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ABSTRACT

The excessive discharge of dye wastewater present certain hazards to human health and the envi-
ronment. The removal of dyes from the aquatic environment is vital necessary. In this paper, a qua-
ternized bamboo fiber (QBF) was successfully prepared by radiation induced graft-polymerization
and further modification. The QBF was characterized by thermogravimetric, infrared and scanning
electron microscopy analyses. The adsorption of methyl orange dye (MO) by the QBF was studied
under different conditions. The adsorption kinetic study indicated that the adsorption was followed
by pseudo-second-order model and the saturation equilibrium was reached in 60 min. The adsorp-
tion isotherm was well obeyed the Langmuir model with a maximum theoretical adsorption capac-
ity of 555.56 mg/g. The QBF can be effectively desorbed by 1 M HCI and reused. Therefore, the
QBF prepared using the radiation technique can be potentially applied to the removal of MO dye

in wastewater.
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1. Introduction

With the continuous development of printing, leather,
textiles, paper, plastics, and rubber industries, dye pollut-
ants have become one of the main sources of water pollution.
The discharge of dye wastewater from various industries
is a great threat to the human body and the environment.
Azo dyes, characterized by an azo bond (-N=N-), consti-
tute 60%-70% of organic dyes [1,2]. Methyl orange (MO), a
typical azo dye, is not only used as an acid-base indicator
for chemical products in industrial and agricultural pro-
duction, but also used as a dye in the printing and dyeing
industry. Due to the distinct color of azo dye wastewater, it
can adversely affect the photosynthesis of plants in the eco-
logical environment. Furthermore, when water source are
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contaminated, the associated low toxicity will also accu-
mulate in human society, and causing potential harm [3].

Currently, numerous methods are known for treating
dye wastewater, including membrane filtration [4], elec-
trochemical oxidation [5,6], biological treatment [7], coag-
ulation [8], and degradation etc. [9,10]. However, most of
the above methods come with several drawbacks such as
complexity, high energy costs, time-consuming, and the for-
mation of by-products [11]. In contrast, adsorption offers
advantages such as simple design and operation, high
removal efficiency, low operational cost, and no pollution,
making it particularly suitable for treating low concentration
wastewater [12,13].

Various adsorbents including activated carbon, biochar,
polymers and resins, clays and minerals, bio-adsorbent,
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nanoparticles are employed for MO adsorption [14-18].
Especially, low-cost biomass are being considered as prom-
ising adsorbents because of the low-cost, reusable and biode-
gradable [19]. Bamboo cellulose, derived from an abundant
and renewable resource, possesses numerous advantages
such as low cost, natural biodegradable, and loose struc-
ture. In recent years, bamboo has been converted to acti-
vated carbon or bamboo charcoal, which is recognized as
one of the most lucrative adsorbents [20-22].

However, the chemical structure makes bamboo low
reactivity, with fewer functional groups, resulting in a weak
adsorption capacity for natural cellulose. This limitation
restricts its application in the adsorption field. Therefore,
addressing the enrichment of functional groups of bamboo
becomes a matter of deep concern, crucial for providing bam-
boo with promising prospect in environmental fields [23].

Dual functional monomer like 3-diethylaminopropyl-
amine monomer (DEAPA) are attractive due to their combi-
nation of an epoxy reactive primary amine and a positively
charged tertiary amine [24]. The primary amine can easily
undergo ring opening with epoxy groups. For this reason,
DEAPA can easily immobilized on epoxy group modi-
fied substrate, thus make tertiary amine becomes a func-
tional group fixed on the surface of the substrate [25,26].
The tertiary amine grafted material has been demonstrated
to exhibit a strong affinity towards dye molecules [27].

Glycidyl methacrylate is a commercially available vinyl
monomer which contains an oxirane group. In our previous
study, cellulose modified with glycidyl methacrylate (GMA)
was prepared using the electron beam radiation technique,
and followed by additional modification. The modification
endowed the cellulose substrate with a specific adsorption
ability for heavy metals [28], gold ions [29], phosphate [30],
radioactive nuclei [31,32], semi-metals [33], and dyes [34].
Compared to traditional chemical modification methods,
radiation induced graft polymerization provides an attrac-
tive approach for modifying the physicochemical properties
of polymer materials. Radiation induced graft polymeriza-
tion has numerous advantages including being relatively
easier to operate, more environmentally friendly, operat-
ing at room temperature, requiring no poisonous chemi-
cals, and high grafting rate [35-37].

In this paper, bamboo fiber grafted with GMA through
radiation induced graft polymerization was employed as a
substrate. Following the ring-opening reaction with DEAPA
and subsequent quaternization reaction, the resulting qua-
ternized bamboo fiber (QBF) was prepared. It is expected
to remove methyl orange (MO) quickly and effectively
from aqueous solution.

