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ARTICLE INFO ABSTRACT

Keywords: Large specific surface area obtained by pyrolyzed biomass is considered as a vital factor in
Sargassum fusiforme improving the dye adsorption performance. However, pyrolysis would cause the inevitable
Adsorption

destruction of the surface functional groups of biomass. Herein, a biomass adsorbent based on
sargassum fusiforme without pyrolysis was employed for the removal of methylene blue (MB).
Combining the FTIR, XPS, SEM, and BET analysis, sargassum fusiforme bio-adsorbent (SFBA) was
found to have low specific surface area whereas rich functional groups, including carboxyl,
carbonyl and hydroxyl groups. SFBA presented high adsorption performance towards MB with a
maximum adsorption capacity of 1154.05 mg/g, demonstrating that the high adsorption per-
formance could be achieved by abundant functional groups rather than large specific surface area.
In this paper, various adsorption parameters including pH, concentration, contact time, and
temperature have also been discussed. The results indicated that the kinetic and isotherm models
of SFBA followed the pseudo-secondary kinetic model and the Langmuir isotherm model,
respectively. The negative thermodynamic parameters showed that the adsorption process is
spontaneous and exothermic. The SFBA enriched with functional groups exhibited high adsorp-
tion performance as well as simple fabrication, and abundant sources that could provide a novel
alternative for the treatment of dye wastewater.

Methylene blue
High-performance
Bio-adsorbent

1. Introduction

Water pollution is a serious issue in the world due to the inevitable discharge of dye wastewater from textile, leather, printing
dyeing, dye manufacturing and other industries [1]. As per available data, there are over 100,000 dyes used in these industries
worldwide, of which methylene blue (MB) is a typical cationic dye with complex aromatic structure [2]. Owing to its stability, dif-
ficulty in degradation, toxicity and carcinogenicity, the discharge of MB not only causes serious damage to the ecological environment
[3], but also poses a present or potential hazard to human health [4]. Hence, the removal and decomposition of MB from wastewater
bear great significance. Currently, the main removal methods adopted to treat wastewater include membrane filtration [5], reverse
osmosis [6], advanced oxidation [7] and adsorption [8] etc., among which, adsorption is considered to be the most promising method
in light of its simplicity, efficiency, no secondary pollution and low cost [9]. However, there are a wide disparity in the adsorption
performance and fabrication process of various adsorbent materials due to their different physical and chemical properties. Therefore,
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the development of high-performance whereas easy to fabricated adsorbents is crucial.

To date, researchers have investigated the adsorption of MB employing nanocomposite [10], hydrogels [11] and biochar [12] as
adsorbents. Among them, nanocomposite and hydrogel have high adsorption properties but the challenges in terms of complex
preparation processes and low yields due to the relative scarcity of raw materials, which limit their practical application in large-scale
water treatment. Biochar is a solid material obtained by pyrolyzing biomass with abundant raw materials in an anaerobic environment
[13], whose large specific surface area and high porosity produced by pyrolysis are broadly considered as vital factors in its adsorption
capacity [14]. In this context, researchers have focused on enhancing the specific surface area and porosity of the adsorbent by py-
rolysis of various biomasses into biochar to improve the adsorption capacity [15]. However, the maximum adsorption capacity of MB
on biochar prepared from biomass such as seaweed, sewage sludge, rice straw and other agricultural wastes ranges from roughly
20-500 mg/g [16-20], which is still unsatisfactory for practical applications. Besides, the pyrolysis process requires high temperature,
which leads to high energy consumption and thus increases the cost, and more notably, some functional groups of the biomass that are
critical for adsorption are destroyed resulting their role in adsorption wholly or partially lost [21]. In order to improve the adsorption
capacity of biochar, some researchers have specially introduced functional groups by chemical modification into biochar. For example,
S. Liu et al. succeeded to introduce oxygen-containing groups onto the banana pseudostem biochar surface with phosphomolybdic acid
modification and the MB adsorption capability was enhanced from 87.28 mg/g to 146.23 mg/g [22]. Y. Zhang et al. enhanced the
hydroxyl and carboxyl groups on the surfaces of ball-milled hickory chip biochar by hydrogen peroxide modification, which increased
its MB adsorption capacity by 1.7 times, up to 310 mg/g [23]. Accordingly, the development of low-cost adsorbents with high
adsorption capacity, simple fabrication, low energy consumption and abundant sources seems to be able to strive in the direction of
biomass containing abundant functional groups [24].

