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KEYWORDS Abstract A new loofah-based biosorbent with high adsorption capacity for cationic dye was syn-
Adsorption; thesized by a one-step co-radiation grafting method. The successful grafting of sodium 4-
Electron beam irradiation; vinylbenzene sulfonate (SSS) onto loofah sponge (LFs) through electron beam radiation can signif-
Loofah sponge; icantly improve the remove capacity of methylene blue in wastewater. The biosorbent with a
Methylene blue; 409.67 mg/g of uptake capacity for methylene blue (MB), was higher than most of the loofah based
Sodium 4-vinylbenzene adsorbents reported. FT-IR, elemental analysis, XRD, SEM and TG were used to analyze the
sulfonate changes in the functional group composition, element content, morphology, thermal stability of

the obtained biosorbent. The pH, contact time, temperature and the effect of dosage on adsorption
were also investigated. The results showed that the adsorption behavior well accorded with the
pseudo-second-order kinetic and Langmuir adsorption model, which proved that the adsorption
was a single-layered and chemisorption process. The thermodynamic parameters suggested a spon-
taneous and endothermic process. XPS analysis confirmed a potential adsorption mechanism was
based on hydrogen bond interaction, electrostatic interaction and n-r stacking. Additionally, the
adsorbent owned outstanding reusability, which could be reused five times with a slight reduction
of removal rate. Overall, this research enriches the MB trapping agent and provides a new methods
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for the reuse of waste natural loofah sponge, and it will be a valuable research with the advantages
of low cost and less environmental pollution.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Water is an important resource for our survival and plays a vital role in
living environment (Li et al., 2018). However, industrialization activi-
ties have led to large amounts of water contaminants discharged into
the global water system. This inevitably leads to the serious depletion
of clean water resources. (Oun et al., 2021; Aldahash et al., 2022;
Anastopoulos and Pashalidis, 2019; Liang et al., 2020). Therefore,
the elimination of biological, inorganic, and organic contaminants
from waste water is of great importance.

With rapid industrial development, dyes are being extensively used
in food additives, textiles, cosmetics, as well as synthetic fields (Nnaji
et al., 2020; Li et al., 2019). However, the overuse of dyes has lead
to numerous environmental problems and human health problems
(Xu et al., 2018). The dye-containing wastewater could reduce the
transparency of water bodies, rendering the survival of aquatic animals
and plants difficult (Mu et al., 2022). In humans, the ingestion of dyes
can severely damage the digestive, nervous, and liver systems (Schio
et al., 2021a). Especially cationic dyes can easily interact with nega-
tively charged cells on membrane surfaces within body and enter into
cells. This situation causes some health problems (Duman et al., 2015).

Several approaches, such as membrane filtration, biological decom-
position, catalytic degradation, chemical oxidation and adsorption,
have been proposed for mitigating dye-containing pollutants in
wastewater treatment processes (Tunc et al., 2013; Alizadeh et al.,
2022; Zhao et al., 2018; Gautam et al., 2020; Schio et al., 2021b).
Among these approaches, the adsorption separation method was con-
sidered to be one of the most promising dye-containing wastewater
treatment processes because of its low cost, high-efficiency, and sim-
plicity (Han et al, 2022; Hassanzadeh-Afruzi et al, 2022;
Mehdizadeh et al., 2022; Akter et al., 2022).

Conventional adsorbents, such as activated carbon, used in dye-
containing wastewater treatment processes, exhibited enormous car-
bon footprint during the synthesis and application processes
(Tshikovhi et al., 2020). Therefore, environment-friendly and cost-
effective adsorbent with low carbon footprint and excellent perfor-
mance should be developed for sustainable use (Sakhiya et al., 2021).

Biomass exhibited tremendous potential as sustainable resource for
cleaning dye-containing wastewater (Mohammed et al., 2018). Loofah
sponge (LFs) is an inexpensive and renewable natural resource
(Siddiqui et al., 2018; Khadir et al., 2020a) that mainly contains lignin,
cellulose, and hemicellulose (Liatsou et al., 2017). LFs were vascular
bundles with a network-like structure and were typically cultivated
as a commercial crop in many countries (Mallampati et al., 2015).
Compared with other woody biomass, LFs exhibit unique porous
physical structure and excellent mechanical properties (Su et al.,
2018a) and were widely used in adsorbents (Su et al., 2018b). For
example, LFs-based composite adsorption materials have been used
in the adsorption of oily pollutants (Alvarado-Gomez et al., 2021),
dye wastewater (Nnaji et al., 2021), radioactive Uranium (VI) (Feng
et al., 2021), and heavy metal ions (Adewuyi and Pereira, 2017).

Generally speaking, raw LFs exhibited a low adsorption capacity
(Anastopoulos and Pashalidis, 2020). Therefore, preparing functional-
ized biosobent by grafting functional monomers on the cellulose skele-
ton of LFs is crucial for realizing effective dye absorption in
wastewater (Gedam and Dongre, 2016). Furthermore, the chemical
structure and surface charge of loofah sponge limit its cationic dye
removal efficiency. To overcome these problems, grafting-
modification techniques have attracted considerable research attention
(Chen et al., 2021). Among numerous modification methods, radiation

grafting is a mild, high-efficiency, and environmentally friendly tech-
nique (Zhao et al., 2021; Du et al., 2020) for preparing high-
efficiency adsorbents (Du et al., 2021; Hong et al., 2019). In this
research, the loofah-based functional biosorbent was prepared through
radiation grafting technique and investigated the adsorption perfor-
mance of environmental pollutants.

