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Using deep eutectic solvent dissolved low-value
cotton linter based efficient magnetic adsorbents
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In this study, a novel magnetic bio-adsorbent was synthesized by modifying cotton linter (CL) cellulose with
deep eutectic solvents (DESs) and FezO4 magnetic nanoparticles. The adsorption capacity of CL, FezO4/CL,
Fes0.4/CL-oxidation, and FesO4/CL-DES for Cu?* was 11.0, 66.1, 85.7, and 93.1 mg g%, respectively, under
the optimal adsorption conditions of an initial pH value of 6.0, stirring rate of 300 rpm, and a temperature of
30 °C. The presence of FezO4 nanoparticles increased the proportion of hydroxyl groups and thus improved
the ion-exchange ability of Cu?*. The dissolution of DES significantly decreased fiber crystallinity and
increased the number of hydroxyl group (amorphous regions increased), thus improving the chelation
reaction of Cu®*, which was favorable for surface adsorption. In addition, we used the Langmuir and
Freundlich isothermal models to simulate the adsorption behavior of FesO4/CL-DES, and the results

indicated that Cu?* follows a Freundlich isotherm model of multilayer adsorption. The fitting of the
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Accepted 18th April 2023 adsorption kinetics model indicated that the adsorption process involves multiple adsorption

mechanisms and can be described by a quasi-second-order model. These results provide a potential

DOI: 10.1039/d3ra01248d method for the preparation of high-efficiency adsorbents from low-value cotton linter, which has broad
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1 Introduction

In recent years, heavy metal pollution in soil, sediment, and
water environments has garnered worldwide attention due to
the high toxicity and ability of heavy metals to accumulate in
living organisms."* Water pollution, in particular, poses
a significant threat to ecosystems and human health through
the food chain.>® As a result, the safe, cost-effective, and effi-
cient treatment of toxic metal ions in wastewater is a critical
area of research. Various physical, chemical, and biological
methods are currently employed to remove heavy metals from
water, including adsorption, chemical precipitation, electro-
catalysis, membranes, and bioremediation.”® Among these,
adsorption and photocatalysis are widely used for the removal
of different pollutants in wastewater.'® Adsorption relies on the
physical or chemical binding of pollutants to a solid surface,
which can be highly effective for certain types of pollutants but
may require frequent replacement or regeneration of the
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application prospects in wastewater treatment.

adsorbent material.™ On the other hand, photocatalysis
involves the use of catalysts and light energy to initiate chemical
reactions that decompose pollutants, which can be effective for
a wider range of pollutants but may require more complex and
expensive setups.> Therefore, adsorption is typically used to
remove heavy metals or organic pollutants from industrial
wastewater, while photocatalysis may be more suitable for
removing emerging pollutants such as pharmaceuticals or
personal care products.™

Various adsorbent materials have been developed for
removing heavy metals from wastewater, including inorganic
substances like clay and metal oxides, organic polymers like
cellulose and chitosan, carbon-based materials such as acti-
vated carbon and graphene, and porous skeleton materials such
as MOFs and COFs."*"® Biomass-based adsorbents incorpo-
rating a cellulose matrix have attracted attention due to their
lower cost and improved mass transfer performance.**"** Cotton
linter (CL) is a staple fiber that remains on the surface of cotton
seed after the process of ginning.?” It can be separated by a lint
stripping machine, and the resulting product can be equivalent
to 15% ~20% of the total lint.>® In the 1980s, cotton seeds were
typically directly used for oil pressing after refined cotton
ginning due to outdated technology, leading to a significant
waste of CL. However, with advancements in science and tech-
nology, numerous high-value applications for CL have been
identified, such as its use as a raw material for the production of
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Fig. 1 Macromolecular structure of cellulose.

high-grade paper and the industrial extraction of cellulose.**>
Cellulose, which is the main component of CL (Fig. 1), is
characterized by a large number of hydroxyl groups, intra-
molecular and intermolecular hydrogen bonds, and multi-level
cavities.”””** These structural features make CL suitable for use
as an adsorbent through surface adsorption and hydrogen
bonding. However, the high crystallinity of cellulose can affect
the accessibility of the hydroxyl groups, limiting the ability of
contaminant molecules to penetrate the crystalline region of
cellulose for reaction and leading to a low adsorption rate of
pristine CL.**** Therefore, decreasing the crystallinity of cellu-
lose and increasing the accessibility of the hydroxyl groups are
key challenges for improving the adsorption rate of CL.

Ball milling is an effective method to decrease the crystal-
linity of cellulose and increase its amorphous content. Ling
et al. used vibratory ball milling to break cellulose crystals,
leading to a decrease in molecular weight, an increase in
carbonyl groups, and a higher surface area.*” In contrast to the
physical method of ball milling, cellulose can also be dissolved
chemically. However, traditional solvents like CS, and NMMO
have limitations due to high pollution, energy consumption,
and instability.>*>*> A new green ionic liquid solvent called 1-
butyl-3-methylimidazolide was discovered, but it is expensive
and has high viscosity.**** To overcome this, a new type of ionic
liquid analogue called deep eutectic solvents (DESs) has
emerged, which are low-cost, easy to prepare, non-toxic, and
biodegradable.*>**' Using DESs to dissolve cellulose can
increase its form and facilitate subsequent
modifications.