Seaweed is an attractive green and renewable biological resource, with over 1000 species of seaweed growing in aquatic envi-
ronments. It has been reported that algal biomasses have shown the potential to remove dyes, probably due to the presence of active
functional groups such as hydroxyl, carboxyl, carbonyl, amine, and sulfate [25]. For example, a study was conducted by S. El Atouani
et al. on the adsorption of MB using Sargassum muticum biomass with a maximum adsorption capacity of 191.38 mg/g [26]. K.
Marungrueng et al. have reported the adsorption of MB by green macroalga Caulerpa lentillifera biomass, achieving a maximum
adsorption capacity of 417 mg/g [27]. The sargassum fusiforme is a type of brown algae widely distributed in the coastal areas of the
Yellow Sea and Bohai Sea in China, and has been used in medical research due to its bioactive polysaccharides with antitumor,
immunomodulatory, anti-hyperlipidemia and antioxidant [28]. Nevertheless, its adsorption properties to dyes contaminants such as
MB have not been explored yet. In this study, the batch adsorption study of MB employing sargassum fusiforme as a bio-adsorbent is
presented. Interestingly, it is different from the conventional belief that only pyrolysis or complex fabrication can improve the
adsorption performance of biomass, sargassum fusiforme that requires no handling whatsoever has outstanding properties for
removing MB, with a maximum adsorption capacity of 1154.05 mg/g.

The main objective of this work is to propose and investigate the adsorption performance and adsorption mechanism of sargassum
fusiforme bio-adsorbent (SFBA) towards MB. Characterizations of SFBA were carried out by Fourier transmission infrared spectroscopy
(FTIR), Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy analysis (XPS), Brunauer-Emmett-Teller analysis
(BET) and Thermogravimetric analysis (TGA). The adsorption kinetics, adsorption isotherms and adsorption thermodynamics on the
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Fig. 1. Schematic diagram of the preparation process of SFBA.
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adsorption behavior were studied in batch. Moreover, the reusability performance of SFBA was evaluated. It is concluded that the SFBA
developed in this paper is a very promising high-performance and low-cost wastewater adsorbent for practical application.

2. Materials and methods
2.1. Materials

The sargassum fusiforme used was produced in Liaoning, China. MB (C;6H;gCIN3S) was obtained from Tianjin Guangcheng
Chemical Reagent Company Limited (Tianjin, China). Hydrochloric acid (HCl, AR) was purchased from Sinopharm Chemical Reagent
Company Limited (Shanghai, China). Sodium hydroxide (NaOH, AR) was purchased by Xilong Science Company Limited (Shantou,
China). A series of different concentrations of MB solutions were prepared using deionized water. All chemicals and solvents used in
this study were of analytical grade.

2.2. Fabrication of SFBA

The fabrication of SFBA features simplicity, economy and eco-friendliness. The collected sargassum fusiforme were first washed
4-5 times with deionized water and then dried in a vacuum drying oven (DZF, Beijing Yong Guangming Medical Instrument Ltd,
China) at 80 °C for 8 h to obtain a constant weight. The dried samples were crushed and sieved at 150 mesh with a homogeneous size of
SFBA, and finally, the resulting sorbent powder was packed into vials and sealed for subsequent sorption experiments. The specific
experimental flow diagram is shown in Fig. 1.

2.3. Characterization of SFBA

FTIR analysis was performed using an infrared spectrometer (Thermo Scientific Nicolet IS50, USA) in the frequency range of
400-4000 cm ™! with 4 cm ™! resolution and at room temperature. The surface characteristics and morphology of SFBA were observed
by SEM (FEI NovananoSEM450, USA), with gold spraying applied to the sample surface prior to SEM visualization, and the elemental
composition of the adsorbent surface was examined by EDS (Oxford Inca Energy X-max-50, UK). XPS (Thermo escalab250Xi, USA) was
used to detect the elemental composition and high-resolution spectra of C 1s, and all XPS spectra were acquired using the Al Ka
emission. The specific surface area and pore size were determined by BET (Micromeritics ASAP 2460, USA) using N5 as the adsorption
gas and the result shown in Fig. S1. TGA was carried out using TG-DTA (NetzschTG209F3, Germany) at a ramp-up temperature of
30-600 °C and a ramp-down rate of 10 °C/min, maintaining a nitrogen atmosphere throughout. The samples used for characterization
were all dried in a vacuum drying oven before characterization.