Sodium 4-styrene sulfonate (SSS) is a kind of strong anion elec-
trolyte, which can be as functional monomer to constitute grafted
functional polymer. SSS had been grafted to magnetic chitosan in
our previous study to uptake dyes (Chen et al., 2021). However, its
adsorption capacity is only 126.4 mg/g. Following our ongoing interest
in “green chemistry” for high concentration dye removal, a biosorbent
was prepared by PSSS grafted on the surface of LFs through radiation
grafting technique.

In this study, a facile, green and sustainable biosorbent was firstly
prepared through a one-step method via electron beam radiation. The
adsorption capacity was tested with cationic MB. Moreover, Consider-
ing multiple factors, this study conducted various experiments to opti-
mize adsorption conditions for MB uptake. Firstly, the absorbed dose
and concentration of the sodium 4-vinylbenzene sulfonate were investi-
gated. Then the impacts of initial concentration of MB, pH, tempera-
ture, contact time, adsorption isotherms, kinetics, thermodynamics,
regeneration performance and possible mechanisms were evaluated.
Results showed that the LFs-PSSS exhibited superior adsorption capac-
ity towards MB than most of the reported loofah based adsorbent.

2. Experimental section

2.1. Materials

LFs were obtained from a local luffa field (Hubei, China), and
sodium 4-vinylbenzene sulfonate (SSS, purity > 90 %) was sup-
plied by Bide Pharmaceutical Technology Co., 1td (Shanghai,
China). Analytically pure MB (purity > 98 %), rhodamine B
(purity > 98 %), Congo red, methyl orange (purity > 96 %),
hydrochloric acid (HCI, 36.0 ~ 38.0 %), anhydrous ethanol
(>99.5 %), and sodium hydroxide (NaOH, > 96 %) were
obtained from Sinopharm Chemical Reagent Co. Itd (Shang-
hai, China). The ultrapure water (18.25MQ-cm) were used
throughout the experiments.

2.1.1. Pretreatment of LFs

Alkali-activated LFs were prepared according to the following
steps. Firstly, LFs were cut into even pieces of dimensions
2 x 2 cm. Subsequently, LFs were repeatedly scrubbed with
clean water to remove adhering dirt. After drying for 5 h under
333.15 K and cooling natural. The LFs were poured into 5 %
(W/W) NaOH solution at 323.15 K for 3 h under continuous
stirring to remove lignin and enhance the hydrophilicity (Su
et al., 2018a). Finally, the LFs fibers were separated and
washed to stable pH with ultrapure water, then followed by
5 h drying at 333.15 K for subsequent use.

2.1.2. Preparation of LFs-PSSS

LFs-PSSS were prepared as follows: first, 2.0 g alkali-activated
LFs were accurately weighed and added to the plastic bag, and
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the bag was vacuum sealed to remove air. Next, 60 mL 20 %
(w/w) sodium 4-vinylbenzene sulphonate (SSS) solution was
nitrogen purged for 15 min to remove dissolved oxygen. Then,
the obtained SSS solution was added into plastic bag by syr-
inge. The sealed reaction system was subjected to irradiation
under an electron accelerator (1 MeV, Wasik Associates,
USA) at 20 kGy/pass (range, 20-240 kGy) at normal pressure
and temperature conditions (Chen et al., 2021). After irradia-
tion, samples were filtered and washed by ultrapure water
and anhydrous ethanol for several times, until all monomers
and homopolymer were removed. Next, the samples were dried
at 323.15 K for subsequent use. The route of LFs-PSSS prepa-
ration is illustrated in Scheme 1.
The grafting yield (GY) of LFs was calculated as follows
Egs. (1):
W

GY(%) = We = Wo

100° 1
o X 100% (1)

Where W, (g) and W,(g) are the weight of LFs and LFs-
PSSS, respectively.

2.2. Characterization of LFs-PSSS

The X-ray photoelectron spectroscopic (XPS) was character-
ized by a PHI5300 photoelectron spectroscopic (Thermo
Fisher Scientific, America), the binding energies were cali-
brated using the C 1 s as a reference (C 1 s = 284.6 eV). Four-
ier transform infrared (FT-IR) spectra was conducted via a
NICOLET 5700 spectrometer (Thermo Fisher Nicolet, Amer-
ica) by using KBr as back ground ranging from 4000 to
400 cm ™. The element contents was determined by a elemental
analyzer (Vario EL Cube, Germany). The morphology was
measured via a S-4800 scan electron microscopy (Hitachi,
Japan). The thermogravimetry analysis (TGA) was observed
by TG 209F3 (NETZSCH, Germany) under N, atmosphere
with a heating rate of 10 °C min~' between 30 and 700 °C.
The differential scanning calorimetry (DSC) was performed
by DSC200F3 (NETZSCH, Germany). Zeta potential was
measured by 90Plus PALS (Brookhaven, America). X-ray
powder diffraction (XRD) was performed on a LabX XRD-
6100 (Shimadzu, Japan).
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Scheme 1