Fe;0,4, a magnetic material, has been widely utilized for the
removal of heavy metal pollution from water due to its high
affinity towards inorganic metal salt species (such as Cu**, Pb*",
and Hg>"), resulting in selective adsorption.*>** However, most
bare Fe;O, materials exhibit low Cu®>" adsorption capacities,
and the adsorption process is slow, leading to reduced effec-
tiveness and applicability. Against this backdrop, this study
investigates the use of Fe;O,loaded treated CL in cu®
adsorption, and extensively characterizes the structural prop-
erties of the adsorbents. Furthermore, the study focuses on the
impact of different treatment methods on the crystallinity and
hydroxyl group content of CL, and evaluates the adsorption

reactive
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properties in Cu®" removal from aqueous solution under diverse
experimental conditions, including the pH and temperature,
reusability, and simulation of the adsorption isotherm and
kinetic model.

2 Experimental section
2.1 Adsorbent synthesis

Commercially available reagents and solvents were used without
further purification. Cotton linter (CL) was obtained from a pure
natural experimental base. Cu(NO3),, FeCl;, FeSO,-7H,0, NalO,,
NaOH, oxalic acid dihydrate (C,H,O,-2H,0), choline chloride,
glycerol, and ethanol (C,HsOH) were employed as chemical
reagents. To compare the efficacy of two modification methods for
CL, Fe;0, weight loading was fixed at approximately 20 wt%. The
samples obtained through oxidation and deep eutectic solvent
modification methods were denoted as Fe;0,/CL-O and Fe;O,/CL-
D, respectively. A typical Fe;0, loading procedure was as follows:
1.6 g of treated CL was added to a mixed salt solution (bath ratio of
1:50) containing 0.56 g of FeCl; and 0.48 g of FeSO,-7H,0. The
solution was heated to 70 °C at a rotational speed of 400 rpm, and
1 M NaOH was added to adjust the pH to >9. The sample was then
matured for 2 h and washed until the filtrate was completely
transparent. The resulting sample was dried at 45 °C for 12 h in air
to obtain the Fe;O,/CL adsorbent. Fe;O,/CL-O and Fe;O,/CL-D
differ in the pretreatment process of CL. The oxidation pretreat-
ment of CL involved adding 5 g of untreated CL to 250 ml of 2%
NaOH solution and boiling for 30 min. The fiber was then filtered
and transferred to 18% NaOH solution (bath ratio of 1:30)
and stirred at room temperature for 2 h. After filtration
and washing, the activated CL was obtained by drying at 45 °C for
12 h. The activated CL was placed into a 12 g L™ NalO, solution
(bath ratio of 1:30), and the reaction was stirred continuously at
50 °C for 2 h in the absence of light. After the oxidation reaction,
3 ml of glycerol was added to remove the unreacted NalO,. Finally,
the fibers were filtered, washed, and dried at 45 °C to form the
treated CL-O. The precursor of Fe;0,/CL-D was synthesized by
using the deep eutectic solvent (DES) dissolution method: 55.84 g
of choline chloride and 55.04 g of oxalic acid dihydrate were stirred
in a beaker at 90 °C until the reagent turned into a fully clarified
liquid. Then, 1.0 g of CL was added into the solution until dis-
solved, it was filtered with ethanol and deionized water three
times, and dried at 45 °C for 12 h. Subsequently, the dried fibers
were mixed with deionized water at a ratio of 0.05% and ultra-
sonicated for 20 min, filtered with deionized water, and dried at
45 °C for 12 h to obtain CL-D.

2.2 Adsorbent characterization

The true content of Fe on the adsorbents was measured using
inductively coupled plasma spectrometry (ICP-MS: Agilent 7800,
USA). To analyze the crystal phases of all adsorbents, a Smartlab
9 kW advance powder X-ray Cu Ko radiation diffractometer
(Japan) was used to record the X-ray diffraction (XRD) patterns
of the samples, with the voltage at 40 kV, current at 40 mA, and
the range of scan angle (26) set as 5-90°. The morphology and
microstructure of the adsorbents were studied using field
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emission scanning electron microscopy (SEM) on a ZEISS Sigma
300 (Germany). The Fourier transform infrared spectra of all
adsorbents were recorded by a Thermo Scientific Nicolet iS50
FT-IR spectrometer (USA) in the range of 4000-450 cm ™. The X-
ray photoelectron spectroscopy (XPS) measurements of all
adsorbents were carried out on a Thermo Scientific K-Alpha
spectrometer (UK) equipped with a monochromatic Al K radi-
ation source (1486.6 eV), and the values of binding energies
were calibrated using the criterion reference of the C 1s signal at
284.8 eV. The thermogravimetric (TG) analysis of all adsorbents
was carried out under a nitrogen atmosphere at a heating rate of
10 °C min " using a TA TGA5500 (USA).