2.4. MB adsorption

A series of experiments were performed to evaluate the adsorption behavior of SFBA towards MB, which included measurements of
PH, initial concentration, contact time and adsorption temperature of MB on adsorption performance. For the kinetic studies, 0.3 g of
SFBA was added to 500 mL of 100 mg/L, 500 mg/L, 900 mg/L MB solution and shaken (120 rpm/min, 25 °C) in a constant temperature
water bath shaker (SHA-A, Jinan Wolong Experimental Instruments Company Limited, China), then supernatant were taken at
different time intervals and the residual dye concentrations of the supernatant were measured at 664 nm using a UV spectrometer (UV-
2600, Shimadzu, Japan). The adsorption capacity g.(mg /g) was calculated using equation (1).

(Co — C)V
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Where Cy(mg /L) and C.(mg /L) denote the concentration of MB before and after

the adsorption experiment, respectively. V(L) denotes the volume of the solution and M(g) denotes the mass of the added SFBA. To
investigate the optimal adsorption concentration and adsorption isotherm, 0.03 g of SFBA was added to 50 mL of 5-1500 mg/ L. MB
solution and shaken (120 rpm/min, 25 °C) in a constant temperature water bath shaker, and then repeat the experiment at 35 and
45 °C. The beaker was shaken in a constant temperature water bath shaker for 8 h, and the supernatant was taken to measure the
equilibrium concentration of MB after reaching adsorption equilibrium. The adsorption thermodynamics was further investigated by
data from adsorption isotherm measurements. In addition, the point of zero charge (pH,,.) of SFBA was determined in this study [29].
MB solution with pH ranging from 2 to 12 was configured with 0.1 M HCL and NaOH. MB solution (50 mL, 100 mg/L) of different pH
was adsorbed with 0.03 g SFBA and the pH of the solution was measured after reaching adsorption equilibrium. ApH is the difference
in pH before and after adsorption and the point of zero charge is the pH value at ApH = 0. The effect of varying the pH from 2 to 10 on
the adsorption capacity and removal efficiency (R.) of MB was also studied at 25 °C. The removal efficiency was calculated by equation

(2).
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2.5. Desorption experiment and reusability

The reusability experiment was conducted in two steps. Firstly, 0.3 g of SFBA was added to MB solution (500 mL, 500 mg/L) to
bring it to adsorption equilibrium. Next, the MB-loaded SFBA was desorbed with 0.1 M HCI for 3 h [30], then the desorbed SFBA was
eluted to neutrality with NaOH and distilled water. After drying, the regenerated SFBA was used to continue adsorption of 500 mg/L of
MB solution. Repeating the above adsorption-desorption process four times, the reusability of the SFBA was evaluated by measuring
adsorption capacity of the adsorbed solution.

3. Results and discussion
3.1. Characterization of SFBA

3.1.1. FTIR analysis

The FTIR spectra of SFBA before and after adsorption and regeneration of the peaks are shown in Fig. 2. The broad absorption peak
at 3372 cm ! is related to the stretching vibration of O-H [31]. Peaks at 2928 cm ! and 1420 cm ™! represent the stretching vibration
and symmetric bending of C-H, respectively [32,33]. The characteristic band at 1619 cm ™! is attributed to the C=0 in carboxylic acids
with intermolecular hydrogen bonds and 1258 cm™! corresponds to the presence of a sulfur group, possibly due to the presence of
fucoidan component in SFBA [34]. The stretching vibrations of C-O in carboxylic acids and the bending vibrations of C-H in aromatic
hydrocarbons located at the wavenumber of 1034 and 819 cm™?, respectively [35].The above results indicate that the surface of SFBA
contains a mass of carboxyl, carbonyl and hydroxyl groups, which may be potential active sites for interaction with cationic dyes. By
comparing the FTIR spectra before and after adsorption, it can be obtained that the peaks of the stretching vibrations of O-H, C=0 and
C-O moved from 3372, 1619 and 1034 to 3373, 1598 and 1036 cm™! respectively after adsorption, which indicates that these
functional groups are indeed involved in the process of MB adsorption by SFBA [36]. Besides, the FITR spectra after adsorption
appeared new peaks at 1489.98, 1390.06, 1248.70 and 884.25 cm ™, which are associated with the skeletal vibration of the dye
heterocycle, the symmetric bending vibration of CHs and the C-N stretching vibration, indicating that MB had adsorbed on the SFBA
[37,38].