2.3. Adsorption tests

The MB adsorption performance of LFs-PSSS was evaluated
through a serious of batch adsorption tests. The adsorption
properties were investigated using 20 mL MB as a model dye
at room temperature, and the optimal dosage for MB uptake
was considered to be 1.0 g/l LFs-PSSS. To explore the influ-
ence of pH on the uptake capacity, the pH value of MB varied
from 2.0 to 12.0, and 0.1 M NaOH or 0.1 M HCI was used to
adjust the pH of MB solution. The MB concentration at
664 nm was determined using a UV-vis spectrophotometer
(UV1901).

For evaluating adsorption kinetic data, kinetics studies of
MB (MB solution concentration 100-400 mg/L) sorption onto
LFs-PSSS were performed at various agitation times with
other parameters unchanged (pH = 7.0, T = 298.15 K).
Adsorption isotherm studies were conducted under diverse
original MB solution concentrations (range, 50-600 mg/L) at
298.15, 308.15, and 318.15 K (pH = 7.0, t = 360 min).

Each adsorption assay was conducted in duplicate to ensure
accuracy, Eqs. (2-4) were used to calculate the dye uptake
capacities (Q, mg/g) and the removal rate (R, %) of the MB
solution, respectively:

Q, — W (2)
0, = ()
m%:q*qu% (4)

0

Where Q; and Q. represent the adsorption capacity of LFs-
PSSS for methylene blue at time ¢ and equilibrium adsorption
capacity, respectively (mg/g). Furthermore, Cy, C, and C, rep-
resent the original MB solution concentration before adsorp-
tion, the remaining MB solution concentration at a given
time, and the MB solution’s equilibrium concentration, respec-
tively (mg/L). Here, m (mg) and 7 (mL) denote adsorbent
weight and MB solution volume, respectively, and R (%) rep-
resents the removal ratio of the MB solution by LFs-PSSS
after the adsorption was completed.

Schematic of LFs-PSSS preparation by using electron beam radiation.
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3. Results and discussion

3.1. Characterizations of LFs-PSSS

Fig. 1 displays the FT-IR spectra of LFs and LFs-PSSS. As
demonstrated in these spectra, the potent and multiple vibra-
tion peak of approximately 3423 cm™! reflected that O—H
existed within the polysaccharide fraction of LFs (Su et al.,
2018a). Strong vibration peaks were observed from the spectra
of LFs-PSSS at 3014 and 2942 cm ™!, which were related to the
stretching vibration of absorption peaks of hydrocarbons
within methyl and methylene. Compared to LFs, several novel
bands were observed form LFs-PSSS. Peaks observed at 1059
and 1145 ecm™' could be linked with the —SO3 group.

After grafting with PSSS, benzene ring bending vibration
was appeared at 761 cm~'. Furthermore, the typical benzene
ring skeleton vibration absorption was detected at 1456,
1490 and 1636 cm™'; Besides, the bands detected at 847 and
907 cm~!' were associated with the para-substitution of the
benzene ring (Chen et al., 2021; Gao et al., 2017; Babaei
et al., 2019). The appearance of the stretching vibration peaks
of C=C, the characteristic of benzene ring absorption, and S
group confirmed that LFs have been successfully modified with
PSSS through electron beam irradiation.

Elemental analysis (EA) is commonly used to determine the
elemental composition of materials. As showed in Table S1,
the carbon, nitrogen and sulfur content in LFs is lower than
raw-LFs. Especially, the contents of nitrogen and sulfur
decreased obviously after alkalization treatment, which was
attributed to the removal of lignin, proteins, flavonoids, gums
and other hydrophobic compounds on the surface of LFs (Su
et al., 2018b). A further decrease in nitrogen content and
increase in carbon and hydrogen content indicates that SSS
was successfully grafted onto the LFs surface.

XRD patterns for LFs, LFs-PSSS, and LFs-PSSS-MB are
presented in Fig S1. The results demonstrate that the XRD
pattern of the LFs, LFs-PSSS, and LFs-PSSS-MB were all
exhibited broad peaks, which represented the features of amor-
phous substances. The broad peaks were observed around 16°
and 22° was attribute to the amorphous structure of LFs.
(Schio et al., 2021b).

T(%)
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Fig. 1 FT-IR spectra of LFs (a) and LFs-PSSS (b).

The peaks of LFs-PSSS shifted to 17° and 22° and the rel-
ative intensities decreased due to the grafting of sodium 4-
vinylbenzene sulfonate. This infers that grafting has resulted
in the decrease in the peak intensity of grafted sample. It has
been observed that the incorporation of sodium 4-
vinylbenzene sulfonate to the backbone impaired the crys-
tallinity of the fiber. (Gupta et al., 2013) Therefore, on graft-
ing, percentage crystallinity decreases with reduction in
stiffness and hardness. For LFs-PSSS and LFs-PSSS-MB,
the LFs peak overlapped with others. During the adsorption
process, the disorder arrangement of amorphous materials
was considered positive because of more adsorption sites
(Schio et al., 2021a).