2.3 Adsorption experiments

A series of adsorption experiments was conducted using the as-
prepared adsorbents. In each experiment, 0.2 g of adsorbent
was added to a 50 ml solution containing 1.0 ¢ L™' Cu®*" and
stirred for 120 min using a magnetic agitator with varying
speeds ranging from 200 to 600 rpm. The concentrations of
remaining metal ions in the filtrate were determined using an
atomic adsorption spectrophotometer (TAS-986, Beijing Pur-
kinje General Instrument Co., Ltd). The adsorption capacity of
the adsorbent was calculated as the difference between the
initial and remaining concentrations of Cu®". The equilibrium
adsorption capacity (eqn (1)) and the percentage removal of
heavy metal ions (eqn (2)) were calculated using the following
formulas:**

g = GGV (1)

m

(CO - CC)

Removal rate (%) = e
0

x 100% 2
Here, C, and C. are the initial and equilibrium metal ion
concentrations of Cu®>" (mg L"), respectively; V is the volume of
the solutions used (L), and m is the amount (g) of adsorbent. To
investigate the effect of temperature, stirring rate, and initial pH
value on the adsorption capacity of the adsorbents, a series of
adsorption experiments was conducted using a fixed concen-
tration of Cu®" at various temperatures in the range of 20-60 °C,
stirring rate in the range of 200-600 rpm, and pH values ranging
from 2.0 to 7.0. The adsorption isotherms were recorded by
conducting adsorption experiments using different initial
concentrations of Cu** ranging from 50 to 1000 mg g . The
adsorption kinetics were investigated by conducting adsorption
experiments for different time intervals ranging from 1 to
420 min. To assess the regenerability of the adsorbent, a series
of regeneration experiments was conducted using 0.1 M HCl as
the regenerant, and the regenerated adsorbent was tested for its
adsorption capacity towards Cu>" in a new batch of solutions.

3 Results and discussion

3.1 Characterization of adsorbents

The actual Fe loadings recorded by ICP were 0, 0.19, 8.1, and
15.2 wt% for the CL, Fe;0,/CL, Fe;0,/CL-O, and Fe;0,/CL-D
adsorbents, respectively. The results suggested that compared
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Fig. 2 XRD patterns of the adsorbents.

with untreated CL, the treated CL achieved higher Fe loadings,
and the DES modified CL presented the maximum Fe loading.
The XRD patterns of the adsorbents are shown in Fig. 2. The
cotton linter (CL) exhibited obvious diffraction peaks at 14.9°,
16.5°, 22.7°, and 34.4°, which indicated that the natural cotton
fibers used in the experiment had the typical cellulose type I
crystal structure.** The characteristic peaks of Fe;0,/CL were
mostly coincident with CL, which was due to the low loading of
Fe;0, on untreated CL and the limitations of XRD. Interest-
ingly, only the characteristic peaks of cellulose could be
observed for Fe;0,/CL-O, which may have been related to the
high dispersion of Fe;O0, on the surface of CL-O, and this
phenomenon was confirmed by SEM (Fig. 3). In addition to the
presence of the obvious cellulose type I crystal characteristic
peaks, diffraction peaks at 30.1°, 35.5°, 43.1°, 53.5°, 57.0°, and
62.7° were observed for Fe;0,/CL-D, which matched well with
the pure magnetite reflections of Fe;O, (PDF: 19-0629).*°
Moreover, the diffraction peak intensity of Fe;O,/CL-O and
Fe;0,/CL-D decreased when modified by NalO, oxidation or
DES dissolution. At the same time, the macroscopic length and
strength of the prepared Fe;0,/CL-O and Fe;O,/CL-D fibers
became shorter and weaker, which indicated that the chemical

Fe,0,/CL

F&0,/CL-O

F&;0,/CL-D

Fig. 3 SEM images of the adsorbents.
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modification destroyed the internal structure of the cotton
fibers. In other words, the crystallinity of Fe;0,/CL-O and Fe;0,/
CL-D decreased and the fiber microstructure became looser,
which we speculated was conducive to the diffusion of heavy
metals into the fibers and favorable for adsorption.

