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Abstract

Eco-friendly cellulose-based magnetic adsorbents have attracted great attention in the field of dye
adsorption recently. Herein, we utilized the pith of biomass Juncus effusus (JE) to synthesize a novel
type of magnetic adsorbents for the treatment of wastewater containing methylene blue (MB). After
employing citric acid (CA) for esterified modification and then loading Fe304 upon JE, the obtained
magnetic citric acid-modified JE pith powders (M-CA/JEPP) showed outstanding adsorption properties.
For 50 mg/L MB dye solution, the adsorption efficiency could reach 98.34% within 10 min under basic
condition and the maximum adsorption capacity was 293.132 mg/g at 303 K. Moreover, magnetization
overcomes the disadvantages of JE powders density being small which is very difficult to collect. In the
other words, this magnetic adsorbent has excellent reusability and it is easily to be separated from water,
which provides new insights for development of cellulose-based adsorbents to remove dye in aqueous
systems.

Introduction

Water shortage and pollution have threatened people's daily life all over the world. Therefore, improving
the removal efficiency of water contaminants to make full use of water resources is of great practical
significance to realize sustainable development. (Chen et al. 2020; Shannon et al. 2008) Organic dyes are
widely used for dyeing in textile, papermaking, plastics, leather, food, cosmetics and other fields, which is
one of the most concerned pollutants in the water. During dyeing process, 10—15% of the dyestuffs are
discharged directly into the wastewater. (Yeamin et al. 2021) These organic dyes which are toxic,
degradable and have stable structure pour into the hydrosphere with wastewater, causing great harm to
the environment and human. (Chen et al. 2021; Li et al. 2020) In particular, methylene blue (MB) is a
characteristic cationic dye that has been extensively used in various industries due to its outstanding
water solubility and color stability. However, it not only endangers aquatic organisms, but also bring
people health problems such as dermatitis, jaundice, nausea, vomiting, and allergies. (Jawad et al. 2020)

A variety of physical, chemical, and biological technology have been taken to treat dye wastewater, (Crini
and Lichtfouse 2018) such as flocculation, (Verma et al. 2012) oxidation, (Pazdzior et al. 2019)
adsorption, (Zhao et al. 2021) ion exchange, (Cseri et al. 2021) membrane filtration, (Zeng et al. 2021)
electrochemistry, (Brillas and Martinez-Huitle 2015) biodegradation and phytoremediation, (Bhatia et al.
2017) etc. Among these technologies, adsorption has attracted more attention because it is efficient,
simple and relatively low cost. (Ahsan et al. 2020) Traditional adsorbents include activated carbon,
(Wang et al. 2021; Wong et al. 2018) zeolite, (Aljerf 2018; Alver and Metin 2012) carbon nanotubes,
(Aliabadi and Mahmoodi 2018; Zhang et al. 2020) etc., most of them are limited in application due to
their high operating costs and hard regeneration. (Alsbaiee et al. 2016; Jiang et al. 2018) So renewable,
low-cost and non-toxic biomass-based cellulosic adsorbents are becoming increasingly popular and have
broad prospects in the field of dye wastewater treatment. (Shao et al. 2021; Varghese et al. 2018)
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Some parts of many plants are inexpensive adsorbents inherently, but they always have low adsorption
capacity. (Degermenci et al. 2019; Han et al. 2011; Tanyildizi 2011) Thus, chemical modification is often
used to increase the adsorption capacity of these cellulosic adsorbents, and esterification modification is
one of them. It is a common modification method to introduce carboxyl functional groups by make
cellulose esterification with organic acids such as citric acid. (Gong et al. 2006; Gong et al. 2008; Sun et
al. 2015) Zhao and Zhou (Zhao and Zhou 2016) used citric acid to modify extraction residue of Salvia
mitiorrziza Bge which exhibited a better dye removal capacity. In addition, Peng (Peng et al. 2021) et al.
prepared malic acid-modified corn stalk pith to achieve effective adsorption performance on dyes and
oils. Although the adsorption capacity of these adsorbents has been improved, it is difficult to separate
them from treated wastewater.