2. Experimental set-up
2.1. Materials

Bamboo was collected from Phyllostachys pubescens
(Xianning City, Hubei, China), then split into very thin
strips. The bamboo fiber (BF) was obtained after treating
the bamboo strips at 100°C in a 1 M NaOH solution for 1 h.
GMA, Tween 20, DEAPA, iodomethane, and methyl orange
(MO) were supplied by Macklin Chemical Reagent Limited
Corporation (China). The molecular structure of MO is
shown in Fig. 1.

2.2. Preparation of QBF

The QBF were synthesized using the electron beam radi-
ation induced grafting technique, and the synthesis route
is illustrated in Fig. 2. The procedure was similar to that
reported by the study of Du et al. [38,39]. Firstly, the GMA
emulsion aqueous solution contains 30 wt.% GMA and the
emulsifying agent (3 wt.% tween 20) was bubbled with N,
for 30 min to remove oxygen. The dry BFs (2 g) was pouched
into a vacuum sealed polyethylene bags. GMA emulsion
with 30 mL was injected into the bags using a syringe. The
bags were irradiated by electron beam under the acceler-
ator (Wasik Associates INC, USA) at 1 MeV. The irradia-
tion delivered a dose of 10 kGy/pass and the total dose of
60 kGy. After irradiation, the GMA grafted BF (BF-GMA)
was obtained after washing and drying. The mass increase
ratio before and after grafting was 265.6 wt.%.

Secondly, 0.5 g BF-GMA was immersed in a 50 mL aque-
ous solution containing 15 mL DEAPA. Then the reaction
maintained 6 h at 80°C. After reaction, the excess unreacted
DEAPA was removed by pure water to obtain BF-GMA-
DEAPA. The mass increase ratio before and after reaction is
24 wt.%.

Finally, the BF-GMA-DEAPA was quaternized in a solu-
tion (3 mL iodomethane and 47 mL H,0) for 24 h at 30°C
and kept in a dark place. After washing and drying to a
constant weight, the QBF was obtained.

2.3. Characterization

Thermogravimetric (TG) analysis was employed to test
the thermal stability using a TG290F3 Instrument of Netzsch

Fig. 1. Molecular structure of methyl orange.
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Fig. 2. Preparation route of quaternized bamboo fiber.
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at the temperature from 20°C to 600°C under N, atmosphere.
Fourier-transform infrared spectroscopy (FTIR) spectra
were analyzed on Spectrum Two (PerkinElmer, USA) with
the wavenumber range 4,000-400 cm™. Scanning electron
microscopy (SEM; TESCAN Vega3, Czech) was used to
observe the surface morphologies of materials. Zeta poten-
tial was measured with a 90Plus PALS system (Brookhaven
Instruments Corp., USA).

2.4. Analysis of dye concentration in test solution

The concentrations of MO were measured using a
UV-Vis spectrophotometer (UV-1800PC, Aoyi Instruments
(Shanghai) Co., Ltd., China) at the wavelength of 468 nm.

2.5. Batch adsorption experiments

The investigation of different factors such as pH, con-
tact time, dosage, and initial concentration on adsorption
capacity was conducted following a very similar procedure.
For the pH effect study, QBF with a mass of 0.05 g was put
into 50 mL, 50 mg/L MO aqueous solution, and shaken at
120 rpm at 25°C for 24 h. After adsorption, the supernatant
was filtered with a 0.45 pm filter. In the studies of different
adsorption time (¢) and isotherm studies, a mass 0.03 g was
utilized. For isotherm studies, the initial MO concentration
were varied from 100 to 1,000 mg/L to achieve equilibrium
adsorption. In the ionic strength study, the molar ratio of
NaCl/MO varified from 1:1 to 1:1,000. The adsorption capac-
ity (Q) and removal efficiency of MO onto the QBF were
calculated using Egs. (1) and (2):

(C,-C )V
Q=—""7"7" O
m
Removal % = GG x100 2)

0

where C, and C, represent the concentration before and
after adsorption. V (L) represents the volume and m (g) was
the QBF weight. The experiments was conducted parallel
sample and the averaging was used.
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3. Results and discussion
3.1. Characterization

FTIR analysis was carried out to verify the grafting and
modification of BF by DEAPA, which is depicted in Fig. 3a.
For BF, the bands at 2,898 and 1,050 cm™ were attributed to
C-H and C-O bonding, respectively. After GMA grafted,
two sharp bands at 1,729 and 909 cm™ assigned to C=O band
and epoxy group of GMA appeared, confirming the suc-
cessful grafting of GMA on BF [29,30,40]. After ring-open-
ing reaction, the bands at 1,571 cm™ was corresponded to
the N-H band of DEAPA [41]. In the QBF sample, the band
at 1,640 cm™, the characteristic band of quaternary nitro-
gen appeared, indicated the tertiary amine of was con-
verted into the quaternary ammonium group [42,43].