Fig. 2 displays the morphology of raw-LFs, LFs and LFs-
PSSS. It is obviously observed that the surface of the raw-LFs
is very rough, and even some flaky impurities were attached to
the loofah fibers. Notably, after alkali treatment, LFs fibers
reveal that a multi-directional array forms mat-like morphol-
ogy,and small holes, cracks as well as ravine-like fissures were
exist on the fiber surface, which is highly conducive for adsor-
bents within water solution. (Khadir et al., 2020b). This rough
structure can effectively increase the specific surface area of
loofah and facilitate surface modification. After grafting SSS,
the fiber of LFs was notably thicker, with increasingly smooth
irregular surface. Based on surface morphological and colour
change, the grafting of SSS on LFs was revealed upon irradi-
ation of high-energy electron beams.

TGA was used to investigate the thermostability of the as-
obtained samples (Schio et al., 2021; Chen et al., 2021). Fig. 3a
displays TGA and DSC curves of LFs and LFs-PSSS. Nota-
bly, LFs-PSSS is thermally degraded in three stages. In stage
1 (T < 265 °C), LFs were degraded slightly compared with
LFs-SSS. Which could be related to the weight loss at approx-
imately 100 °C because of adsorbed water losses (Adewuyi and
Pereira, 2017; Gupta et al., 2013). The original weight loss at
T > 100 °C could possibly be attributed to water molecular
loss,while the degree of degradation above 200 °C may be
based on hemicellulose components and thermally unstable
cellulose production. In stage 2, (265480 °C), the organic
components of LFs-PSSS decomposed to char and volatiles.
LFs-PSSS exhibit a 51 % weight loss at 265480 °C, while
LFs exhibits a 62 % weight loss. In stage 3, (480 to 800 °C),
cellulose and hemicellulose disintegrated into char. Therefore,
LFs-PSSS revealed an increased thermostability following
radiation grafting because SSS polymer chain with thermosta-
bility was introduced.

Fig. 3b displays the DSC curves of LFs and LFs-PSSS.
Endothermic peaks were observed at 95 and 106 °C,
respectively. The peak was slightly shifted after grafting
with SSS, which was related to the glass transition that
allows the mobility between amorphous polymers (Schio
et al., 2021).

Fig. 4 displays the XPS spectra of LFs-PSSS before and
after methylene blue adsorption. Notably, key elements were
existed on LFs-PSSS before and after adsorption. According
to Fig. 4a, XPS scanned spectra of LFs-PSSS displayed novel
peaks of S 2p and Na 1 s signals, which resulted from the exis-
tence of sulphur and sodium atoms within their grafted SSS
chain. These results further verified that SSS was successfully
grafted onto the LFs surface. After adsorption, Na | s peaks
disappeared, which attributed to the chloridion in MB was
reacted with the sodion in LFs-PSSS.
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Fig. 2 SEM images of raw-LFs (A-D), LFs (E-H) and LFs-PSSS (I-L).
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Fig. 3 TG curves (a) and DSC curves (b) of LFs and LFs-PSSS.

Generally speaking, when an atom is combined with more
electron-conjugated groups, the binding energy of the inner
electrons decrease due to the increase in the density of the
outer electrons (Men et al., 2021). The Cls spectra of LFs-
PSSS before and after MB adsorption (Fig. 4b) were shifted
from 284.81, 286.47 and 287.68 eV to 284.73, 286.04 and
287.10 eV, indicated that the benzene ring in adsorbent
receives electrons from the MB molecule, which validated -
7 interaction is formed between them (Shi et al., 2020).

The Nls spectra were represented in Fig. 4c, the peaks at
399.98 and 401.61 eV removed to 399.55 and 401.87 eV, sug-
gesting that N was participated in the MB adsorption through
the electrostatic interaction between = N (CH;), and -SO™.
Fig. 4d shows the O 1 s spectra, the peaks of O 1 s present
at 532.44 and 533.29 eV shifted to 532.30 and 533.14 eV, the
binding energy were quite similar, indicated that O atoms basi-
cally were not involved in the reaction. It can be clearly
observed from the Fig. 5e that S2p were deconvoluted to
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Fig. 4  XPS spectra of LFs-PSSS before and after MB uptake; Survey scans (a); high-resolution scans for Cls peaks (b); N1s peaks (c);

Ols peaks(d); S2p peaks (e).

two significant bands at 168.01 and 169.06 eV, shifted to
167.53 and 168.56 eV, and a new peak at 164.59 eV appeared
in the S2p spectrum after MB adsorption, indicated that the -
SO; was introduced into the biosorbent after the MB
adsorption.

3.2. Effect of SSS concentration

Sodium 4-vinylbenzene sulfonate (SSS) concentration were
investigated for achieving the optimal adsorption efficiency.
The effect of SSS concentration on GY was investigated at
an absorbed dosage of 200 kGy (Fig. 5). The GY elevated to
its maximum till the concentration of SSS at 20 wt%. Further-
more, the adsorption capacity exhibited an increasing trend as
the SSS concentration increased (Chen et al., 2021). The result

shows that, the concentration of SSS 20 wt%, grafting rate
40.45 %, and absorbed dosage 200 kGy were considered to
be the best conditions for preparing LFs-PSSS.