Fig. 3 shows the SEM images of CL before and after modi-
fication. It can be observed that chemical modification changed
the surface morphology of CL. Among them, the surface of CL
appeared relatively smooth, while a few particles appeared on
the surface of Fe;0,/CL. We speculated that these particles were
Fe;0, loaded on the surface of the fibers, and this phenomenon
was more obvious on Fe;0,/CL-O and Fe;O,/CL-D. It is worth
mentioning that this phenomenon was consistent with the
increase of Fe loading in the ICP results. Besides, there were
many grooves and folds on the surface of Fe;0,/CL-O, which
was due to the oxidation and hydrolysis reaction between NalO,
and cellulose macromolecular chains on the surface of the
cotton fibers, leading to the possible breakage of some cellulose
molecular chains and the roughness of the fiber surface.*”
However, the surface of Fe;0,/CL-D was covered with so much
Fe;0, that it was difficult to distinguish, and the Fe;0, under-
went a certain extent of aggregation. It can be seen from the
SEM images that the surface morphology of CL changed during
chemical modification, and the surface changes of CL were
most obvious due to the oxidation by NalO, and the dissolution
by the DES.

The crystalline structure of the adsorbents was analyzed
using FTIR spectroscopy measurement, and the results are
shown in Fig. 4. In the FTIR spectra, all samples presented six or
more peaks corresponding to the typical cellulose crystal
structure, which agreed with the XRD results. The peaks at
3420 cm ™%, 2900 cm ™Y, 1640 cm ™Y, 1427 em ™Y, 1060 cm ™Y, and
896 cm ! corresponded to O-H stretch vibrations, C-H stretch
sp® vibrations, adsorbed water H,O bending vibrations, C-H
bending vibrations, C-O symmetric stretch vibrations, and
glucoside bond vibrations, respectively.**** These peaks are the
characteristic adsorption peaks of cellulose, indicating that the
main composition structure of cotton fiber did not change

Fe,0,/CL-D
Fe,0,/CL-O
Fe,0,/CL

Transmittance (%)

2500 2000 1500 1000 500

Wavenumber (cm™)

4000 3500 3000

Fig. 4 FTIR spectra of the adsorbents.
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significantly after chemical modification. However, clear blue
shifts for Fe;0,/CL-O and Fe;0,/CL-D were observed after
chemical modification, such as the C-H stretch sp® vibration
peak shift from 2921 em™* to 2895 cm ', and the glucoside
bond shift from 899 cm ™" to 896 cm ™, which indicated that the
crystalline structure of CL slightly changed after NalO, oxida-
tion, DES dissolution, and Fe;0, loading.>***

The chemical valence states of each element in all adsor-
bents were further studied using X-ray photoelectron spectros-
copy (XPS). In the broad spectrum (Fig. 5a), it was found that all
the samples showed characteristic peaks belonging to C 1s and
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Fig. 5 XPS spectra of the adsorbents: (a) broad spectrum; (b) C 1s and
(c) O 1s regions.
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Table 1 Surface atomic content of the samples

Fe atomic
Sample code C atomic content content O atomic content
CL 84.46% — 15.54%
Fe;0,/CL 83.40% 0.61% 15.99%
Fe;0,/CL-O 80.43% 0.98% 18.59%
Fe;0,/CL-D 75.76% 2.09% 22.15%

O 1s at 284.8 eV and 532.0 eV, indicating that there were carbon
and oxygen elements in all the adsorbents and the content of
carbon was higher than that of oxygen. Regarding the Fe 2p
characteristic peak with binding energy near 711.0 eV, it was
observed for Fe;0,/CL, Fe;0,/CL-O, and Fe;0,/CL-D, and it was
most obvious for Fe;0,/CL-D, implying that the content of Fe
element was the highest in Fe;0,/CL-D, and this result was
consistent with the ICP result.*> Subsequently, the high-
resolution electronic spectra of C 1s were deconvolved
(Fig. 5b), and the results showed that the carbon element in all
samples had three kinds of chemical bonds, namely, C-C, C-O,
and C=0, and the corresponding binding energy was around
284.5 eV, 286.2 eV, and 288.2 eV.**"* It should be noted that the
presence of C=O0 in all the samples was caused by the inter-
ference of CO, in the air during the measurement, which was
confirmed by the absence of C=O vibration peaks in the FTIR
characterization. For the deconvolved O element (Fig. 5¢), it was
found that except for CL, the other adsorbents exhibited three
valence forms of O, namely Fe-O at 529.7 eV, O-C at 531.5 €V,
and O-H at 532.8 eV, respectively.>**® This result further indi-
cated that except for CL, the other adsorbents were loaded with
Fe to varying degrees and the Fe was present in the form of Fe-O
bonds. Combined with XRD analysis, it was speculated that Fe
was loaded on the cotton fibers in the form of Fe;O,, which
provided the material basis for improving adsorption of metal
ions (Cu®"). Moreover, the surface atomic content of the
samples was analyzed (Table 1), and it was found that with the
chemical modification of CL, the proportion of C atoms grad-
ually decreased, and correspondingly the proportion of Fe and
O atoms gradually increased. The increased O atom content
could greatly improve the coordination capacity of the samples,
which would help to improve the adsorption capacity of the
adsorbent for pollutants. Besides, it should be noted that the
content of Fe atoms was significantly lower than that of the ICP
results due to XPS being a surface-based technique.

