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ABSTRACT

This study was conducted to evaluate the potential of the bleached bagasse, cellulose, and nanofiber
cellulose to remove methylene blue (MB) from aqueous solution. The morphology of adsorbents sur-
face and their functional groups were examined by using scanning electron microscope and Fourier
transform infrared spectroscopy techniques, respectively. In a batch mode study at 25°C tempera-
ture, the effects of initial dye concentration, contact time, adsorbent dose, and solution pH on adsorp-
tion performance were investigated. The results showed that the percent of MB removal increases
by increasing pH and also by increasing sorbent dosage and decreasing initial dye concentration.
The adsorption kinetics and equilibrium data were in good agreement with the pseudo-second-order
kinetic model and Freundlich adsorption isotherm, respectively. The removal of MB was better and
more effective with cellulose and cellulose nanofiber as compared with the bleached bagasse. The
regeneration of cellulose and nanofiber cellulose loaded with MB was investigated using electrochem-
ical method under different operating conditions. The results showed that the electrochemical process
efficiency is more than 60% for regeneration adsorbents.
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1. Introduction

Effluents from textile industry and some similar indus-
tries mainly contain color, dissolved solids, heavy metals,
and high amounts of surfactants [1]. The discharge of dye
into natural streams has caused many major problems, such
as increasing the toxicity and chemical oxygen demand of the
effluent and reducing light penetration, which has an adverse
effect on photosynthetic phenomena [2,3]. Methylene blue
(MB) is the most commonly used material for dying cot-
ton, wood, paper, temporary hair colorant, and coating for
paper stock. Although MB is not so dangerous, it can cause
some harmful effects. Long-term exposure to MB will cause
increased heart rate, Heinz body formation, vomiting, cyano-
sis, tissue necrosis, and methemoglobinemia in humans [4,5].
Therefore, the removal of the MB dye from aqueous solutions
is important.

The conventional methods for treating water and waste-
waters containing dyes are electrochemical degradation
[6], chemical coagulation/flocculation [7], ultrafiltration [8],
advanced oxidation processes [9], and adsorption [5]. Among
these methods, adsorption on activated carbon is the most
commonly used method in wastewater treatment because of
its simple operation and high efficiency [10]. However, its
use is restricted due to its high production costs and diffi-
culty of regeneration [11,12]. Recently, various adsorbents
derived from agricultural wastes or natural materials have
been intensively investigated for dye removal from aqueous
solutions [5]. Some of these natural low-cost adsorbents are
rice biomass [13], natural palygorskite [14], bentonite [15],
coal ash [16], montmorillonite clay [17], chitin [18], cellulose
[19,20], banana leaves [21], canola residues [22], and Platanus
orientalis leaf powder [23]. Among these natural low-cost
adsorbents, cellulose is the most abundant natural polymer
in nature, which can be obtained from agricultural wastes
such as bagasse [24].

Sugarcane residue after sugar extraction is one of the
most available agricultural wastes in some developing coun-
tries like Iran. Approximately, 4.3 million tons of sugarcane
bagasses are produced annually in Iran, and the production is
mainly centered in the southwestern province of Khuzestan.
High levels of this waste are burned due to lack of necessary
infrastructure and industrial use of this material. Sugarcane
wastes contain compounds such as cellulose (40%-50%),
lignin (18%-24%), and hemicellulose (25%-35%). Therefore,
this research was conducted to study the use of bagasse and
its derivatives as adsorbents for the removal of MB dye. The
effect of pH, adsorbent dose, initial dye concentration, and
contact time was also studied. In addition, the regeneration
performance of cellulose and nanofiber cellulose-loaded MB
dye was investigated using electrochemical process with Ti/
TiO,-RuO, and graphite felt electrodes under current den-
sity of 25 mA/cm? and elapsed time of 3 h.

2. Materials and methods
2.1. Materials

MB (Table 1) was obtained from Sigma-Aldrich. Sodium
chlorite, acetic acid, sodium sulfite, and sodium hydroxide
were purchased from Merck Company and were used with-
out further purification.