3.3. Effect of absorbed dose

For attaining the highest adsorption efficiency, the absorbed
dose was analyzed. Notably, the absorbed dose is a critical fac-
tor during grafting, which could intuitively determine the
active radical center number and considerably affect grafting
efficiency (Du et al., 2021).

The effects of grafting efficiency and adsorption capacity
under the condition of radiation absorbed dose ranging from
20 to 240 kGy (dose rate 20 kGy/pass) were studied. Fig. 6 dis-
plays GY and adsorption capacity against the absorbed dose.
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Fig. 6 Changes in the adsorption capacity and grafting rate
depending on the absorbed dose (dose rate = 20 kGy/pass, SSS
20 wt%, contact time = 24 h; Cy = 300 mg/L; pH = 7).

In the range of 20-200 kGy absorbed dosage, adsorption
capacity increased, which subsequently decreased after the
absorbed dosage exceeded 200 kGy. Typically, the maximal
adsorption capacity (275.6 mg/g) was obtained at 200 kGy.

The increased absorbed dose indicates a higher number of
free radicals, as well as more SSS monomers grafted onto
LFs, it was able to increase the adsorption capacity. For co-
irradiation grafting polymerization, the greater absorbed
dosage could induce more homopolymer (PSSS) generation.
Thus, when absorbed dosage > 200 kGy, the adsorption
capacity decreased. Therefore, 200 kGy was chosen as the opti-
mal radiation dose.

3.4. Effect of pH and zeta potential

The pH considerably affects the absorbent’s ionization degree,
surface charge, active sites and adsorbent structure. Thus, the
effect of pH on uptake capacity was investigated. Fig. 7a

displayed the adsorption capacity of LFs-PSSS for MB and
its zeta potential at pH 2.0 to 12.0 at 298.15 K. Notably, a
rapid increase appeared in MB uptake with the increase of
the MB solution pH. For LFs-PSSS, when the pH was 7, its
adsorption capacity reached 275.26 mg/g. Furthermore,
adsorption capacity revealed no significant increase when the
pH increased continuously. Therefore, in this study, pH = 7
was used in subsequent experiments. However, LFs exhibited
lower adsorption capacity throughout the whole pH range,
especially when the pH < 3.

For the purpose of further investigating the adsorption
mechanism, the zeta potential was measured to examine the
surface charges of LFs and LFs-PSSS at pH 2.0-12.0, respec-
tively. Fig. 7b displayed the zeta potential curves for LFs and
LFs-PSSS. LFs was exhibited a pHzpc (pH at zero-point
charge) of 3.0. For LFs, the positive surface potential can be
associated with hydroxyl protonation based on hemicellulose
and cellulose. After the introduction of polyanionic electrolyte
SSS onto LFs, the zeta potential of LFs-PSSS was much lower
than that of LFs in the entire pH range, which indicated the
successful grafting of SSS (Shi et al., 2020). As pH elevates,
zeta potentials become negative and decrease, resulting in
LFs-PSSS exhibiting high density of negative charges. The
increase in pH was beneficial to deprotonation. Thus, the
adsorption of electrostatic interaction-based cation dyes was
facilitated. This phenomenon is consistent with XPS results.

3.5. Dosage of LFs-PSSS

The effect of adsorbent dosage was also investigated in this
research. Notably, LFs-PSSS achieved a high adsorption effi-
ciency, especially at the lower concentration. According to
Fig. 8, when the LFs-PSSS concentration increased within
0.5-2.5 g/L, MB removal efficiency gradually increased from
43.58 % to 93.31 %. However, the adsorption capacity gradu-
ally decreased from 439.41 to 188.16 mg/g because with the
increase in the dosage of adsorbent, the number of active sites
in the adsorbent increased, which enhanced removal efficiency.
However, excessive active sites of the adsorbent were observed
at high dosage, which lead to a decrease in the adsorption
capacity for each adsorbent (Chen et al., 2021). Considering
both the adsorption capacity and removal efficiency, the
1.0 g/L LFs-PSSS was considered to be the optimal dosage
for adsorbing MB.

3.6. Initial concentration and adsorption isotherm

The effect of initial concentration was investigated in this
study. According to Fig. 9a, as the initial concentration of
MB increased, the adsorption capacity increased rapidly at
first, and subsequently increased slowly. Finally, the adsorp-
tion equilibrium was achieved. The higher the temperature is,
the more obvious this trend is. An adsorption capacity of
409.67 mg/g can be achieved at 318.15 K.

To investigate the relationship of the initial concentration
of MB solution with adsorption capacity at various tempera-
tures, the adsorption isotherms were studied. Adsorption iso-
therms were conducted at three temperatures (298.15, 308.15,
318.15 K) with diverse initial MB concentrations (50-600 mg-L"
1. The mixed sample was shaken for 24 h to ensure equilib-
rium adsorption. Langmuir (Zhang et al., 2022) and
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Fig. 8 Effect of LFs-PSSS dosage on adsorption capacity and
removal rate (dose rate 20 kGy/pass, SSS 20 wt%, contact
time = 24 h; C, = 500 mg/L; pH = 7).