Juncus effusus (JE) is a kind of cheap and accessible cellulose-based biomass whose pith have a 3D
network structure naturally. (Liu et al. 2016) Though JE pith powders are born with dye adsorption ability,
there still have two questions. The adsorption capacity is not good enough as well as it difficult to be
separated from water because its density being small and difficult to collect. In this paper, we focused on
these two questions and proposed the solutions. The citric acid-modified JE pith powders loaded with
Fe;0, nanoparticles (M-CA/JEPP) were prepared to serve as an easily separated green adsorbent for MB
adsorption. To our best of knowledge, there were barely reports about the citric acid-modified magnetic
dye adsorbents based on biomass. The effects of different factors, such as pH, contact time and
temperature on the adsorption performance were systematically evaluated, and the parameters of
adsorption isotherms, thermodynamics and kinetics were obtained by fitting with classical models.
Furthermore, the adsorption mechanism was also proposed based on the experiment. In all, M-CA/JEPP
is a novel high performance cellulose-based magnetic adsorbents with excellent reusability and
separation ability from wastewater. It may open the window for development of green adsorbents to
remove dye in wastewater treatment.

Experimental Section

Materials

Dry Juncus effusus pith powders (JEPP) were purchase from the local Chinese herb shop. Sodium
hydroxide (NaOH) and citric acid (CA) were obtained from Shanghai Ling Feng Chemical Reagent Co.,
Ltd. Ferric trichloride (FeCl3-6H,0), ferrous sulfate (FeSO,-7H,0) and hydrochloric acid (HCI) were

purchased from Sinopharm Chemical Reagent Co., Ltd. Ammonia solution (NH;-H,0, 25-28 wt%) was

purchase from Shanghai Macklin Biochemical Co., Ltd. Methylene Blue (MB) was purchased from J&K
Scientific Ltd.

Synthesis methods

Preparation of CA-modified JEPP (CA/JEPP)
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Prior to CA modification, dry JEPP were screened using a 100 mesh sieve. Then 9 g of JEPP were added
to 180 mL of 0.1 M NaOH solution, this alkali treatment was stirred at 65 °C for 1 h. After cooling to room
temperature, the pre-treated JEPP were rinsed with deionized water until the pH of the filtrate dropped to
neutral. Water was drained and the washed JEPP were dried in an oven at 50 °C for 24 h.

The esterification modification by CA was as follows: Briefly, 1.1 g of as-prepared JEPP were added to 11
mL of 0.6 M CA at room temperature with stirring for 30 min. After draining the liquid, the wet powders
were placed in an oven at 50 °C for 24 h. Then the temperature of the oven was raised to 120 °C, and this
temperature was kept for 90 min. The modified JEPP were washed several times using hot deionized
water about 70 °C to remove excess citric acid. The wet powders are placed in an oven at 50 °C for 24 h,
the dry products named CA/JEPP were milled and stored in a desiccator.

Synthesis of CA-modified magnetic JEPP (M-CA/JEPP)

The magnetic adsorbent M-CA/JEPP-1 was synthesized by a facile co-precipitation method that did not
require an inert atmosphere. (Mahdavinia et al. 2016) 1.081 g of FeCl;-6H,0 (2.5 mmol) and 0.695 g of
FeS047H,0 (4.0 mmol) were dissolved in 100 mL distilled water to obtain a brownish-yellow mixed
solution. 0.926 g of the CA/JEPP were added to the iron ions solution and stirred for 20 min at room
temperature. Afterward, 20 mL of ammonia solution (25-28 wt%) was slowly dropped into the mixture
with ultrasonic oscillations. The reaction was placed in a water bath at 70 °C and stirred for 1 h. After
cooling the mixture to room temperature, the magnetic products were separated by magnet and washed
with ethanol-water mixture for several times. Finally, the M-CA/JEPP were obtained after vacuum drying
at 60 °C for 6 h. The different doses of FeSO,-7H,0 and FeCl;-6H,0 were used to obtain M-CA/JEPP-2
and M-CA/JEPP-3. More information was shown in Table S1 and Fig. S1. M-CA/JEPP-1 was selected as
the most effective adsorbent and re-named as M-CA/JEPP which was further used in the following
experiments.

