicates the adsorption rate of MCC for Sb(Ill) stays at
roughly 80% even when the ionic strength increases from 0.01 mM to 50 mM, confirming
that the ionic strength has little impact on the removal of antimony. Since both pH and
ion strength have no significant effect on antimony removal, it may be assumed that the
primary mechanism by which MCC removes Sb(Ill) is the formation of an inner sphere
complex between Fe and antimony [54].

3.3.3. Effect of Coexisting Anions

Many different kinds of anions coexist in natural water. Therefore, some common
anions in water, such as C1~, NO3;~, SO42~, CO32~, and PO4%~, were selected to explore
the influence of co-existing ions. The effects of these anions on the adsorption effect
were studied at three different concentrations (0 mM, 1 mM, and 10 mM), as displayed in
Figure 7a. As the graph indicates, phosphate has the most significant adsorption inhibitory
effect on Sb(III) among those selected anions. The adsorption removal rate drops from
81% to 66% when the phosphate concentration increases from 0 mM to 1 mM, and lower
still to 35% when the concentration hits 10 mM. Other anions had no obvious effect on the
adsorption or removal of Sb(III).
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Figure 7. The effect of coexisting anions (a); recycle experiment without desorption (b); Sb(III)
adsorption rate and desorption rate with MCC (c).

Because of differences in the bonding interactions between anions and iron oxides,
different anions have distinct impacts on the adsorption effect. With iron oxides, C1~ and
NO3~ primarily form exo-spherical complexes [55]; SO4%~ also produces exo-spherical
complexes when the pH exceeds 6 [56]. However, an inner spherical complex—which
has a larger binding force than the outer spherical complex—is mostly formed between
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antimonate and iron oxide [57]. As a result, there is little effect of nitrate, sulfate, or chloride
ions on Sb(III) adsorption. Furthermore, even though carbonate and iron oxide also form
inner-sphere complexes, the influence of carbonate is less evident due to the relatively low
affinity. The obvious suppression of antimony adsorption by phosphate is caused by the
strong affinity inner sphere complex, which phosphorus and iron oxides can form. This
complex competes with antimony for the adsorption location [58,59].

3.3.4. Recycle Experiment

To assess the cycle performance for MCC, three sets of continuous cycle experiments
were set up. Magnetic separation is applied to keep the used MCC separate from the water.
Because the initial concentration of 0.1 mg/L is much less than the adsorption saturation
capacity of MCC, the isolated MCC is repeatedly cleaned directly with deionized water,
the leftover Sb(III) solution is washed off the surface and added to the next set of cycles.
The results of the cyclic experiment are shown in Figure 7b. The elimination rate after the
first use is 81.24%, as can be seen. The adsorption removal rate exceeds 75.54% after three
cycles. The reduction is around five percent when compared to the removal rate at the time
of beginning use. As a result, MCC is thought to have good recycling.

Moreover, three sets of desorption experiments were carried out, and the desorption
capacity of MCC was assessed. Figure 7c shows that the adsorption capacity of MCC
may be kept above 75% even after three desorptions. The MCC desorption rate is kept
at roughly 50%. MCC may be used, without desorption, in non-wastewater with low
antimony concentrations by circulating multiple times. The MCC is desorbed when the
effluent concentration hits a predetermined limit threshold.

Furthermore, Sb@C material performs well as the anode in sodium-ion batteries [60,61].
As a result, it may be said that MCC has some recycling potential.

3.3.5. Adsorption Kinetics

Adsorption efficiency is a crucial criterion for assessing adsorption effectiveness. As a
consequence, this chapter examines the connection between the Sb(IIl) adsorption process
and the time. The data were fitted by the pseudo-first-order and pseudo-second-order
dynamics models. Figure 8a shows the fitting results, and Table 1 displays the pertinent
parameters that were determined by fitting.

Adsorption speed in the initial stage of adsorption was relatively fast under the
two different initial concentrations (0.1 mg/L and 1 mg/L), as the figure shows, and
the adsorption removal rate reached more than 80% in about two hours. After that, the
adsorption speed gradually slows down and eventually reaches the adsorption equilibrium.
This is mainly because there are sufficient adsorption sites in the MCC to combine Sb(III)
during the initial stage of adsorption. The number of adsorption sites in the MCC decreases
with the increase in contact time between the MCC and Sb(III) solution, which influences
the adsorption rate.

The results in Table 1 reveal that the R? of the pseudo-first-order kinetic model is 0.878
and 0.949 at initial concentrations of 0.1 mg/L and 1 mg/L, respectively, whereas the R? of
the pseudo-second-order kinetic model is 0.943 and 0.988. The R? of the pseudo-second-
order kinetic model is higher than that of the pseudo-first-order kinetic model across all
Sb(III) concentrations. Consequently, the adsorption process of MCC could be described
more precisely by the pseudo-second-order kinetic model, revealing that chemisorption is
the primary method of adsorption for Sb(IIl) by MCC [38].