2.2. Extraction of cellulose from bagasse

Sugarcane bagasse was collected from sugar factory in
Khuzestan province, Iran. It was washed with some amounts
of distilled water to remove sugars and ash components
and was air dried to constant weight. The air-dried bagasse
was screened using a 60-mesh sieve. The dried and ground
bagasse was boiled with 0.7% (w/v) sodium chlorite for 5 h,
filtered out, and dried in an oven at 55°C for 24 h. The dried
materials were then boiled with 250 mL of 5% (w/v) sodium
sulfite solution and 250 mL of 17.5% (w/v) sodium hydrox-
ide for 5 h [25]. After chemical pretreatment, the cellulose
fibers were soaked in distilled water (concentration: ~0.5%
in mass). About 100 mL of the solution containing cellulose
fibers was then placed in a common ultrasonic generator
(JY98-IIID, Ningbo Scientz Biotechnology Co., Ltd., China) of
30 kHz for 30 min to isolate the cellulose with submicron size
[26]. The sample was dried and kept at 25°C temperature for
comparison with cellulose nanofiber purchased from Iranian
companies in the process of adsorption of MB. In this study,
the cellulose extracted from the bagasse was prepared as
shown in Fig. 1. Scanning electron microscope (SEM) micro-
graph and Fourier transform infrared spectroscopy (FTIR)
spectra of cellulose nanofiber are shown in Fig. 2.

2.3. Characterization of adsorbents

Morphology and structure of the bleached bagasse,
alkali-treated bagasse, and cellulose were characterized
by SEM (Philips XI30, Netherlands). Functional groups of
biopolymers were analyzed using a Perkin-Elmer-283B FTIR
spectrometer within the wave range of 400-4,000 cm™. X-ray
fluorescence spectrometer, Bruker AXS S4 Pioneer (X-ray
tube anode: Cu, wavelength: 1.5406 A [Cu Ka], filter: Ni),
was used for the chemical composition analysis. The points
of zero charge (PZC) adsorbents were determined by using
the method of Hu et al. [27].

2.4. Adsorption studies

Adsorption studies were performed by shaking 100 mg
of adsorbent with 100 mL of dye solution of known concen-
tration and pH in a 250 mL Erlenmeyer flask. The Erlenmeyer
flasks were then shaken at a constant speed of 250 rpm on
a shaker (orbital shaker Model KS260B, IKA Company,

Table 1
Properties and characteristics of MB
Generic name Methylene blue
Synonyms 3,7 bis(dimethylamino)
phenazathionium chloride
tetramethylthionine chloride
Formula C, H,CIN,S.3H,0
Molecular weight 319.85 g/mol
Chemical structure N
QL
H 3C ~ N S Ej - CH 3
CHs ClI” CHs
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Germany) at 25°C temperature. After shaking the flasks for
1 h, biopolymers were separated by centrifugation. In each
experiment, the effect of a parameter on adsorption MB was
studied by keeping other parameters.

Before and after each experiment, MB concentration was
determined by using the UV spectrophotometer (Shimadzu,
Japan) at 668 nm. All the experiments were repeated three
times and only the mean values were reported.
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The pH of the solution was measured at the beginning
(pH,)) and at the end (pH,_ ) of each experiment. The pH,
was adjusted using 0.01 M HCI and 0.01 M NaOH and deter-
mined by using a pH meter (CyberscanpH1500, Thermo
Fisher Scientific Inc, Netherlands). The amount of adsorbed
MB on adsorbent (g, mg/g) and percent removal (%R) was
calculated as follows:

CcC -C )V
qe=7(" ) (1)
m
%R:wxloo @)
C

where C, and C, (mg/L) are the MB concentrations at the
input and output of each experiment, V (L) is the initial solu-
tion volume, and m (g) is the adsorbent weight.

2.5. Adsorption isotherms

Adsorption isotherms of biopolymers were studied at
different initial concentrations of MB dye using ISOtherm
Fltting Tool (ISOFIT) software.