Characterization

The fourier transforms infrared spectroscopy (FTIR) analysis of the samples were performed on a FTIR
spectrometer (Nicolet IS50, Thermo Fisher Scientific, USA) at room temperature in the range of 4000-400
cm™ . X-ray diffraction measurements were tested on an X-ray diffractometer (XRD, D8 Advance Bruker,
Germany) using Cu Ka radiation in the range of 26=5-80° with a scanning rate of 10 °/min. The X-ray
photoelectron spectroscopy (XPS) spectra were carried out by a Thermo Scientific K-Alpha with a
monochromatic source of X-rays (Al Ka, hv=1486.6 eV). The morphologies of JEPP and M-CA/JEPP were
observed on a Field emission scanning electron microscopy (FE-SEM, Sigma300, ZEISS, Germany) and
energy dispersive spectroscopy (EDS) coupled with SEM was used. The particle size and distribution of
Fe;0, loaded on the adsorbent were analyzed by transmission electron microscopy (TEM, TF20, Thermo
Fisher Scientific, USA). Magnetic properties were obtained using a vibrating sample magnetometer
LakeShore7404 (VSM, LakeShore, USA) at room temperature. The specific surface area of the sample
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was. characterized by Brunauer-Emmett-Teller (BET) tests using a specific surface area and porosity
analyzer (ASAP2460, Micromeritics, USA).

Batch adsorption experiments

Dry magnetic adsorbents were used for adsorption experiments. Typically, 10 mg of M-CA/JEPP were
added into 20 mL of MB dye solution of known concentration at certain temperature, followed by shaking
in a water bath shaker at 200 rpm. After adsorption, the adsorbents were separated from mixture by a
magnet. The residual concentration of MB was determined by a UV visible spectrophotometer (UV-2550,
Shimadzu, Japan) at 664 nm. Each experiment was carried out in triplicate. The amount of dye adsorbed
at time t (g, (mg/g) or at equilibrium (g,) (mg/g) and the adsorption efficiency (%) were calculated

using Equation 1-3:

Co—C¢)V

qe = =0 (1
Co—Ce)V

q, = ( ome) (2)

adsorption efficiency = (C"C;CE) X 100% (3)

0

where Cy, C,and C;(mg/L) are the initial, at time t and equilibrium concentration of dye solution,
respectively, V(L) is the volume of solution, and m (g) is the mass of the adsorbent.

For the initial pH impact study, 10 mg of M-CA/JEPP were added into a flask containing 20 ml of MB
solution (100 mg/L) at different initial pH, ranging from pH 4 to 11. The initial pH was adjusted with 0.1
M HCI or 0.1 M NaOH. In order to evaluate the effect of initial dye concentration on adsorption,

various dye solution containing 100-500 mg/L of MB were prepared for adsorption. The concentration of
MB during adsorption process were measured at predetermined time intervals to study the influence of
contact time. Adsorption kinetics, isotherms and thermodynamics were also conducted to investigate the
adsorption performance and mechanisms.

Reusability experiments
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After adsorption (initial dye concentration was 50 mg/L), 10 mg of adsorbents were separated by a
magnet and regenerated with 10 mL of 0.1 M HCl in a rotary shaker at 200 rpm for 20 minutes at 30 °C.
Then the adsorbent was rinsed several times using deionized water and was placed in a vacuum oven at
60 °C for 6 h to obtain the regenerated adsorbent. The regenerated adsorbent was added to 50 mg/L MB
solution again as the next adsorption cycle. And the reusability of M-CA/JEPP was performed as
described above for five cycles.