Freundlich models (Li et al., 2021) were used to investigate
adsorption isotherms, as follows:

_ QmKLCl’
Qe - 1 +KLCe (5)
Q, = KrC)" (6)

where Q. (mg-g™!) and C. (mg:L") represent adsorption
capacity and MB concentration under equilibrium respec-
tively; Ki (L/mg) is the Langmuir constant, Q,,, (mg/g) is max-
imal MB adsorption; 1/n represents the heterogeneity factor,
and Kp (mg"V".L'".g~") denotes the Freundlich constant
(indicating adsorption level).

The isotherm curves of MB onto LFs-PSSS were displayed
in Fig. 9b. Langmuir and Freundlich were used to fit the
adsorption isotherm (Fig. 9c-d). Table 1 displays the obtained
adsorption isotherm parameters. Langmuir exhibited an
increased linear correlation (R* > 0.99) compared with Fre-
undlich (R*<0.86). Thus, a higher fitting degree of the Lang-
muir model revealed that MB adsorption onto LFs-PSSS
was close to a monolayer process. Similar findings were
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(a) Effect of initial pH on the MB adsorption of LFs and LFs-PSSS; (b) The pH dependence of Zeta potential for LFs and LFs-
20 kGy/pass, SSS 20 wt%, Cy = 300 mg/L; contact time

24 h).

reported for various adsorbent-methylene blue systems in liter-
ature (Duman et al., 2016; Duman et al., 2020). At 318.15 K,
the calculated maximum adsorption capacity was 416.67 mg/g,
which is very close to the experimental result of 409.67 mg/g.

3.7. Contact time and adsorption kinetics

As shown in Fig. 10(a), when at the low initial concentration of
MB, the adsorption was reached equilibrium quickly. With the
increase of the MB initial concentration, the time for adsorp-
tion to reach equilibrium is prolonged. This phenomenon
was more obvious with the higher of the initial concentration
of MB. This might be attributed to the following reasons.
Firstly, when the surface adsorption sites of the LFs-PSSS
were occupied, MB molecules take longer to reach the interior
sites; Next, as the adsorption capacity increased, electrostatic
repulsion occurs between the MB being adsorbed and unab-
sorbed, leading to the adsorption resistance of MB.

For further exploring the adsorption behavior and rate-
control steps, three kinetic adsorption models were investi-
gated(Fig. 10 c-d). Samples were obtained at specific intervals
and tested for remaining MB concentration. The adsorption
kinetics of MB onto LFs-PSSS were analyzed with pseudo-
first-order (Khadir et al., 2020a), pseudo-second-order
(Franco et al., 2021), and particle diffusion (Shi et al., 2020)
models, respectively. The three Kinetic models were presented
in Table S2.

Obviously, as showed in Table 2, the R? obtained from the
pseudo-second-order model was larger than that from the
pseudo-first-order model. Based on the aforementioned find-
ings, chemisorption was controlled MB adsorption onto
LFs-PSSS. This result is consistent with literature (Ayranci
et al., 2009; Duman et al., 2020).

In this study, the intra-particle diffusion model was applied
to analyse the kinetics as well as the diffusion mechanism for
adsorption. Fig. 10(d) reveals that adsorption was affected
by three stages. Table S3 displays data extracted based on lin-
ear fit plots for the model. The values of C;, C, and C; # 0,
indicating that no single intra-particle diffusion was observed
among the three stages. The three-stage diffusion was corre-
sponded to outer membrane or boundary layer diffusion, pore
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Fig. 9 The effect of initial concentration in LFs-PSSS adsorption (a); The isotherm curves of MB onto LFs-PSSS (b); linearised
Langmuir (c) as well as Freundlich (d) isotherm model with different temperature.

Table 1 Isothermal parameters of MB onto LFs-PSSS.
Adsorption isotherm model Parameters Temperature (K)
298.15 308.15 318.15
Langmuir Om(mg/g) 395.23 395.26 416.67
K1 (L/mg) 0.0966 0.1501 0.3200
R? 0.9962 0.9956 0.9983
Freundlich Kp(mg! '/ Ln.g~1) 101.27 130.13 166.62
n 3.7438 4.4946 5.2612
R 0.8670 0.8434 0.7988

diffusion, and adsorption—desorption equilibrium, respectively
(Li et al., 2020). As presented in Table S3, the first stage
described the boundary layer diffusion of MB, it was a fast
transient adsorption. Stage 2 involved gradual adsorption,
and MB molecules diffuse within the particle through the
grafted PSSS. The intra-particle diffusion process reached
the equilibrium stage because of the decreased MB concentra-
tion in solution as well as the reduced number of adsorption
active sites.