3.1.2. SEM-EDS analysis

The surface morphological structure of SFBA was observed by SEM, and the results are shown in Fig. 3. As shown in Fig. 3(a), the
surface of SFBA before adsorption is relatively rough, and there are some pore structures of different shapes and sizes, and the particle
size is around 30 ym to 50 ym. Fig. 3(b) demonstrates that the surface of the adsorbent after adsorption of MB is relatively smoother,
and the surface color is obviously much darker, indicating that MB molecules have been adsorbed in the pores and on the surface of the
SFBA [39,40]. The elemental composition of the adsorbent surface is analyzed by EDS. As shown in Fig. 3(c) and (d), the SFBA surface
before adsorption contains the most C and O with mass ratios of 49.90 % and 40.44 %, and less N and S with mass ratios of 0 % and
3.81 %, respectively. After adsorption, the C and O contents decreased while the N and S contents increased, with mass ratios of 47.64
%, 29.53 %, 14.17 % and 4.79 %, respectively. This indicates that both C and O are involved in the adsorption process of MB, and the
increase in elemental N and S content confirms the adsorption of MB molecules on the adsorbent surface [41].

3.1.3. XPS analysis

The chemical composition on the surfaces of SFBA was further investigated by XPS. The results are shown in Fig. 4(a), where the
presence of strong binding energy peaks of C 1s and O 1s and weak binding energy peaks of N 1s and S 2p can be seen, indicating that
the main elements of SFBA are C and O with trace amounts of N and S, which is consistent with the previous EDS results. The type of
functional group on the surface of SFBA was further analyzed by investigating the high-resolution spectrum of C 1s. As shown in Fig. 4
(b), the highest binding energy peaks on the SFBA surface are C-C, corresponding to at 284.6 eV [42]. In addition, there are also weaker

SFBA g § Cc=0 C-"C-OC-O C-H
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Fig. 2. FTIR spectra of SFBA before and after adsorption and regeneration.
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Nova NanoSEM 450

Fig. 3. (a) SEM of SFBA before adsorption, (b) SEM of SFBA after adsorption, (c) EDS of SFBA before adsorption, (d) EDS of SFBA after adsorption.

binding energy peaks for C-O, C=0, and O-C=0 at 285.4, 286.25, and 288.4 eV, respectively [43]. Such results are in accordance with
the FTIR characterization results.

3.1.4. TGA analysis

The thermal stability of SFBA is analyzed in three parts at temperatures between 30 °C and 600 °C. As shown in Fig. 4(c), the first
stage occurs from 55.3 °C to 232 °C with an SFBA mass loss of 9.48 %, corresponding to the evaporation of water and light organic
compounds from the adsorbent. The second stage occurs from 232 °C to 340 °C which belongs to the active pyrolysis stage where the
weight loss is rapid with a maximum weight loss of 36.25 % which is attributed to the pyrolysis of hemicellulose, cellulose and lipids.
The third stage ranges from 340 °C to 597 °C where lignin begins to decompose and weight loss slows down until the final temperature
[44]. As above, it can be concluded that SFBA has good thermal stability and its adsorption properties are largely unaffected below
232 °C.

3.2. Effect of initial pH and pH,,,. value analysis

The initial pH of the MB solution directly affects the adsorption of MB by SFBA, which is achieved mainly by influencing the degree
of ionization of the adsorbate, the level of dissociation of functional groups from the active site and the surface charge with the
adsorbent [45]. The effects of pH variation on adsorption capacity and removal efficiency were investigated using MB solution (50 mL,
100 mg/L) with a pH range between 2 and 10. As shown in Fig. 5(a), the adsorption capacity and removal efficiency of SFBA on MB
increased remarkably when the initial pH of MB solution increased from 2 to 6, while leveled off when the pH was between 6 and 10,
reaching a maximum adsorption capacity of 156.98 mg/g and a maximum removal efficiency of 94.19 % at pH = 10. The observation
that the adsorption capacity varies with PH indicates that there is an electrostatic interaction in the adsorption process of SFBA towards
MB [37].