With the Weber—Morris particle pore diffusion model, the adsorption process of Sb(IlI)
on MCC was analyzed further, and the outcomes are displayed in Figure 8b; the pertinent
parameters are listed in Table 2. The linear graphs of the three steps did not cross the origin
(Ci # 0) at the starting concentration of 0.1 mg/L or 1 mg/L, indicating that intragranular
diffusion is not the sole important step [62]. The adsorption of Sb(III) by MCC is split into
three linear components by the particle diffusion model. As a result, the adsorption process
may be split into three stages: the surface adsorption stage (0-20 min) has the quickest
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adsorption rate (k;), most likely as a result of Sb(Ill) diffusing into the boundary layer
through adsorption on the outer surface. The internal diffusion process, which is primarily
influenced by intra-particle diffusion [62], occurs in the second stage (20-180 min). The
adsorption reached equilibrium during the final stage (180-1200 min) and had the slowest
adsorption rate (k3).
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Figure 8. The adsorption kinetic (a); intra-particle model (b) of CHS and MCC; isotherm adsorption
of MCC (c) and CHS (d) at 25 °C.

Figure 8b shows that within 20 min, MCC removed Sb at a rate that was almost 90%
of the final level of concentration. Also, the adsorption equilibrium time of MCC (about
2 h) stands out more than that of the adsorbents reported in Table 1 for antimony removal.
It may be said that MCC has the potential to remove Sb(III) since a faster adsorption rate
offers better financial benefits for the adsorption facilities.

Table 1. Parameter of the adsorption kinetic models and adsorption equilibrium time of other materials.

Initial Concentration

Pseudo-First-Order Pseudo-Second-Order

kq SD (kq) Qe SD (qe) R? k> SD (kp) qe SD (qe) R?

0.1mg/L 0.278 0.031 0.209 0.004 0.878 2.231 0.261 0.216 0.003 0.949

1mg/L 0.200 0.017 2.057 0.034 0.946 0.153 0.010 2.132 0.018 0.988

Adsorbent (]:g)sie) pH te(h) Model

Iron-coated cork granulates 2.5 6 24 Elovich [54]
Fe304/Fe;O3/CNs 1 5 3 pseudo-second-orde [44]
Fe30,/BC 2 pseudo-second-order [63]
CNT-SH 2.5 7 2.5 pseudo-second-orde [64]
CNT-I 2.5 7 3 pseudo-second-orde [64]
MnFe,O4-biochar 1 7 12 pseudo-second-orde [65]




Sustainability 2024, 16, 2788 16 of 21
Table 2. Parameter of the Weber-Morris particle pore diffusion model.
Stagel Stage2 Stage3
Initial Concentration
ka1 Cy ka» G ka3 &3
0.1mg/L 0.023 0.097 0.003 0.181 0.0003 0.211
1mg/L 0.308 0.581 0.019 1.831 0.004 2.026

3.3.6. Adsorption Isotherms

The isothermal adsorption for CHS and MCC studies were conducted at 25 °C. To fit
the measured data, the Freundlich and Langmuir models were applied. The fitting results
are displayed in Figure 8c,d. The correlation values (R?) of the Freundlich model were 0.974
and 0.878, and the correlation coefficients (R?) of the Langmuir model of CHS and MCC
were 0.985 and 0.969, respectively, given the fitting results in Table 3. Thus, the Langmuir
model description of the adsorption of Sb(III) by both is more suitable, indicating that the
adsorption is monolayer adsorption.

Table 3. Parameter of the isotherm adsorption model.

Initial Concentration

Langmuir Freundlich

kp SD (kp) Qmax SD (qmax) R? kf SD (kg) 1/n SD (1/n) R?

CHS
MCC

0.584 0.053 24.956 1.651 0.992 5.863 0.875 0.440 0.059 0.822
0.144 0.014 38.234 2.751 0.969 7.607 0.400 0.413 0.044 0.878

Additionally, Table 3 indicates that all the Langmuir constants Ky, that were calculated
by fitting the Langmuir model are 0.614 and 0.144, respectively. Adsorption can easily
occur because all the dimensionless constants 1/n fitted to the Freundlich model are less
than 0.5. As the 1/n of MCC (0.413) is lower than that of CHS (0.440), MCC is more likely
to have a greater attraction with Sb(III).

The Langmuir model was used by CHS and MCC for calculating the adsorption
saturation capacities, which came out to be 24.380 mg/g and 38.234 mg/g, respectively.
Thus, the adsorption saturation capacity is impacted in some way by the pyrolysis process.
Furthermore, the adsorption saturation capability of MCC is roughly double that of FezO4
sold commercially.