Results And Discussion
Preparation of M-CA/JEPP

The synthesis of magnetic bio-adsorbent M-CA/JEPP derived from Juncus effusus was illustrated in
Scheme 1. Dry JEPP were washed by alkali to remove contaminants and reduce hemicelluloses and
lignin contents. (Xia et al. 2019) Then citric acid was dehydrated to obtain anhydride under 120 °C and
combined with the hydroxyl groups in the cellulose to form an ester linkage to endowed the biomass with
carboxyl groups. (Sajab et al. 2013; Zhu et al. 2008) Finally, the magnetic particles were loaded on
cellulose by chemical co-precipitation to fabrication the adsorbent.

Chemical structure and morphology characterization of M-
CA/JEPP

The functional groups of JEPP, CA/JEPP and M-CA/JEPP and their positions were determined by FTIR.
As shown in Fig. 1a, a broad peaks between 3000-3700 cm™ ! was linked to -OH stretching vibrations
involved in the hydrogen bond interaction. (Lu et al. 2021) The absorption peaks observed at 2922 cm™’
and 2848 cm™ ! corresponded to C-H stretching vibrations from CH and CH, in cellulose, hemicellulose
and lignin. Similarly, multiple peaks in the regions between 1000-1800 cm™ " were related to the
functional groups in cellulose, hemicellulose and lignin of the plant. Among them, the peak centered at
1736 cm™ ! was attributable to the C = O stretching of hemicelluloses, the peak located at 1513 cm™ ! was
associated with C = C groups from lignin and the peak around 1250 cm™ ' came from C-0 stretching in
lignin and hemicelluloses. (Maache et al. 2017; N et al. 2018; Xia et al. 2019) The peaks of CA/JEPP near
1250 cm™ " and 1513 cm™ ! were dramatically reduced, indicating a decrease in lignin and hemicellulose,
which may be due to the alkali treatment, while a significant enhancement of the peak at 1736 cm™'
could prove that citric acid have reacted with cellulose successfully. After magnetizing, the visible peak of

M-CA/JEPP around 580 cm™ ' belonged to Fe-O bonds in Fe30,, and the peak appeared at 1400 cm™’
indicated the presence of COO™. The peak of C =0 vibration from citric acid moved from 1736 cm™ to
1613 cm™ ! because of the influence of covalent bonds on the surface of Fe30,4, (Ashour et al. 2017)
implying the interaction existed in Fe;0, and citric acid.

The X-ray diffraction patterns were conducted to identify the crystal structure of JEPP and M-CA/JEPP
(Fig. 1b). Weak and broad peaks of the origin JEPP around 16.7° and 22.6° represented the amorphous
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region and crystalline area of cellulose. (Xia et al. 2019) The XRD pattern of M-CA/JEPP exhibited the
typical diffraction peaks of trans spinel structure which was consistent with Fe;0,. The characteristic
peaks at 30.2°, 35.5°,43.2°, 53.7°, 57.1° and 62.7° were attributed to (220), (311), (400), (422), (511),
(440) crystal planes, respectively. (Gupta and Nayak 2012)

To analyze the chemical composition and electronic states of various elements, XPS analysis was also
performed and the results were compiled in Fig. 1c-f. The presence of carbon, oxygen, and iron peaks was
confirmed by the XPS wide-scan survey of M-CA/JEPP (Fig. 1c). In the high-resolution XPS spectrum for
C1s (Fig. 1d), there were three peaks located at 284.8 eV, 286.5 eV, and 288.1 eV attributing to C-C, C-O,
and C=0/0=C-0, (Yuan et al. 2019) respectively. The high-resolution XPS spectrum for O1s (Fig. 1€)
could be deconvoluted into four individual peaks around 530.0 eV, 531.3 eV, 532.8 eV and 533.1 eV which
was corresponded to Fe-O, C=0/0 = C-0, O-H, and C-O, (Li et al. 2011; Yuan et al. 2019) respectively. The
Fe2p spectrum (Fig. 1f) showed two main peaks at 710.3 and 724.9 eV, which could be assigned as
Fe2ps3/, and Fe2p,,, from Fe;0, (Sitthichai et al. 2015) The deconvoluted peaks of Fe2p spectrum were