Fig. 3b shows the TG curves of BF and DEAPA mod-
ified BF. BF showed a high decomposition temperature
beyond 300°C with a one-step weight loss. BF-GMA began
to decompose at 300°C. BF-GMA-DEAPA and QBF began
to decompose at 250°C, showing multiple loss zones. The
results showed that the thermal stability of BF decreased
after modification, however, it remains adequate for use in
water environmental disposal.

Fig. 4 shows the SEM micromorphology of BF and mod-
ified BE. The surface images of BF depicted an order and
smooth fiber. After GMA grafted and DEAPA modifica-
tion, the surface became rougher, confirming the successful
chemical modification of the BF.

3.2. Batch adsorption experiment
3.2.1. pH effect and zeta potential

The solution pH significantly influenced adsorption pro-
cess, as pH can affect the surface charge of both the adsorbate
and adsorbent. The adsorption capacity of MO by QBF at
different pH is shown in Fig. 5a. Below pH 4, the adsorp-
tion capacity is lower, and increases at pH 4, then remains
unchanged between pH 4 to 11. Fig. 5b shows the zeta poten-
tial (mV) of QBF, with positive values observed across all pH
range. However, these values are lower under acidic condi-
tions and higher at pH > 4. The zeta potential value exhibit
a similar trend with the adsorption results at different pH
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Fig. 3. Fourier-transform infrared spectroscopy (a) and thermogravimetric curves (b) of BF and DEAPA modified BF.
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Fig. 4. Scanning electron micromorphology of BF (a), BF-GMA (b), BF-GMA-DEAPA (c) and quaternized bamboo fiber (d).
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Fig. 5. Effect of pH for methyl orange adsorption (a) and zeta potential of quaternized bamboo fiber (b).

value. Given that the dissociation constant (pKa) of MO was
3.46, the positive charge will generated at higher pH values
results in a strong electrostatic attraction to negative MO
molecule, especially at pH above 3.46. Based on the results,
at pH > 4, the electrostatic attraction between —N*(C,H,),CH,
on QBF and -SO;, is enhanced. Therefore, in further explo-
ration experiments, we conducted the experiments at
natural pH of about 5 without adjusting the pH.

3.2.2. Effect of dosage

The adsorption performance for MO was investigated
with different mass of QBF. The relationship between the
adsorption capacity/removal efficiency and the dosage at pH

5 is shown in Fig. 6. The adsorption capacity of MO reached
235.57 mg/g with a mass of 0.01 g, and decreased with the
mass increasing. The removal efficiency increased sharply
from a mass of 0.01 to 0.03, attributed to more functional
groups working for MO adsorption. With a mass >0.03 g,
the removal efficiency remained above 99%. In this work,
a dosage (0.03 g OBF in 50 mL MO) was used for further
adsorption experiments.

3.2.3. Adsorption kinetics: effect of contact time

The adsorption kinetics are of great significance for
determining the adsorption mechanisms. Fig. 7a shows the
influence of the contact time on the adsorption capacity of
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MO. The adsorption gradually increased with the contact
time and finally reached a maximum value at 60 min and
then remaining constant value.

There are several kinetic models used to analy-
sis the adsorption and diffusion process. In this study,
the experimental data were fitted by pseudo-first-order,
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Fig. 6. Effect of dosage on the adsorption (pH 5; C, = 50 mg/L;
V=50 mL).

0 L 1 1 1 1 1 L 1 L

0 20 40 60 80 100 120 140 160 180
Time (min)

245F )
2.10}
1.75}
|
= 1.05}
0.70}
0.35}
0.00

1 t
— k=
q[ kzqc qu

R%=0.9984

40 60 80 100120 140 160 180
Time (min)

0 20

285

pseudo-second-order and intraparticle diffusion model,
which were described by Egs. (3)—(5), respectively [44].

In(Q,-Q,)=InQ, -kt ®3)
.1 - b 4)
Q kQ Q

Q =kt +1 (5)

where Q, and Q, are the amounts of MO adsorbed on 1 g
QBEF at time t and the equilibrium time, respectively.

The linear fitting curves of the three models are shown
in Fig. 7b—d. The results showed that the adsorption kinet-
ics could be well fitted by both pseudo-first-order and
pseudo-second-order models, implying that the adsorption
of MO involving both physical and chemical adsorption.
The linear fitted plot of the intraparticle diffusion model
shows three linear regions. According to the model, the
first linear part represents the transport of MO molecular
from the solution to the QBF surface, the second region rep-
resents the gradual adsorption corresponding to intrapar-
ticle diffusion, and the third part indicates the equilibrium
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Fig. 7. Influence of the contact time on the adsorption capacities (a), pseudo-first-order (b), pseudo-second-order (c) and intrapar-

ticle model (d).
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has been attained. The first linear plot nearly passed through
the origin, indicating that the adsorption rate of MO by
QBF were primarily controlled by intraparticle diffusion
models.