The point of zero charge (pH,,.) is an important property to describe the surface charge of the adsorbent. The pH,,. of SFBA can be
obtained as 5.62 in Fig. 5(b), and the surface charge of SFBA under this condition behaves as neutral [46]. Under low pH conditions
(pH <pHy,.), the SFBA surface is positively charged due to the protonation of functional groups, and the excess proton (H") will
compete with MB cations for adsorption sites, resulting in poor adsorption capacity of SFBA towards MB [37,41]. In contrast, as the
solution pH increases, the deprotonation of the adsorbent functional groups is promoted, and the surface charge of SFBA exhibits a
negative charge under high pH conditions (pH >pH,,.), which is electrostatically attractive to MB cations, thus promoting the
adsorption of MB [36].

pzc
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Fig. 5. (a) Effect of initial pH value of MB solution on adsorption capacity and removal efficiency, (b) Zero charge point value of SFBA.

3.3. Effect of initial MB concentration

The effects of the initial concentration (5-1500 mg/L) of the MB solution on the adsorption capacity and removal efficiency are
displayed in Fig. 6. The adsorption capacity of SFBA towards MB increased gradually with the concentration of MB solution and the
adsorption trend plateaued gradually, which is because the driving force of the dye molecules from the aqueous phase to the solid
phase increases as the initial concentration of the MB solution increases, overcoming the resistance of the dye molecules to mass
transfer between the aqueous and solid phases [35].The gradual plateau of the trend can be attributed to the gradual occupation of the
adsorption sites to saturation at higher initial concentrations [47].

The removal efficiency increased and then decreased with the increase of the initial concentration of MB, reaching the maximum
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Fig. 6. The plot of the effect of the initial concentration of MB on the adsorption and removal efficiency.

removal rate of 95.44 % at the initial concentration of 300 mg/L and only 45.34 % at the initial concentration of 1500 mg/L. It is due to
the high transfer efficiency of MB molecules to vacant sites and the high probability of binding to adsorption sites during the transfer of
dye molecules from solution to the SFBA surface as the concentration increased at first [48]. However, after the solute molecules reach

optimal uptake, there is a repulsive force between the dye molecules in solution and those in SFBA, such that the removal rate de-
creases with increasing initial concentration [36].
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Fig. 7. Plots of kinetic model fitting results for the adsorption of MB by SFBA. (a) Fitted curves of PFO versus PSO at 100 mg/L, (b) Fitted curves of

PFO versus PSO at 500 mg/L, (c) Fitted curves of PFO versus PSO at 900 mg/L, (d) Fitted curves of intra-particle diffusion model at different
concentrations.
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3.4. Adsorption kinetics

In order to analyze the adsorption mechanism from the perspective of adsorption kinetics, the effect of contact time (0-720 min) on
the adsorption capacity was investigated using three different concentrations of MB solution (100, 500 and 900 mg/L) and possible
rate control steps were explored. The adsorption mechanism depends on the physical or chemical properties of the adsorbent and the
mass transfer process [49]. Hence, three common adsorption kinetic models are used to fit the measured experimental data, namely the
pseudo-first-order (PFO) kinetic model, the pseudo-second-order (PSO) kinetic model and intra-particle diffusion (IPD) model [50].
The equation expressions for three models are given by equations (3)-(5)

g =qc(1 - e 3)
_ szIezt
q= T+ kogut 4
1
g =kitz2+C 5)

where g.(mg /g) and q;(mg /g) are the adsorption capacity per unit weight of adsorbent at equilibrium and at t (min), respectively,
ki (1 /min) is the rate constant for the PFO model, k» (g /(mg - min)) is the rate constant for the PSO model, k; (mg /g-min'/ 2) is the rate

constant for the IPD model and C (mg/g) is a constant related to the thickness of the boundary layer.