linked to octahedral Fe3* species, tetrahedral Fe3* species, satellite peak of Fe3* and Fe?* ions, and

octahedral Fe?* species. (Lu et al. 2018; Wilson and Langell 2014) Combined the results of FTIR, XRD and
XPS, it could indicate that magnetic Fe;0, was synthesized and incorporated into the CA-modified JEPP

successfully.

The microstructure and surface morphology of initial JEPP and M-CA/JEPP were characterized by SEM.
As shown in Fig. 2a, JEPP presented the shape of framing scaffold structure and smooth surface. Micro
pores could be observed on the framing scaffold structure which were several microns in size. After
modification and magnetizing, the surface of obtained M-CA/JEPP became extremely rough with the
large pores disappeared, but some cracks and pits which might be conducive to adsorption were formed
(Fig. 2b, d, e). The EDS spectra of M-CA/JEPP (Fig. 2c) only exhibited the peaks of C, O, and Fe, which
were three major constituents of CA-modified fibers and magnetite, confirming there hasn't impurities
introduced during the synthesis process. Additionally, Fig. 2e showed there were plenty of magnetic
nanoparticles covering on the surface of modified JEPP and the specific surface area was 34.15 m?/g
(Fig. S2). Moreover, the EDS mapping were performed (Fig. 2f). The resulting patterns showed that C, O,
Fe elements were uniformly distributed throughout the adsorbent powders, which was strong evidence for
the combination of Fe;0, and CA/JEPP.

The size and distribution of magnetic nanoparticles on adsorbents were shown in TEM images (Fig. S3a,
b). The Fe;0, nanoparticles were evenly distributed on the surface of the powders, whose average size
was 6.60 nm (Fig. S3d). There was no serious aggregation between those nanoparticles. The ultrasonic
assistance and citric acid modification in the fabrication process could reduce the possibility of
aggregation and was beneficial for better dispersion. (Liu et al. 2009) As presented in high-resolution
transmission electron microscopy (HRTEM) image (Fig. S3c), the lattice fringes of the samples displayed
interplanar spacings of 0.254 nm and 0.302 nm in the nanoparticles, which matched well respectively
with the (311) and the (220) characteristic lattice planes of Fe30,. (Algadami et al. 2017)
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Adsorption properties of the adsorbent
Effects of initial pH on MB adsorption

The initial pH value of the dye solution is a significant influencing factor for adsorption performance.
Alkaline conditions were conducive to the adsorption of MB dyes by M-CA/JEPP . It could be seen from
Fig. 3a that the adsorption efficiency of MB was gradually enhanced with pH increasing from 4 to 11. At
pH 4, the adsorption efficiency of MB was 77.61%, while the adsorption efficiency of MB increased to
98.62% at pH 11. Similarly, Fig. 3b implied that the adsorption capacity was increased from 155.22 mg/g
to maximum value (197.25 mg/g) while the pH was adding up from 4 to 11. Therefore, pH=11 was
chosen to study the adsorption properties in other experiments.

The pH of the solution will affect the dissociation of functional groups on the surface of M-CA/JEPP,
which has a corresponding effect on the adsorption behavior. Under the acidic condition with low pH,
more free hydrogen ions (H*) in the solution competed with the cationic MB molecules to occupy the
active site of the adsorbents, which inhibited the adsorption of MB. (Kausar et al. 2022) As the pH rose
from 4 to 11, the numbers of OH™ ions in the solution increased, promoting the dissociation of H* ions
which came from -OH and -COOH functional groups on the surface of M-CA/JEPP. The electronegativity
of the adsorbent enhanced, and the adsorption efficiency and adsorption capacity became higher owing
to the electrostatic attraction between cationic dye and adsorbents.