ISOFIT is a software program that fits isotherm parame-
ters to experimental data by minimizing the weighted sum of
squared error objective function. ISOFIT supports a number
of isotherms, including (1) Brunauer-Emmett-Teller (BET),
(2) Freundlich, (3) Freundlich with linear partitioning (F-P),
(4) generalized Langmuir-Freundlich (GLF), (5) Langmuir, (6)
Langmuir with linear partitioning (L-P), (7) Linear, (8) Polanyi,
(9) Polanyi with linear partitioning (P-P), and 10) Toth.

2.6. Adsorption kinetics

Pseudo-first order, pseudo-second order, and Elovich
were used to test the experimental data to evaluate the
kinetic mechanisms of adsorption process, which includes
mass transfer and chemical reaction, and all the equations
are listed in Table 2.

2.7. Desorption studies

Regeneration experiments of cellulose and nanofiber
cellulose were performed in an electrochemical batch reac-
tor (Fig. 3) containing Ti/TiO,-RuO, (anode) and graphite
felt (cathode) electrodes as shown in Fig. 3. Both anode and

cathode have an area of 50 cm?, and there was a fixed dis-
tance of 1 cm between anode and cathode in these experi-
ments. The characteristics of anode and cathode are as shown
in Figs 4 and 5, and Table 3. Before the regeneration process,
MB adsorption was performed under pH 7, adsorbent dose
of 1,000 mg/L, MB concentration of 150 mg/L, and contact
time of 120 min. One gram of saturated adsorbents was then
put into the electrochemical cell; this contained 400 mL of
synthetic solution with 3 g/L. NaCl. Electrolysis was stopped
after 3 h elapsed. After regeneration of adsorbents, its adsorp-
tion capacity was examined using adsorption experiments in
120 min. The influence of different operating parameters on
the regeneration of adsorbents was studied by varying one
parameter and keeping the others constant.

3. Results and discussion
3.1. Characterization of adsorbents

FTIR spectroscopy has been widely used to identify the
presence of functional groups on biopolymers; also, it pres-
ents a relatively easy method of obtaining direct information
on chemical changes that occur during various chemical
treatments [25]. In the FTIR analysis, the spectra of bagasse
and its derivatives are as shown in Fig. 6.

FTIR spectra of the bagasse and its derivatives have pre-
sented a broad band in the region of 3,000-3,500 cm™ that
indicates the O-H stretching vibrations of the OH groups in
cellulose molecules [25,26]. Moreover, peaks at 2,903.14 cm™
of all the samples are related to C-H stretching vibration
[26]. Vibration peak detected at around 1,640 cm™ in all the
samples was assigned to C=C stretching band and adsorbed
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Fig. 3. Schematic diagram of the electrochemical reactor.

Table 2
Kinetic models
Kinetic model Linear form Eq. Plots Ref.
Pseudo-first order log(q,-q,) =logq,k,t 3) log(q,—q,) vs.t [27]
Pseudo-second order ; 1 1 4) Lost
- 2 +—t q;
9. Lka. ] a.
Elovich (5) g, vs. Int

q,= %ln(aﬁ)+%lﬂt
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Quantitative Results
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Fig. 5. X-ray diffraction analysis of Ti/TiO,-RuQ,.

Table 3

Characteristics of graphite felt
Thickness, mm 3.2
Bulk density, g/cm?® 0.08
Areal weight, g/m? 245

Electrical resistivity (through plane)  Less than 3 ohm mm
99% minimum

Less than 0.2%

Carbon content (%)
Ash content

water molecules [25,28]. Spectrum from 1,300 to 1,500 cm™
was attributed to the C-H bending bands [29]. C-O-C
pyranose ring skeletal vibration occurs in region of 1,014—
1,075 cm™ [30]. In this region, the most important absorption
band continually increases on untreated sugarcane bagasse,
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Fig. 6. FTIR spectra of (a) untreated sugarcane bagasse, (b) the
bleached bagasse, (c) alkali-treated bagasse, and (d) cellulose.

the bleached bagasse, alkali-treated bagasse, and cellulose,
respectively. Peak at 895- 900 cm™ is connected with glyco-
sidic -C—H deformation, a ring vibration and -O-H bend-
ing [31]. Moreover, some peaks in the 600-800 cm™ region
are related to the aromatic ring C-H out of plane bending
vibration found in Figs. 6(a)—(c) and those not seen or that
appeared weaker for cellulose due to the removal of lignin
using the chemical and ultrasonic treatments [32].