The kinetics fitted curves at three different concentrations are shown in Fig. 7(a—c), it can be seen that the adsorption rate is fast
within 10 min and decreases with the increase of adsorption time, and all basically reach the adsorption equilibrium at 240 min. The
kinetic parameters obtained by fitting the PFO and PSO models are shown in Table 1, which shows that the correlation coefficients (R?)
of the PSO model are greater than those of the PFO model, indicating that the adsorption of MB on SFBA is more fitted with the PSO
model. By comparing the calculated values of the adsorption capacity (g.) with the experimental values, it can be seen that the
calculated values of the PSO model are in general agreement with the experimental values, which also indicates that the adsorption
process of SFBA on MB is highly in line with the PSO model. Therefore, it is known that the rate control step of SFBA towards MB is
chemisorption according to the PSO model theory [50]. The adsorption mechanism may be a chemical interaction involving valence
electron forces due to exchange or sharing of electrons between the adsorbent and MB molecules [31].

In addition, the experimental data were fitted with an IPD model, for describing the diffusion process of MB molecules inside SFBA.
As illustrated in Fig. 7(d), the adsorption of MB on SFBA at different concentrations of MB solution showed a multivariate linear
relationship. The adsorption process can be clearly divided into three linear regions with different slopes, and none of the curves
penetrates the origin, demonstrating that IPD is not the only rate-controlling step but other mechanisms such as boundary layer mass
transfer and chemical interaction also affect the adsorption process [51]. In the first stage, the slope of the linear fitted line is the
largest, describing the rapid transfer of MB molecules from solution to the SFBA surface by boundary layer diffusion or external mass
transfer effects. The second stage is a gradual adsorption stage with the rate control step of intraparticle diffusion, where the MB
molecules gradually diffuse towards the adsorption sites within the SFBA pores. In the third stage, the adsorption capacity is basically
stable and the active sites on the inner surface pores are almost completely occupied by MB molecules, reaching adsorption equilibrium
[52].

3.5. Adsorption isotherms

The adsorption isotherm is an essential model used to analyze the interaction between the adsorbent and the adsorbate. When the
adsorption reaches equilibrium, the adsorption isotherm can reflect the distribution of MB molecules between the solid and liquid
phases, which is of significance for the analysis of the adsorption mechanism of MB on SFBA and the maximum adsorption capacity
[53]. Herein,the Langmuir, Redlich-Peterson, Freundlich and Temkin isotherm models were employed to investigate the adsorption
behavior of SFBA towards MB and to determine the most appropriate isotherm model for adsorption. Four isotherm model equations
are as equations (6)—(9) [37]:

qe= qulce ( 6)
¢ 1 + lee
Table 1
Adsorption kinetics parameters of PFO and PSO.
MBinitiq(mg /L) Geexp(Mg /g) Pseudo-first-order model Pseudo-second-order model
el cal k1 (miﬂil) R? Ge2 cal k2 (g'mgil'minil) R2
100 156.69 147.60 0.5136 0.8913 153.58 0.00570 0.9663
500 788.29 772.15 0.1354 0.9452 792.61 0.00003 0.9780
900 1194.92 1135.07 0.0804 0.9404 1199.55 0.00001 0.9831
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RT
qe= Eln(kTCe) (C)]
1
R=T7xe, (10)

where g.(mg /g) represents the equilibrium adsorption capacity, gn(mg /g) represents the maximum adsorption capacity, C.(mg /L)
represents the equilibrium concentration of MB, k(L /mg) is the Langmuir model constant, krp(L /g) and agp((mg/L) P) are the
Redlich-Peterson model constants, kr((mg/g) /(mg/L)") and n are Freundlich constants, p is a dimensionless exponent, R (8.314 J/
mol - K) is the universal gas constant, T (K) is the Kelvin temperature, kr(L /g) is the Temkin model constant, and br(J /mol) is the heat
of adsorption. C,(mg /L) is the maximum initial MB concentration.