Effects of contact time on MB adsorption

The contact time between adsorbents and dyes always affects the final result of the adsorption.

Figure 3c presented rapid adsorption of dye in the first 10 min, for MB dye solution with initial
concentrations of 50 mg/L, 100 mg/L, 150 mg/L, the adsorption efficiency could reach 98.34%, 95.21%,
88.93%. Thereafter, the adsorption efficiency increased gradually, and the adsorption quickly reached
equilibrium in around 60 min. With increasing of initial dye concentration, the adsorption capacity could
reach up to a higher equilibrium value with time increasing (Fig. 3d). But the increased in contact time
has promoted the aggregation of dye molecules, (Kumar et al. 2010) which made it almost impossible to
diffuse deeper into the adsorbent structure and hindered the unlimited increasing of adsorption capacity.

Effects of initial dye concentration on MB adsorption

The effect of initial dye concentration in the range of 10 to 500 mg/L was investigated and the results
were shown in Fig. 3e, f. As the initial dye concentration increased, the adsorption efficiency declined (Fig.
3e). While the adsorption efficiency for MB was found to be 98.62% for 100 mg/L of initial concentration,
the value was 28.82% with the initial dye concentration was 500 mg/L. As shown in Fig. 3f, the
adsorption capacity increased and finally tend to be stable with the initial dye concentration increasing.
Since high initial dye concentration might provide the high driving force for the mass transfer, (Salleh et
al. 2011) the adsorption capacity increased from 197.25 mg/g to 272.08 mg/g with the initial dye
concentration changed from 100 mg/L to 150 mg/L. However, as the adsorbent dose was fixed, which
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meant the available active sites were limited, so the adsorption capacity would become similar if the
initial dye concentration was higher than 150 mg/L.

Magnetic property and reusability of M-CA/JEPP

The M-CA/JEPP showed powerful magnetic property. The magnetization curve in Fig. 4a revealed the
ferromagnetic behavior of M-CA/JEPR its saturation magnetization was 24.8 emu/g, which was
significantly stronger than 3.6 emu/g (Gao et al. 2019) and 5.0 emu/g (Zhou et al. 2021) in other
magnetic cellulose-based adsorbent works. Therefore, this new type of adsorbent showed powerful
magnetic responsivity, and it could be separated conveniently within ten seconds from the treated
solution with the help of an external magnetic force (Fig. 4b). In other words, it can be used as a magnetic
trigger to finish the separation and reuse process in wastewater treatment.

The cyclic adsorption experiment was performed to investigate the regeneration of the adsorbent (Fig.
4c). The adsorbent was regenerated by using 0.1 M HCI as desorption reagent after adsorption. The
results showed that for 50 mg/L MB solution, the removal efficiency of the M-CA/JEPP towards MB could
maintain a level above 98% after five cycles, which was hardly reduced, suggesting that the adsorbent
had outstanding recyclability.

Proposed adsorption mechanism

In order to explore the adsorption mechanism of MB dye by M-CA/JEPP, the infrared spectrum tests were
carried out (Fig. 4d). The absorption peaks of 1300-1430 cm™" and 1600 cm™ ' showed that MB was
combined with the adsorbents. For M-CA/JEPP the peak of COO™ groups migrated from 1400 cm™ ' to
1393 cm™ !, while the absorption peak of —OH functional groups at 3420 cm™ ! moved to 3411 cm™7,
indicating that the adsorption process involved electrostatic adsorption and hydrogen bonding. (Liu et al.
2015; Meng et al. 2022) In addition, the role of pores and the -t interaction between the benzene ring in
MB molecule and the hexagonal skeleton of adsorbent (Leng et al. 2015) might also make important
contributions to the adsorption (Scheme 2).