The data in Table 4 indicates that the majority of the specific surface area of these
adsorbents with adsorption saturation capacities higher than MCC is likewise higher than
MCC. BC-yFe;O3 with specific surface areas comparable to MCC has a comparable ad-
sorption saturation capacity, suggesting that particular surface area could be a contributing
component. Furthermore, as the iron-based materials utilized in these adsorbents are
primarily obtained from the manufacturing of chemical reagents, where iron purity is
higher, it is also important to enhance the iron load when using iron-proportion waste as
an adsorbent.

Table 4. The adsorption saturation capacity of Sb(IIl) by different adsorbents.

Adsorbent

SSA The Medicine for Preparation Adsorbent References

Om (mg/g)

MCC

Fe3O4 /F6203 /CNS
F€203 / CNs
CNT-I

CNT-SH
MnFe,O4-biochar
BC/ F6304
BC-yFeZO3

Fe3O4

GO

graphene

52.63
192.6
134.9
105.78
111.89
30.38

77.924

315.6
2630

Chitosan, iron sludge

FeCl3-6H,0, Fe304, carbon nanosphere
FeCl3-6H,0, carbon nanosphere

CNT, KI

CNT, HS(CH,),OH

a tea branch, FeSO4-7H,0O, KMnOy4
Dried pomelo peel, FeCl3-6H,O FeSO,4-7H,0O
Sludge, FeCl3-6H,O

Fe3O4

GO

graphene

38.234
234.3
102.8
200
140.85
237.53
246.19
45.25
19.9
36.5
8.056

This study
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3.3.7. Summary of Sorption Mechanism

The batch sorption experiments and the pre- and post-adsorption characterization
data show that the adsorption process of MCC is more in line with the pseudo-second-order
kinetic adsorption model and the Langmuir model, indicating that chemical adsorption
is the primary mechanism by which Sb is adsorbed by MCC. The fact that pH and ionic
strength have no obvious effects on adsorption suggests that Sb mostly forms inner-sphere
complexes in MCC. It is evident from the FTIR and XPS characterization results that the
adsorption of Sb is supported by the -COOH, -OH, 7 electrons, and Fe-O present in MCC.

The following is a summary of the mechanism: (1) Sb is made complex with the -OH
and -COOH functional groups in chitosan carbon. Between Sb(III) molecules and the
hydrogen atoms of N- and O- groups on the chitosan carbon, hydrogen bonds can form.
There is 7t-7t interaction among antimony molecules and the aromatic structure. (2) Iron
sludge becomes Fe30y, after calcination due to the presence of carbon-based factors, and
Fe-O can form an inner sphere complex with Sb, which is also the primary mechanism by
which MCC removes Sb. In Figure 9, the mechanism is displayed.

Inner-sphere complexation @ Sb(m)
OH
,,,,b/o\, — — e n-1t interaction
|‘v\()/|. wonn Hyd
A rogen bond
O\' ) P OH ydrog
Il

OH |
W, I

Figure 9. The adsorption mechanism of Sb(III) by MCC.

o—H
O After Sb adsorption

3.4. Environmental Impact and Sustainability

The iron sludge used in this study is derived from the waste generated during the
backwashing of the filter beds in groundwater treatment plants for iron and manganese
removal. The large volume of production and the time-consuming and costly disposal
process pose challenges. The magnetic carbonaceous material adsorbent successfully
prepared from iron sludge and chitosan not only exhibits a high antimony adsorption
capacity but can also be easily recovered under the influence of an external magnetic field,
facilitating the regeneration and reuse of the adsorbent. This “waste-to-waste” approach is
a beneficial attempt towards a circular economy, aiming to reduce environmental pollution
pressure and support society’s sustainable development.

4. Conclusions

In this study, iron sludge and chitosan were pyrolyzed to create magnetic chitosan
carbon (MCC). Iron sludge could be used as a resource, and Sb was successfully removed
from water. The results show after pyrolysis, y-FeOOH in iron sludge turns into Fe;O4, and
the magnetic saturation strength of MCC is 33.243 emu/g. The adsorption process of Sb(III)
by MCC can be described by the pseudo-second-order kinetic model and the Langmuir
model, suggesting that the adsorption is a single-layer chemisorption. The creation of
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an inner sphere complex between Fe-O and Sb, hydrogen bonding, 7-m interaction, and
surface complexation are the mechanisms involved in the adsorption of antimony by
MCC. Compared to CHS, MCC has a higher saturation capacity, higher Fe, and better
acid resistance. MCC, whose being activated result is not extremely strong, increases the
proportion of mesoporous pores and improves the pore structure compared to directly
calcined pure iron sludge. Therefore, MCC produced with iron sludge is a cheap and
effective adsorbent for the adsorption of antimony, providing useful references for the
resource utilization of other iron-containing waste.
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