Fig. 8(a—d) show the non-linear fits of the adsorption isotherm models for the adsorption of MB on SFBA at 25 °C, 35 °C and 45 °C.
The adsorption isotherm parameters are shown in Tables 2 and 3. By comparing the fitted correlation coefficients (R?) of the four
isotherm models, it can be concluded that the adsorption of MB on SFBA is most well suited to the Langmuir model, demonstrating that
the adsorption process of SFBA towards MB occurs in the monomolecular layer of the adsorbent and at uniform adsorption sites [41].
Meanwhile, the basic characteristics of the Langmuir isotherm can be described by the dimensionless separation factor R;, as equation
(10), with Ry, indicating that the Langmuir isotherm is characterized as irreversible (R, = 0), favorable (0 < R, < 1), linear (R, = 1) or
unfavorable (Ry, > 1) [54]. It is clear from the values in Table 2 that the adsorption of MB by SFBA is a favorable process, as they all lie
between 0 and 1. Moreover, Table 2 also presents the maximum adsorption capacity is 1154.05 mg/g at 25 °C according to the
Langmuir isotherm model, and kj in Table 2 is the equilibrium adsorption constant, with larger values indicating better adsorption
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Fig. 8. Fitted isotherm plots for the adsorption of MB on SFBA at different temperatures (25 °C, 35 °C and 45 °C). (a) Langmuir model, (b) Redlich-
Peterson model, (¢) Freundlich model, (d) Temkin model.
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Table 2

Langmuir and Redlich-Peterson constants for the adsorption of SFBA for MB.

Heliyon 10 (2024) 37949

Temperature Langmuir Redlich-Peterson
°C
Q) qm k; R? Ry krp agp(mg/L) " p R
(mg /g) (L /mg) (L/g)
25 1154.05 0.0351 0.9778 0.0186 40.0187 0.0333 1.0064 0.9756
35 1097.84 0.0283 0.9930 0.0230 31.4551 0.0296 0.9949 0.9923
45 1034.734 0.0230 0.9964 0.0282 24.4154 0.0252 0.9900 0.9960
Table 3
Freundlich and Temkin constants for the adsorption of SFBA for MB.
Temperature Freundlich Temkin
(]
kp(mg /g) /(mg/L)" n R? kr(L/g) br R?
(J /mol)
25 151.2485 0.3209 0.8844 0.4464 11.9079 0.9731
35 135.8142 0.3258 0.9075 0.4297 13.2633 0.9859
45 126.9883 0.3219 0.9224 0.4893 15.4554 0.9853

[55]. Finally, The equilibrium adsorption constant is the highest at 25 °C, which reveals that the adsorption of MB on SFBA is
exothermic.

3.6. Adsorption thermodynamics and effect of temperature
Thermodynamic parameters are an inevitable part of the study of adsorption spontaneity and the adsorption mechanism. In this

study, thermodynamic parameters (Gibbs free energy (AG°,KJ/mol), enthalpy change (AH?, KJ/mol) and entropy change (AS°, J/
mol - K)) were calculated with experimental data measured at 25 °C, 35 °C and 45 °C. The calculation equations are as follows [56]:

AS®  AH°
1 22 22 11
nKo = =&t an
AG°= —RTInK, (12)
C,—C. V
K;= X — (13)
C. m

where Kj is the equilibrium constant, a is the distribution coefficient, the value of In Ky, is the intercept of the line fitted by In K; against
C.. In addition, R (8.314 J/mol - K) and T (K) represent the ideal gas constant and the solution temperature, respectively. C,(mg /L) is
the initial concentration of MB and C.(mg /L) is the equilibrium concentration of MB. The values of —% and % are calculated from
the slope and intercept of the curve with In K, versus 1/K, respectively.

The relationship curve of In Ky versus 1/K is shown in Fig. 9, and the thermodynamic parameters calculated from the van’ t Hoff
diagram are shown in Table 4. AG? is negative at different temperatures, indicating that the adsorption process of SFBA towards MB is

3.10

@ Ink0
Inky-1/T Linear fitting curve

3.05 +

3.001
2.954
S 2.904

~ 2851 y=1621.8*x-2.3853

R?=0.9981
2.80 4
2.75 4
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0.00315 0.00320 0.00325 0.00330 0.00335
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Fig. 9. Plot of In K, versus 1/K used to calculate thermodynamic parameters.
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Table 4
Thermodynamics constants for the adsorption of SFBA for MB.
Temperature (°C) AG® (KJ/mol) AH® (KJ/mol) AS° (J/mol - K)
25 —7.584 —13.484 —19.831
35 —7.353
45 —7.189

spontaneous. As the temperature varies from 45 °C to 25 °C, the absolute value of AG® becomes larger, indicating that the adsorption
process is more spontaneous at room temperature [47], which is also exactly in line with the trend shown in Fig. S3, a more favorable
trend for practical applications. The negative value of AH® (—13.484) once again verifies that the adsorption process of SFBA towards
MB is exothermic. The negative value of AS® (—19.831) means that the randomness of the solid-liquid phase interface is reduced
during the adsorption process, facilitating the reordering of the adsorbent surface [45]. Fig. S3 exhibits a decreasing adsorption ca-
pacity of SFBA towards MB as the temperature increases. This may be due to the fact that the higher temperature increases the mobility
and solubility of MB in solution or leads to an enhancement of the kinetic energy of the components involved in the adsorption,
resulting in a weakening of the interaction between the adsorbent and the MB [47].