3.8. Adsorption thermodynamics

The effect of temperature on the adsorption were investigated.
The thermodynamic parameters and values of MB onto LFs-
PSSS at various temperature and concentration were presented
in Table 3. Based on the results, an increased temperature led
to a higher adsorption capacity, which indicated that MB
adsorption by the adsorbent belonged to an endothermic reac-
tion. The determined entropy change AS (J-mol™' K™Y,
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Fig. 10  (a) Curves displaying MB adsorption dynamics on LFs-PSSS; (pH = 7, T = 298.15 K) Simulated plots of pseudo-first-order;

(b) and pseudo-second-order (c) models;(d) MB intra-particle diffusion model onto LFs-PSSS.(pH = 7, C, = 400 mg/L).

Table 2 Kinetic parameters of two models regarding MB adsorption at 298.15 K.

Adsorption kinetics models Parameters Initial dye concentration (mg/L)
100 200 300 400
Pseudo-first-order Ge.cxp(mg/g) 97.92 195.88 271.91 328.32
e cal(Mg/g) 97.45 191.50 264.00 313.61
fey(min~") 0.0239 0.0175 0.0145 0.0161
R’ 0.9964 0.9755 0.9576 0.9426
Pseudo-second-order Ge.exp(Mg/g) 97.92 195.88 271.91 328.32
Ge.cal(mg/g) 105.15 223.21 318.47 378.79
ka(x107) (gmg~'-min~") 0.4305 0.0995 0.0521 0.0474
R? 0.9979 0.9978 0.9939 0.9928

enthalpy change AH (kJ-mol™"), and Gibbs free energy change
AG (kJ-mol™!) according to the following equations (Hong

et al., 2019):

Qey_ _AH 1 AS

1 ItV Wi
(e RT TR

AG = AH — TAS

(10)

(11)

Table 3 displayed the calculated values for thermodynamic
parameters, AG had a negative value, which implied the spon-
taneous and thermodynamically favourable process of MB
adsorption onto LFs-PSSS. Furthermore, AG value decreased
as the temperature increased, which indicated that an increase
in temperature is conducive to the spontaneous progress of the
adsorption reaction.
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Table 3 Calculated adsorption thermodynamic data of MB onto LFs-PSSS.
Concentration (mg/L) T(K) In(Q./C.) Thermodynamic parameter
AH (kJ-moL") AS (J-moL.K™") AG (kJ-moL") R
200 298.15 3.38 73.21 274.17 —8.38 0.9865
308.15 4.53 —11.60
318.15 5.23 —13.85
300 298.15 2.24 75.42 295.38 —5.56 0.9346
308.15 2.80 —7.17
318.15 4.17 —11.02
400 298.15 1.52 32.80 122.16 —3.71 0.9350
308.15 1.76 —4.52
318.15 2.36 —6.24
308.15 0.68 —1.73
318.15 2.15 —5.69

The positive AS indicated that the adsorption is random on
the surface of LFs-PSSS. Furthermore, MB adsorption
increased the freedom degree of the entire system. Here, AH
exhibited a positive value, thus, the endothermic adsorption
process was achieved only at a high temperature. This result
was associated with the increased active sites at a high temper-
ature (Li et al., 2020).

3.9. Adsorption mechanism

The possible mechanism of MB uptake is illustrated in
Fig. 11 According to the result of experiment, MB adsorp-
tion can be assigned to a monolayer chemisorption process.
Furthermore, pH, zeta potentials, FT-IR and XPS analysis
were revealed that the electrostatic interaction was involved
in the process of adsorption. Besides, the aromatic rings

with conjugated double bonds could lead to the possibility
of m-n stacking (Fu et al., 2020). According to the FT-IR
spectra of LFs-PSSS/MB (Fig. S2), we can clearly see that
the peaks at 1334 and 1056 cm™! was assigned to C—S
stretching of MB, which implies MB has been successfully
adsorbed on the surface of the LFs-PSSS. The band at
1636 cm™! of LFs-PSSS was attributed to the typical ben-
zene ring skeleton vibration absorption. However, it was
moved to 1601 cm™' after MB adsorption, which could
be due to the m-n stacking formed between the LFs-PSSS
and MB, and the results were consistent with the character-
ization of XPS. The hydrogen bonds interaction also plays
a part role in promoting the adsorption of MB by LFs-
PSSS. Altogether, the hydrogen bonding, electrostatic inter-
action, and =w-m stacking interaction are proposed as the
possible mechanism for MB uptake.
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Fig. 11

Possible adsorption mechanism of MB onto LFs-PSSS.
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Fig. 12 Adsorption-desorption cycles of LFs-PSSS.

The atomic percentage beofore and after MB capture by
XPS was showed in Table S4, Element content of N revealed
that the original adsorbent contains almost no N element.
After MB adsorption, the content of N element increases from
0.04 % to 3.22 %, which is mainly caused by the N in MB
molecule, indicating that MB has been successfully adsorbed
by LFs-PSSS.

3.10. Other dyes adsorption

To investigate the adsorption selectivity of LFs-PSSS, other
dyes such as, Congo red, methyl orange, and rhodamine B
were adsorbed for comparison. According to Fig.S3, LFs-
PSSS exhibited favourable adsorption performance for catio-
nic dyes. However, no adsorption was observed on anionic
dyes. Moreover, its adsorption for Congo red, methyl orange
and rhodamine B reached 11.59, 9.85 and 86.34 mg/g, respec-
tively, at 298.15 K.