X-ray diffraction patterns of the bleached bagasse,
alkali-treated bagasse, and cellulose are as shown in Fig. 7.
As shown in Fig. 7, three fibers had diffraction peaks around
20 =22° and 20 = 14°, representing the presence of crystalline
and amorphous cellulose structure, respectively. Crystallinity
was determined by Eq. (6) using the highest peak of the
amorphous (I ) and crystalline peak (I,) background region
located approximately 20 around 14° and 22.5° respec-
tively. By following this equation, the crystallinity index of
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the bleached bagasse was approximately 60%, while that of
alkali-treated bagasse and cellulose fibers were estimated to
be 66.6% and 75%, respectively. When the results were com-
pared, cellulose from bagasse obtained in this study exhib-
ited similar crystallinity with cellulose produced by Lani
et al. [33].

I,-1
% Crystallinity = 22— x 100 (6)

002

Figs. 8(a)—(c) show the representative SEM images of the
bleached bagasse, alkali-treated bagasse, and cellulose struc-
ture, and apparently, it reveals the effect of the chemical treat-
ment on the shape and size of fibers. Moreover, as shown in
Fig. 8(c), cellulose is typically produced from the chemical
treatment of bagasse fibers. The isoelectric point was deter-
mined via zeta potential measurements for all the samples.
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Fig. 7. X-ray diffraction patterns for (a) the bleached bagasse, (b)
alkali-treated bagasse, and (c) cellulose.

The isoelectric point for the bleached bagasse, alkali-treated
bagasse, and cellulose was around pH 3. Previous reports
show that the PZC of cellulose and cellulosic fibers is lower
than 4 [28,34,35].

3.2. Influence of physico-chemical parameters on MB dye removal
efficiency
3.2.1. Effect of initial solution pH

The removal of dye from aqueous solutions through
adsorption depends on the solution pH, because the acid-
ity and alkalinity of the solution affect the ionization of the
anionic and cationic dye and concentration of the counter H*
and OH~ ions of the surface groups. The knowledge of an opti-
mum pH is important to maximize the removal of MB dye
by using the adsorbents. Changes observed in the adsorption
of MB dye using the adsorbents as a function of solution pH
are as shown in Fig. 9. It has been shown that the MB dye
removal efficiencies by the bleached bagasse, cellulose, and
nanofiber cellulose increase with increase in pH in the range
of 2-10. This result may be due to a change in surface charge of
both the dyes” molecules and functional groups of adsorbents.
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Fig. 9. pH effect on MB removal by the bleached bagasse,
cellulose, and nanofiber cellulose (MB = 50 mg/L, adsorbent
dose =1 g/L, time = 60 min).
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For adsorbents possessing functional groups, such as -COO~
and -OSO;;, the negative surface charge decreased as pH
approached the pKa of the functional groups [36]. While at
higher pH > PZC, there is a net negative charge on the adsor-
bents surface and the ionic state of functional groups such
as carboxyl and hydroxyl. As a result, the adsorbent MB dye
interactions become increasingly important for larger pH val-
ues [37]. This result is similar to the finding of Low et al. [38],
who reported that the sorption of the MB onto lignocellulosic
materials increased as the pH increased from 2 to 10. Chan et
al. [39] also reported that the sorption of MB on cellulose nano-
fibrils gradually increased as the pH increased from 3 to 9.

In addition, as shown in Fig. 9, both cellulose and nano-
fiber cellulose have very high removal efficiencies and they
reach 15.0%-90% for cellulose and 24%-94% for nanofiber
cellulose, respectively. The dye removal efficiency by the
bleached bagasse is only 10%—68% in the studied pH range.
The results also showed that the adsorption of MB dye
onto the nanofiber cellulose is higher than the cellulose and
bleached bagasse. It has been shown that the increase of sorp-
tion capacity of nanofiber cellulose should be ascribed to the
additional carboxyl groups and high surface area. A similar
result was reported for the adsorption of MB onto nanocel-
lulose hybrid [40] and carboxylate-functionalized cellulose
nanocrystals [41].