3.7. Reusability of SFBA

The evaluation of the reusability performance of adsorbents has considerable ecological and economic value for practical appli-
cations. The desorption of SFBA loaded with MB was performed using 0.1 M HCL. In combination with SEM and EDS in Fig. S2, the
regenerated SFBA surface was found to be crumpled and the N and S mass ratio decreased, indicating that the process of MB desorption
from the SFBA surface does exist. As shown in Fig. S4, after the first desorption, the adsorption of MB by SFBA decreased from 772.87
mg/g to 476.63 mg/g. After four cycles, the adsorption capacity of the regenerated SFBA remained more constant at 430.26 mg/g. The
above results illustrate that SFBA has reusability properties and is a recyclable bio-adsorbent with potential commercial value.

3.8. Adsorption mechanisms analysis

A schematic diagram of the rational adsorption mechanism of MB in aqueous solutions by SFBA is shown in Fig. 10. There are
multiple factors controlling the adsorption process of MB by SFBA, such as the functional groups, pores and active sites on the
adsorbent surface, the functional and structural behavior of the adsorbent molecules, etc. According to Fig. 2, the comparison shows
that after adsorption, the peaks of O-H, C=0 and C-O stretching vibrations moved from 3372, 1619 and 1034 to 3373, 1598 and 1036
cm ™! respectively, indicating that the functional groups such as hydroxyl, carbonyl and carboxyl groups present on the surface of SFBA
all contribute to the adsorption of MB. The new appeared FITR spectra peak (1489.98, 1390.06 and 1248.70 cm 1) after MB adsorption
also reveals that methylene MB had loaded on SFBA surface. The above results suggest that the mechanism of MB adsorption on SFBA
may be hydrogen bonding and n — r interaction [57]. Further, comparison of the SEM images before and after adsorption displayed
that the surface of the adsorbed SFBA is smoother, probably indicating that there are MB molecules filling the pores partly, corre-
sponding results also confirmed by the BET (Fig. S1). Finally, it is found that electrostatic interactions are also an important adsorption
mechanism for the adsorption of MB on SFBA by investigating the effect of the initial value of pH on the adsorption capacity and pH,
value of SFBA.

pzc

4. Conclusion

In this study, the adsorption capacity and the adsorption mechanism of SFBA on MB were investigated. The results show that the
adsorption of MB on SFBA exhibited pH, initial concentration, contact time and temperature dependent behavior. At pH >pH,,, the
best adsorption effect of MB on SFBA is achieved with a maximum removal efficiency of 94.19 %. The adsorption process of MB on
SFBA with time follows well the pseudo-second order kinetic model, indicating that the adsorption mechanism is mainly chemi-
sorption. The adsorption process of SFBA towards MB with equilibrium concentration changing is more consistent with the Langmuir
isotherm model, and the maximum adsorption amount of SFBA is obtained as 1154.05 mg/g, which shows high adsorption perfor-
mance due to the presence of abundant functional groups (comparison with biochar from SFBA and other adsorbents are shown in
Table S1). The thermodynamic results illustrate that the adsorption of MB on SFBA is a spontaneous exothermic process. Furthermore,
after four cycles of adsorption and desorption of MB on SFBA, the adsorption capacity is essentially constant, indicating that SFBA has
good regeneration performance. Finally, combining the characterization and experimental results, the adsorption mechanisms of SFBA
towards MB include hydrogen bonding, electrostatic interactions, n — z interactions and pore filling. In summary, SFBA is a low-cost
adsorbent with high adsorption performance, simple process, good regeneration performance, easy availability and no secondary
contamination, which provides a novel option for the removal of high concentration organic dyes.
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