The TG analysis of the samples is illustrated in Fig. 6. The TG
curves show that two weight-loss processes occur in all the
samples. The first weight loss stage occurred in the temperature
range of 30-200 °C, which could be attributed to residual water
evaporation.”” The weight loss ratio of all samples at this stage
was about 7%. When the temperature was higher than 200 °C,
the main weight loss process occurred at 200-400 °C for all
adsorbents, which resulted from the decomposition of the
cotton fibers.* It should be noted that the weight loss amount
for all samples was different; CL without any treatment under-
went the highest weight loss (up to ~69%, water-loss part below
200 °C is not included in the calculation), followed by Fe;0,/CL

13596 | RSC Adv, 2023, 13, 13592-13603
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Fig. 6 TG curves of the adsorbents.

at ~67% and Fe;0,/CL-O at ~59%, and the lowest weight loss
rate of ~52% for Fe;0,/CL-D. Therefore, it was speculated that
the reason for the lower weight loss amounts of the other
samples compared with CL was the successful loading of Fe;0,.
ICP results showed that the content of Fe in Fe;O, CL-D was the
highest, followed by Fe;0,/CL-O and Fe;0,/CL, which further
confirmed this phenomenon. The TG results suggested that the
CL samples treated by NalO, oxidation and DES dissolution
were more likely to be loaded with Fe;O,, which had a positive
influence on the adsorption of Cu*".

3.2 Evaluation of adsorbents

3.2.1 Adsorption properties of adsorbents. Before studying
the adsorption properties of the adsorbents, the adsorption
conditions were investigated and the results are illustrated in
Fig. 7. It was observed that the removal efficiency was signifi-
cantly influenced by the temperature, stirring rate, and initial
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Fig. 7 Effect of temperature (a), stirring rate (b), and initial pH value (c)
on the removal of Cu?*; the adsorption capacity of all samples (d).
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pH value. As the temperature increased to 30 °C, the adsorption
capacity increased, but further increases in temperature led to
a gradual decrease in adsorption capacity, possibly due to the
increase in desorption capacity (Fig. 7a). Hence, 30 °C was
selected as the adsorption temperature condition as it was close
to room temperature and conducive to the further utilization of
the adsorbent. The data on the influence of stirring speed
indicated that the adsorption value remained relatively
unchanged at rates between 200 and 500 rpm, but 300 rpm was
found to be slightly advantageous (Fig. 7b). The effect of pH
value on adsorption capacity was more pronounced, with the
adsorption capacity increasing significantly with an increase in
pH and reaching a maximum at around pH 6 (Fig. 7c). This was
due to the deprotonation of the adsorbents, which increased
with the pH value and enhanced the electrostatic attraction
between the adsorbents and cations (Cu®*), leading to an
increase in adsorption capacity.”” However, with a further
increase in pH to 7, the adsorption capacity started to decrease
due to protonation and the precipitation of some metal ions in
a neutral environment.*®* Moreover, at alkaline pH, Cu ions
reacted directly to form hydroxide precipitation, which was
affected by the solubility product constant of Cu(OH), and
could compromise the accuracy of the adsorption experiment
results.®® As a result, further adsorption experiments were
conducted with an initial pH value of 6.0, stirring rate of
300 rpm, and a temperature of 30 °C.

The adsorption capacity of all samples is presented in
Fig. 7d. It was observed that CL showed a low adsorption activity
of 11.0 mg g~ before chemical modification and Fe;0, loading.
After the chemical modification and Fe;0, loading treatment,
the adsorption capacity of Fe;0,/CL, Fe;0,/CL-O, and Fe;0,/CL-
D gradually increased and reached a maximum of 93.1 mg g~ "
for Fe;0,/CL-D. These results indicated that Fe;O, loading,
NalO, oxidation, and DES dissolution pretreatment positively
contributed to further improving the adsorption property. We
speculated that the increased adsorption capacity was due to
the loading of Fe;0,, which increased the proportion of O atoms
and improved the complexation ability of Cu ions. Moreover,
NalO, oxidation and DES dissolution caused significant
damage to the structure of the cotton fibers, resulting in
decreased fiber crystallinity and increased amorphous regions
containing free hydroxyl groups, which was favorable for
surface adsorption.
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Furthermore, we compared the adsorption capacity of Fe;0,/
CL-D with other biomaterials reported in previous studies and
summarized the results in Table 2. One can find that the
adsorption capacity of Fe;0,/CL-D for Cu** was higher than that
of the reported related adsorbents. We believe that our Fe;0,/
CL-D adsorbents have several advantages over other biomate-
rials. Firstly, our adsorbents have a high specific surface area
due to the porous nature of cellulose, which provides more
adsorption sites for heavy metal ions. Secondly, the use of Fe;0,
nanoparticles enhances the magnetic separation ability of the
adsorbents, making them more efficient and cost-effective.
Finally, the synthesis of the Fe;0,/CL-D adsorbents involves
a simple and environmentally friendly method, which makes
them suitable for large-scale production.