3.2.4. Adsorption isotherm

The adsorption isotherm is used to describe the distri-
bution of target ions on the adsorbent surface and calculate
the maximum adsorption capacity (Q,). Fig. 8a shows the
relationship between the adsorption capacity and equilib-
rium concentration. The adsorption capacity increases with
the initial concentration. Two isotherm models, Langmuir

H. Xiong et al. / Desalination and Water Treatment 316 (2023) 281-289

maximum adsorption capacity is 555.56 mg/g. The con-
stant n of Freundlich model is 3.066, indicating that MO is
very favorably adsorbed by the QBF.

3.2.5. Effect of ionic strength
It is very necessary to investigate ionic strength influ-

ence because the potential dye solution often contains some

Table 1
Parameters of kinetic model of quaternized bamboo fiber for
methyl orange

and Freundlich are applied to fit the adsorption isotherm, Model Parameters Methyl orange
which linear forms can be described by Egs. (6) and (7) [45]. )
Pseudo-first-order k, (h™) 0.0882
¢ _¢C 1 Q, (mg/g) 80.230
0 0 'xa (6) R? 0.9950
¢ " L Pseudo-second-order k, (g/(mg-min)) 0.0026
1 Q, (mg/g) 84.460
InQ, =InK; +=InC, 7) R2 0.9984
n
Intraparticle diffusion K., 15.099
where C, is the equilibrium concentration (mg/L), Q, (mg/g) 1, -0.4681
presents the mass of MO adsorbed on 1 g QBF (mg/g). R? 0.9979
Fig. 8b and c show the fitting Langmuir and Freundlich K 6.7237
curves, which fitting parameters is listed in Table 2. Langmuir I e 33.813
model has a higher R? value, suggesting that MO formed 1;22 0 9'51 4
a monolayer on the surface of QBF [46]. The calculated ’
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Fig. 8. Adsorption isotherms of methyl orange by quaternized bamboo fiber: correlation between the equilibrium concentration and
adsorption capacity (a), Langmuir model (b), and Freundlich model (c).
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Fig. 9. Effect of NaCl on the adsorption capacity (a) and removal efficiency of methyl orange after 5 times regeneration (b).

Table 2
Langmuir and Freundlich isotherm parameters and correlation
coefficient

Langmuir Freundlich
Q, (mg/g) k, (L/mg) R? ke (mg/g) n R?
555.56 0.0515 0.9970  88.646 3.0660  0.9350

inorganic salts. The effect of NaCl on the adsorption capac-
ity of MO is shown in Fig. 9a. The molar concentration of
the MO was maintained at 0.1 mol/L and the molar concen-
tration of NaCl is increased. The x-axis presents the molar
ratio of NaCl/MO. With an increasing molar ratio of NaCl/
MO, the adsorption capacity was decreased. When the
concentration of NaCl was 1,000 times that of the MO, the
adsorption capacity exhibited a decreasing trend. The results
show that the primary adsorption mechanism was elec-
trostatic adsorption and ion exchange.

3.2.6. Regeneration and reusability

The regeneration tests were conducted and the results are
shown in Fig. 9b. After fully saturated adsorption (0.05 g in
50 mL, 50 mg/L), the MO loaded QBF was desorbed using
1 M HCI After 5 adsorption-desorption cycle tests, the
adsorption capacity of MO still remained unchanged. The
results suggest that QBF adsorbent can be effectively regen-
erated by 1 M HCI and used repeatedly for MO removal.

4. Conclusions

In this study, OBF was successfully prepared through
electron radiation induced graft-polymerization. Initially,
GMA was grafted onto BF. Then DEAPA was successfully
grafted onto the surface of BF through a ring opening reac-
tion between the amine of 3-diethylaminopropylamine and
the epoxy group of GMA. The results of MO adsorption
by QBF showed that QBF can effectively remove MO at a
wide pH range above 4. The adsorption kinetic followed
a pseudo-second-order model, suggesting the adsorp-
tion was a chemical adsorption process. The adsorption

isotherm was well fitted by Langmuir model, with a max-
imum theoretical adsorption capacity of 555.56 mg/g. The
adsorption—-desorption process showed that MO could be
effectively desorbed by 1 M HCI. Furthermore, the adsorp-
tion capacity of QBF for MO remained unaffected over
five adsorption-desorption cycles, indicating its excellent
recycling capability. Therefore, the QBF prepared by radi-
ation technique can be potentially applied to the treat-
ment of MO dye in wastewater.
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