Scheme 2 Schematic drawing of recycling and the possible adsorption mechanism of M-CA/JEPP
towards MB

Fitting results of the adsorption process
Adsorption kinetics

Four typical kinetic models including pseudo-first-order, pseudo-second-order, Elovich and intraparticle
diffusion were conducted to calculate the rate constants and other parameters of the M-CA/JEPP for MB
adsorption according to Equation S1-S4. The fitting results and parameters were shown in Fig. 5 and
Table 1.

The correlation coefficient (R?) was used to assess the degree of conformity between the experimental
values and the theoretical values of the model. According to the fitting results of different concentrations
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of MB, the R? values calculated by the pseudo-first-order dynamic model were between 0.969-0.989. The
R? values of the intraparticle diffusion model were between 0.577-0.977, and its fitted line were not
zeroaxial, which indicated that intraparticle diffusion was not the rate-limiting step of the whole
adsorption. (Peng et al. 2021) Elovich model was commonly used to deal with the chemical adsorption
mechanism in nature, the R? values of Elovich model were in the range of 0.935-0.975. (Shahnaz et al.
2022) The R? values calculated by the pseudo-second-order dynamic model were above 0.996 and the
obtained g, ., values were also closest to the original experimental values. So pseudo-second-order

model was more appropriate for defining this adsorption process, suggesting that the rate control step
occurred during the entire adsorption process. (Li et al. 2021)
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Table 1

Kinetic parameters for different initial concentrations of MB on M-CA/JEPP with various

models
Kinetics models Parameters Initial concentration
50 mg/L 100 mg/L 150 mg/L
Pseudo-first-order Geexp (mg/qg) 98.837 197.247 276.450
Gecar (MQ/Q) 97.678 192.348 267.360
k; (min ) 2.298 0.851 1.554
R2 0.989 0.986 0.969
Pseudo-second-order g, (MY/Q) 08.837 197.247 276.450
Gecar (MQ/Q) 99.783 200.526 275.755
k, [g/(mg min)] 0.050 0.006 0.010
R2 0.999 0.999 0.996
Elovich a[mg/g min] 1.667E+9 7.482E+3 8.630E+5
Blg/md] 0.237 0.049 0.053
R2 0.974 0.935 0.975
Intrapaticle diffusion k, 1 Img/g min= 5] 29.089 95.758 86.421
C; (mg/q) 51.373 12.256 107.896
R2 0.997 0.965 0.992
k,,lmg/g min-05] 0166 1.886 2.742
C,(mg/q) 97.641 180.751 253.277
R2 0.938 0.577 0.649

Adsorption isotherm

Langmuir, Freundlich and Temkin adsorption isotherms were used to explain the relationship between the
adsorbent and adsorbate according to Equation S5-S7. The fitting results and parameters were shown in
Fig. 6 and Table 2.
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The results of the MB adsorption experiment at different temperatures indicated that the increase in
temperature will make the adsorption capacity lower. Langmuir isotherm model was the most suitable
model, whose R? values were above 0.982. The maximum adsorption capacity of M-CA/JEPP for MB at
303 K was 293.132 mg/g, which surpass many cellulosic adsorbents derived from biomass (Fig. S4). The
Langmuir isotherm is often used to describe monolayer adsorption on uniform surfaces, which is also
based on the assumption that the adsorption energy at each point of the surface is the same and there is
no interaction between the adsorbate molecules attached to the surface. The Freundlich isotherm which
suppose the energy on the surface is uneven is often used to describe multilayer adsorption. Furthermore,
The Temkin isotherms assume that the adsorption heat of all molecules in the layer will decrease linearly
with coverage rate due to the adsorbent/adsorbent interaction, which is commonly used to explain the
interaction between adsorbent molecules adsorbed on the surface. (Eslek Koyuncu and Okur 2021; Tan et
al. 2007) The optimal adaptation of the Langmuir isotherm substantiated that the MB adsorption by M-
CA/JEPP was monolayer adsorption rather than multilayer adsorption. In addition, one essential
characteristic of the Langmuir isotherm could be expressed by the separation factor R, calculated from
Equation S8. In the present study, R, values were between 0-1, indicating that the adsorption process
under experimental conditions is conducive to proceeding. (Wibowo et al. 2017)