3.2.2 Adsorption behavior of adsorbents. To better explain
the adsorption behavior, the Langmuir and Freundlich
isothermal models were used to analyze the experimental data
of Fe;0,/CL-D. The Langmuir adsorption isotherm model
assumes that the surface of the adsorbent experiences mono-
layer adsorption, and there is no interaction between adsorbate
molecules. This means that only molecules directly in contact
with the surface of the adsorbent can be adsorbed, and the
adsorbate can only form a layer on the surface of the adsorbent.
The Langmuir model can be expressed by eqn (3):**%

Langmuir model:

C_ G, 1
Qe Qmax KLQmax

where Qpax is the Langmuir maximum adsorption capacity, Q.
is the equilibrium adsorption capacity, C. is the adsorption
equilibrium concentration, and K; is the adsorption
constant.

On the other hand, the Freundlich isotherm model assumes
multilayer adsorption on a heterogeneous surface, and there are
many interactions between adsorbent and adsorbate. Multilayer
adsorption can be understood as the phenomenon whereby
adsorbed molecules can re-adsorb with other molecules,
meaning that indirect adsorption exists. The Freundlich
isotherm model can be expressed by eqn (4):

Freundlich model:

(3)

In Q. =In I(F—i-l In C, (4)
n

where Ky is the Freundlich adsorption coefficient, and n is the
characteristic constant related to adsorption strength.

Table 2 Comparison of adsorption capacity of FesO4/CL-D for Cu®* with previously reported adsorbents

Cu** adsorption

Adsorbent capacity (mg g ") Ref.
Fe;0,—cellulose-chitosan 44.7 £5 63
Magnetic chitosan/cellulose microspheres 88.21 64
P(HEMA-co-TACYC) hydrogels 17.24 65
Opuntia activated biochar (OFI) 49.36 66
SA-PAM/GO 68.76 67
Magnetic pine cone gel beads (MPCB) 69.80 60
Fe;0,/CL-D 93.1 This work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The adsorption isotherms (a) and kinetics model (b) of FesO,4/
CL-D.

Table 3 Isotherm model parameters for Cu?* adsorption using FesO.,/
CL-D

Langmuir Freundlich
Omea (mgg™) K. (Lmg™") R K n R
35.47 0.0118 0.9228 5.5259  4.2735 0.9540

Fig. 8a shows the fitting results of the Langmuir and
Freundlich adsorption isotherm models to the experimental
data, and the correlation coefficients of each model were
calculated from the slope and intercept, as shown in Table 3.
The models and parameter results indicated that, compared to
the Langmuir isotherm model, the Freundlich isotherm model
provided a better fit to the experimental data. This suggests that
the adsorption of Cu®" onto Fe;0,/CL-D is a multilayer process.
We hypothesized that Cu** occupying the adsorption sites of
Fe;0, also undergoes hydrogen bonding or intermolecular
adsorption with cotton fibers, facilitating continued indirect
adsorption and leading to the diffusion of Cu ions into the
interior of the adsorbent and the occurrence of multilayer
adsorption.

The adsorption kinetics of a solute on an adsorbent is
a fundamental parameter that determines the rate at which the
reaction pollutant is adsorbed and the time required for the
adsorbent to reach equilibrium. By controlling the residence
time on the adsorbent at the solid-liquid interface, the effi-
ciency of wastewater treatment can be improved. In this study,
we investigated the adsorption kinetics of the adsorbent using
both quasi-first-order and quasi-second-order kinetic models.
The expressions for these models are given by eqn (5) and (6),
respectively:*°

Quasi-first-order kinetic model:

In(Qe — Q) =InQ, — kit (5)
Quasi-second-order kinetic model:
t t 1

— = — 6

Qf QC kZQe2 ( )

where Q. and Q; are the amounts of pollutant adsorbed at
equilibrium and at time ¢, respectively, k; is the rate constant of
the quasi-first-order kinetic model, &, is the rate constant of the
quasi-second-order kinetic model, and ¢ is the contact time.
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These models can be used to accurately predict the adsorption
behavior of the adsorbent and optimize the conditions for
wastewater treatment.

Fig. 8b illustrates the adsorption kinetics curve of Cu®*
(experimental data), which shows that the adsorption equilib-
rium was reached after approximately 2 h. The adsorption
process of Cu®" was divided into three stages. The first stage was
characterized by a rapid rise in the curve within the first 30 min
of adsorption, indicating a high adsorption rate during this
period, and adsorption mainly occurred on the surface of the
adsorbent. In the second stage, the curve rose at a slower rate,
and the adsorption capacity gradually stabilized between 30 and
120 min. The third stage, which occurred between 120 and
420 min, showed a stable adsorption capacity, indicating that
the adsorption had reached equilibrium.® The initial rapid
adsorption was attributed to the presence of numerous active
adsorption sites or active groups on the surface of Fe;0,-CL-D
that could combine with Cu®". As adsorption proceeded, the
adsorption sites became progressively occupied, and competi-
tive adsorption increased, resulting in a slower adsorption rate.