3.11. Desorption and regeneration

Reusability is one of the key indicators to evaluate whether an
adsorbent is suitable for practical application. Experiments
revealed that the LFs-PSSS blocks adsorbent could be easily
separated from solutions by physical means through a tweez-
ers. The desorption of MB from LFs-PSSS was conducted
by immersing the LFs-PSSS-MB in 10 % NaCl solution under
continuous stirring for 3 h at room temperature. Fig. 12 shows
the removal rate of MB with the increasing cycle times, due to
the adsorbent loss during recycles. Notably, the removal rate
were all over 85 % after three-time recycles, what’s more,
the removal rate could still > 70 % after five cycles. The
results provided sufficient evidences that the biomass deriva-
tives of LFs-PSSS prepared in this study has outstanding
reusability.

3.12. Comparison of loofah-based adsorbents of M B adsorption

For verifying enhancement of LFs-PSSS adsorption perfor-
mance following radiation modification, the uptake capacity
of LFs and LFs-PSSS were investigated in this study. 20 mg
LFs and LFs-PSSS were added into 20 mL of MB solution
with different concentration (pH = 7.0, T = 298.15 K) in a
clear glass bottle. Then, the mixed sample was transferred into
the thermostat shaker, shaked for 24 h, followed by filtering
and measurement of eventual MB concentration. According
to Fig. 13a, LFs-PSSS exhibited a threefold adsorption capac-
ity compared with LFs, which indicated that LFs-PSSS exhib-
ited high adsorption performance for MB. Fig. 13b displays
the UV-vis absorption spectra of MB solution after absorp-
tion by LFs and LFs-PSSS. The MB solution absorbance
declined substantially, which indicated that MB molecules
were mostly eliminated by LFs-PSSS. According to the colour
image of the dye solution, the MB could be efficiently removed
by LFs-PSSS.

Table 5 compares MB removal efficiency from the perspec-
tives of maximal adsorption capacity (Qmax) of LFs-PSSS for
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a) The adsorption capacity of LFs and LFs-PSSS under diverse concentration; b) UV—-vis absorption spectra of MB solution

after LFs and LFs-PSSS absorption, inset picture reveals the MB solution of the original MB solution (a) with LFs(b) and with LFs-SSS

(c) diluted to 10 mg/L.
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Table 5 Comparison of LFs-PSSS and other loofah-based adsorbents over MB.

Loofah based adsorbents contact time pH Temperature QOnax of MB (mg/g) Reference
LFs-PSSS 360 min 7.0 318.15 K 409.67 This work
Cellulose isolated from Luffa cylindrica 120 min 7.3 298.15 K 36.20 Oun et al., 2021
loofah-based porous carbons 120 min = 288.15 K 210.97 Li et al., 2017
LF-g-PAA composite 25 h 7.3 298.15 K 180.20 Liang et al., 2020
Reduced graphene oxide modified luffa sponge 250 min 7.0 298.15 K 63.32 Li et al., 2015
Biomass fiber -Luffa cylindrica 20 min 5.8 293.15 K 49.46 Boudechiche et al., 2016
Luffa cylindrica fibers 120 h — 293.15 K 49.00 Demir et al., 2008
Acrylic acid grafted cellulosic Luffa cylindrical fiber 250 min 7.0 318.15 K 62.15 Gupta et al., 2013
Luffa peels 240 min 4.0- 308.15 K 124.00 Mallampati et al., 2015
10.0
MB with other loofah based adsorbents in literature. Due to Acknowledgment

the loofah based adsorbents modified with different monomer
revealed distinct structural characteristics, such as chemical
composition, specific surface area and functional groups, their
adsorption performance also exhibited considerable difference.
Overall, LFs-PSSS outperformed the majority of other loofah-
based adsorbents. The superb adsorption performance of LFs-
PSSS could effectively absorbed M B, because the grafted PSSS
was a polyanion electrolyte, that makes the adsorbent take a
large number of negative charges, so cationic dyes could be
adsorbed through electrostatic interaction.

4. Conclusions

In this study, an anionic functionalised LFs-PSSS was prepared by
grafting SSS onto LFs fibers through electron beam radiation. The
obtained LFs-PSSS exhibited potent MB adsorption capacity, and
its adsorption capacity reached 409.67 mg/g at 318.15 K, which was
superior to most of other luffa-based adsorbents. The adsorption pro-
cess was pH controlled, and the optimal pH was 7.0. According to the
adsorption experimental results, MB adsorption can be accurately
described by using Langmuir isotherm and pseudo-second-order
kinetic models. Typically, n-r interaction and hydrogen bonds interac-
tion plays a vital role in promoting the adsorption of MB, associated
with the electrostatic interaction of -SO3 with = N (CH3),. According
to thermodynamic parameters, MB adsorption was an entropy-driven
endothermic process. In addition, the biosorbent exhibited excellent
reusability. Altogether, electron-beam-radiation-based modification
can efficiently enhanced the adsorption ability of LFs, LFs-PSSS might
serve as an eco-friendly adsorbent in dye-containing wastewater
treatments.
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