Table 2
Isotherm parameters for MB on M-CA/JEPP with various models at different
temperature
Isotherm models  Parameters Temperature
303 K 313K 323K
Langmuir Qmax (MA/Q) 293.132 284929 279.584
k; (L/mg) 1.124 1.159 1.076
R2 0.986 0.982 0.992
Freundlich 1/n 0.154 0.154 0.156

k¢[(mg/g)/(mg/L)"/"] 133.957 130.151 126.474

R2 0.782 0.787 0.813
Temkin B 33.578 32.440 31.948

Ar(L/g) 46.887 48.667 47.059

R2 0.876 0.876 0.903

Adsorption thermodynamic.
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After the experimental data fitted by Equation S9-S11, the thermodynamic parameters (Gibbs free energy
change (AG), enthalpy change (4H), entropy change (AS) of this adsorption process could be calculated,
the fitting lines and the calculated results were displayed in Fig. S5 and Table S2. Among the results, AG
<0 proved that the adsorption was a spontaneous process. The Negative AH indicated that these
processes were exothermic, which further confirmed that temperature increasing was not beneficial for
the adsorption. AS>0 suggested that due to the increased randomness of the solution/solid interface,
adsorbent/adsorbent composites are formed. (Chen et al. 2015; Yu et al. 2019) Moreover, AH was
between 0—84 kJ/mol, which meant this MB adsorption process could be mainly regarded as physical
adsorption. (Errais et al. 2011)

Conclusion

In summary, we have demonstrated a simple approach to obtain CA-modified magnetic cellulose-based
adsorbent. Compared with original JEPP, M-CA/JEPP had a rougher surface and richer functional groups,
so its adsorption performance was greatly improved. The adsorption process was proved to be a
spontaneous and exothermic reaction, where the adsorption data fitted the Langmuir isotherm and the
pseudo-second-order model well. It could quickly reach the adsorption equilibrium within tens of minutes,
with a maximum adsorption capacity of 293.132 mg/g for MB at 303 K. The superior adsorption
performance of M-CA/JEPP might be mainly attributed to electrostatic interaction and hydrogen bonding.
Furthermore, this kind of adsorbents was easy to recycle with magnet and could maintain preeminent
reusability in five cycles, which was more in line with the requirements of environmental protection. These
findings will expand our horizons for preparing cellulosic adsorbents from nature to deal with dye
contamination in aqueous system.
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(@) FTIR spectra of JEPR, CA/JEPP and M-CA/JEPP. (b) XRD patterns of JEPP, Fe304 and M-CA/JEPP. (c)

Wide-scan XPS spectra of M-CA/JEPP; High-resolution XPS spectra of (d) C1s, (e) O1s, (f) Fe2p for M-
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Figure 2

SEM images of (a) JEPP (b, d, e) M-CA/JEPP; (c) EDS analysis of M-CA/JEPP. (f) EDS mapping of M-

CA/JEPP
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mg/L, 100 mg/L and 150 mg/L, 303 K and 10 mg of adsorbents. The adsorption efficiency (e) and the
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(@) Magnetization curve of M-CA/JEPP. (b) Digital photo of separation after adsorption by magnets, initial

pH=11, initial dye concentration of 50 mg/L, 303 K and 10 mg of adsorbents. (c) Regeneration
performance of M-CA/JEPP. (d) FTIR spectra of M-CA/JEPPM-CA/JEPP-MB, and MB
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Figure 6

Adsorption isotherm data of M-CA/JEPP for MB fitted with (a) Langmuir, (b) Freundlich, (c) Temkin
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