The fitted parameters of the adsorption kinetics curve of
Cu*" are listed in Table 4. Compared with the quasi-first-order
kinetic model, the quasi-second-order kinetic model fits the
experimental data better, with a fitting coefficient (R?) close to
1.0, indicating that the quasi-second-order kinetic model can
more reasonably describe the adsorption process of Cu** on
Fe;0,~CL-D. The quasi-second-order kinetic model represents
a second-order proportionality between the reaction rate and
the square of the reactant concentration, reflecting the
composite effect of adsorption and multiple adsorption
mechanisms.

According to the presented information, Fe;O,~CL-D
demonstrates a multilayer adsorption phenomenon for Cu**
and conforms to both the Freundlich isothermal model and
quasi-second-order adsorption mechanism. Specifically, Cu®*
adsorbed onto the surface of Fe;0,~CL-D to form a multilayer
adsorption structure. This adsorption phenomenon can be
accurately described by the Freundlich isothermal model,
which indicates a power-law relationship between the adsorp-
tion capacity and the concentration of the adsorbate. Further-
more, this adsorption phenomenon follows the quasi-second-
order adsorption mechanism, where the adsorption rate is
proportional to the square of the concentration of the adsor-
bate. It is important to note that these findings have significant
implications for understanding the adsorption behavior of Cu**
on Fe;0,—-CL-D and for developing new approaches for effective
adsorption removal of heavy metals from contaminated water.

3.2.3 Dissociative and reabsorption behavior of adsor-
bents. In addition to the adsorption capacity of the CL-based

Table 4 Kinetic model parameters for Cu?* adsorption using FesO4/
CL-D

Pesudo-first-order Pesudo-second-order

Qc(mgg™) ki (min") R Qc(mgg™) ky(min") R

39.9599 0.08435 0.9023  42.5894 0.00302 0.9997

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Dissociative and reabsorption behavior of the adsorbent.

adsorbents, this study also investigated their regeneration
capability to evaluate their sustainability and practical value.
The results showed that the spent adsorbent particles could be
desorbed and reused for multiple cycles, which could signifi-
cantly reduce the cost of application and make them an envi-
ronmentally friendly option. Specifically, Fe;0,/CL-D
demonstrated excellent cycling performance, retaining about
97-98% of its initial adsorption capacity for Cu”>* after 4 cycles
of adsorption (Fig. 9). This result indicates that the material has
the potential to be a sustainable and efficient Cu®*" adsorbent in
practical applications, emphasizing the importance of good
cycling performance in evaluating the practical value of
magnetic adsorbents. Overall, the study highlights the prom-
ising potential of the CL-based adsorbents as a sustainable and
cost-effective option for water treatment.

3.3 Characterization of adsorbents after adsorption

To further elucidate the morphological and structural changes
of the adsorbent after Cu®>* adsorption, Fourier-transform

Fe,0,/CL-D-U
— Fe,0,/CL-0-U
—— Fe,0,/CL-U

2898

Transmittance (%)

1 1427
1640

2500 2000 1500 1000 500

Wavenumber (cm™')

4000 3500 3000

Fig. 10 FTIR spectra of the used adsorbents.
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infrared (FTIR) spectroscopy and scanning electron micros-
copy (SEM) characterizations were performed on the corre-
sponding samples, denoted by the suffix “U”. Following the
adsorption of Cu®’, the material's functional groups and surface
morphology underwent significant changes. The FTIR spectrum
analysis revealed a weakening of peak intensities at 1427 em ™,
1060 cm !, and 896 cm ™', corresponding to C-H, C-O, and
glucoside bond vibrations after Cu>" adsorption (Fig. 10).** This
observation suggested that these functional groups played
a significant role in the adsorption process. The overall FTIR
peaks of all materials did not show any significant reduction,
indicating that cellulose remained the primary constituent of
the adsorbent.

Furthermore, the SEM images of the adsorbent before and
after Cu®* adsorption revealed changes in surface morphology
(Fig. 11). Before adsorption, the surface of Fe;0,/CL was smooth
and relatively uniform, whereas, after adsorption, the surface
became porous and irregular with the formation of clusters.
This suggested that the adsorption process led to the aggrega-
tion of adsorbent particles, which enhanced the adsorption
capacity. The formation of these agglomerates may be attrib-
uted to the electrostatic attraction between the negatively
charged surface of Fe;0,/CL-U and the positively charged Cu>".
SEM analysis also revealed that the Fe;0,/CL-D-U sample
retained its morphology and did not undergo significant
structural changes after Cu>* adsorption, indicating its stability
and potential for reuse. These results provide further insights
into the adsorption mechanism and structural properties of the
Fe;0,/CL-D adsorbent, which can guide the design and opti-
mization of similar adsorbents for efficient wastewater treat-
ment applications.