3.2.2. Effect of adsorbent dosage

The effect of adsorbent dosage on MB dye removal was
analyzed by varying the dosage of the bleached bagasse,
cellulose, and nanofiber cellulose and the results are as
shown in Fig. 10. It can be observed from this figure that the
dye-removal efficiency increases with increase in adsorbent
dose from 0.1 to 1 g/L for all the adsorbents. This behavior
shows that when the amount of adsorbent increases, the
amount of available sorption sites increases. Batmaz et al. [42]
obtained the same results and showed that the amount of dye
removed increased from 77% to 92% as the adsorbent dose
increased from 4 to 25 mg/mL. Raghuvanshi et al. [43] also
showed that the adsorption of MB dye on bagasse increased
sharply when the initial adsorbent concentration is higher.
Increase in adsorption with adsorbent dose can be attributed
to increased adsorbent surface area and availability of more
adsorption sites.
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Fig. 10. Dosage adsorbent effect on MB removal by the bleached
bagasse, cellulose, and nanofiber cellulose (initial pH = 7,
MB =50 mg/L, time = 60 min).

Fig. 10 shows the comparison of sorption efficiency of
the bleached bagasse, cellulose, and nanofiber cellulose.
Nanofiber cellulose shows maximum removal efficiency
at minimum dose (0.8 g) as compared with maximum con-
centration of the cellulose and the bleached bagasse. The
enhanced sorption efficiency of nanofiber cellulose can be
ascribed to the removal of the non-cellulosic amorphous con-
stituents, which promote the availability of large number of
—OH free groups on the nanocellulose chains. The findings
are in conformity with the observations of Kardam et al. [44].

3.2.3. Effect of initial dye concentration

Fig. 11 shows the percentage of the MB removal using
the bleached bagasse, cellulose, and nanofiber cellulose. The
various dye concentrations ranging from 25 to 150 mg/L were
used in this experiment at 25°C temperature using 1 g/L
adsorbent dosage at pH 7. As shown in Fig. 11, removal of
MB decreased by increasing the initial dye concentration. For
example, at initial pH solution of 7, MB removal dropped
from 93.5% to 69.11% using nanofiber cellulose when the
initial dye concentration varied from 25 to 150 mg/L. This
observation can be explained on the basis of lack of sufficient
surface area to accommodate much dye available in the solu-
tion. At lower concentrations, all dye ions present in solution
could interact with the binding sites and thus making the
percentage of removal higher than those at higher dye ion
concentrations. Similar result was found for the methyl red
removal using untreated sugarcane bagasse, where the per-
centage of dye removal decreased from 70% to 30% as dye
concentration increased from 50 to 250 mg/L [45]. Zhang
et al. [46] also reported that Rhodamine B (RhB) removal by
bagasse decreased from 99.1% to 87.1% with increase in ini-
tial RhB concentration from 100 to 500 mg/L.

3.2.4. Effect of contact time and adsorption kinetics

Fig. 12 shows the effects of contact time on the adsorption
of MB onto the bleached bagasse, cellulose, and nanofiber cel-
lulose. MB solution with an initial concentration of 50 mg/L
and pH value of 7.0 was used to study the adsorption kinet-
ics. As shown in this figure, the initial adsorption is rapid for
all the three samples, where maximum removal efficiencies of
the adsorption take place within 60 min. This rapid increase of
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Fig. 11. Initial dye concentration effect on MB removal by the
bleached bagasse, cellulose, and nanofiber cellulose (initial
pH =7, adsorbent dose =1 g/L, time = 60 min).
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adsorption can be attributed to the strong electrostatic inter-
action between the negatively charged surface of adsorbent
and the cationic dye due to increase in the number of vacant
sites available at the initial contact time [14]. Further increase
in contact time from 60 to 120 min increased the efficiency of
adsorption very slowly, due to the decrease of adsorptive sites
for the residual dye molecules in the solution [47]. Similar
results were also obtained by Liu et al. [48] for the adsorption
of MB using Attapulgite/Bentonite complex. Moreover, sorp-
tion studies in literature reveal that the uptake of adsorbate
species is fast at the initial stages of the contact period, and
afterwards, it becomes slower when is near to equilibrium [49].