3.4 Discussion of adsorption mechanism

A set of adsorbents comprising Fe;O, on modified CL were
synthesized using the coprecipitation method. Characterization
using ICP, SEM, TG, and XRD revealed that Fe;0, loading was
maximal on Fe;0,/CL-D following DES dissolution, and crys-
tallinity was correspondingly reduced to the greatest extent.
Moreover, FTIR and XPS analyses demonstrated that the crys-
talline structure of CL underwent slight changes after chemical
modification, with an increase in the proportion of O atoms that
was favorable for Cu®" adsorption. These findings contribute to
our understanding of the adsorption behavior of Cu** on Fe;0,/
CL-D and have important implications for the development of
novel approaches for the effective removal of heavy metals from
contaminated water sources.

The results presented in Fig. 7d demonstrate that the
adsorption capacity of Cu®* was significantly greater over Fe;0,/

Fe,0,/CL-U

Fe;0,/CL-D-U

Fig. 11 SEM images of the used adsorbents.
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Fig. 12 The adsorption mechanism of cu?t by FezO4/CL-D in
aqueous solution.

CL than CL. This enhanced performance can be attributed to
the following factors: as indicated by the experimental results in
Part 3.2.1 (Fig. 7c), the initial adsorption solution was weakly
acidic, resulting in a large number of surface hydroxyl groups
on the Fe;O, molecule. These hydroxyl groups can interact with
Cu*" in the solution via ion exchange, leading to the efficient
removal of Cu®'. Furthermore, the pristine CL molecule
possesses a multitude of hydroxyl groups, hydrogen bonds, and
multilevel cavities, which facilitate chelation reactions with
Cu®". However, the high crystallinity of CL hinders the entry of
Cu”* into the crystallization zone for coordination reactions,
resulting in a very low adsorption rate for the unmodified CL.
Therefore, oxidation by NalO, and dissolution in DES were
employed to decrease the crystallinity of cellulose and increase
the accessibility of hydroxyl groups, resulting in an improved
adsorption capacity of CL.

Through fitting the experimental data of the CL-based
adsorbent using adsorption isotherm and kinetics models, we
found that the adsorption of Cu®" on Fe;0,/CL-D follows the
Freundlich isotherm model and quasi-second-order adsorption
model. Namely, the adsorption process of Cu** on Fe;0,/CL-D is
multilayer and involves multiple adsorption mechanisms.
Therefore, the adsorption mechanism of Cu** by Fe;0,/CL-D in
aqueous solution was proposed as shown in Fig. 12.® Initially,
Fe;0, molecules were loaded onto the surface of CL, and the
abundant O atoms in the molecular structure of Fe;0, formed
hydrogen bonds with the hydroxyl groups in CL molecules, thus
stabilizing Fe;0, on CL. Subsequently, the adsorption of Cu>*
on Fe;0, was primarily driven by an ion exchange reaction,
while the chelation reaction was mainly observed on the surface
and interface of CL.

4 Conclusions

In this study, we successfully synthesized a magnetic Fe;0,/CL
adsorption material using low-value cotton linter as the raw
material. The chemical modification pretreatment of CL facili-
tated the loading of a higher amount of Fe;0,, particularly with
the use of DES treatment, which effectively improved the
adsorption capacity of Cu®". ICP analysis indicated that the Fe
loading on Fe;O,/CL-D reached 15.2 wt% and existed in the
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form of Fe;0,, which was confirmed by XRD. Moreover, the XRD
results suggested that the crystallinity of cotton linter treated
with DES was significantly decreased, contributing to the
increased accessibility of Cu** to hydroxyl groups and thus
improving the adsorption capacity. As a result, the adsorption
capacity of Fe;0,/CL-D reached 93.1 mg g, which was much
higher than that of untreated CL (11.0 mg g~ !). The adsorption
process of Cu”>* on Fe;0,/CL-D from aqueous solution was an
ion exchange and chelation reaction, and the adsorption
behavior mainly involved Freundlich multimolecular layer
adsorption and quasi-second-order multiple adsorption mech-
anisms. Our findings offer a potential strategy for the efficient
utilization of low-cost cotton linter in the future, with broad
application prospects in the adsorption of heavy metals and
other pollutants. However, the current study also has limita-
tions. For instance, the study only focused on the adsorption of
Cu”", and the effectiveness of Fe;04/CL-D for the adsorption of
other pollutants was not investigated. In future research, the
application of Fe;0,/CL-D in the removal of other heavy metals
and pollutants will be explored. Additionally, the study only
examined the feasibility of using cotton linter as a raw material
for the synthesis of Fe;0,/CL-D. The scalability and economic
feasibility of the production process should also be considered
for practical applications.
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