To investigate the mechanism of sorption and its potential
rate-controlling steps, which include chemical reaction pro-
cesses and mass transport, kinetic models have been exploited
to analyze the experimental data. In addition, information on
the kinetics of dye uptake is required to select the optimum
condition for full-scale batch pollutant removal processes. The
kinetics of MB sorption onto adsorbents was assessed by using
different kinetic models and corresponding parameters calcu-
lated are shown in Table 4. This table shows the correlation
coefficients (R?) for the pseudo-second-order kinetic model to
be higher than pseudo-first-order and Elovich kinetic models.
The g, values calculated from pseudo-second-order kinetic
model are also close to the experimental data (q,,,). Similar
results were observed for the adsorption of MB from aqueous
solution on various adsorbent [49-52].

3.2.5. Isotherm study

The adsorption equilibrium data of MB on the bleached
bagasse, cellulose, and nanofiber cellulose adsorbents were
fitted by using several well-known isotherm models to
assess their efficacies. In this study, ISOFIT was applied to
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Fig. 12. Effect of contact time on MB removal by the bleached

bagasse, cellulose, and nanofiber cellulose (initial pH = 7,
MB =50 mg/L, adsorbent dose =1 g/L).

Table 4
Kinetics adsorption rate constants, calculated g,

,cal
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involving the adsorption of MB with initial concentration of
25-150 mg/L (25, 50, 75, 100, and 150 mg/L) by the bleached
bagasse, cellulose, and nanofiber cellulose. Fig. 13 shows the
plots of the fitted isotherms for MB adsorption by adsorbents
(organized into visually indistinguishable groups) along
with the observed data points. Table 5 shows the corrected
Akaike information criterion (AICc) values of isotherm
study. The results show that the Freundlich isotherm expres-
sion provided the best fit of the sorption data based on its
relatively low value of AICc. Table 6 also summarizes the
resulting parameters estimated for the Freundlich isotherm.
San Keskin et al. [53] studied the adsorption isotherm of
reactive dye and hexavalent chromium from aqueous solu-
tions onto reusable bacteria attached to electrospun nanofi-
brous web by ISOFIT software; their study showed that the
Toth-generalized isotherm expression provides the best fit
of reactive dye adsorption by reusable bacteria; Langmuir
and GLF models isotherm expression provides the best fit of
hexavalent chromium adsorption by reusable bacteria. The
adsorption process of dyes on cellulosic waste studied by
Namasivayam et al. [54] shows the adsorption equilibrium
isotherms fitted by both the Langmuir and Freundlich iso-
therms. Nourmoradi et al. [55] used ISOFIT for the adsorption
of humic acid by surfactant-modified nanozeolite (SMNZ).
Their results show that the L-P isotherms provide the best fit
of the sorption data for humic acid by SMNZ.

The comparisons of maximum adsorption capacities of
the adsorbents obtained in this study with various adsor-
bents previously studied for the adsorption of MB are shown
in Table 7. As shown, the MB adsorption capacity of cellulose
nanofiber is 119.04 mg/g at 298 K, which is higher than that
of the bleached bagasse and cellulose studied. Furthermore,
this value is also much higher than other adsorbents obtained
from natural materials such as agricultural and industrial
solid wastes. This comparison suggests that nanocellulose
may be an effective adsorbent for MB removal from contam-
inated water.

3.3. Electrochemical regeneration of adsorbents

It is important to test the repeated availability perfor-
mance of MB sorption onto adsorbents to reduce the cost of
replacement of adsorbents in aqueous solutions treatment
before its practical use for environmental protection appli-
cations. Therefore, the influence of electrolyte concentration,
current intensity, and reaction time on the electrochemical
regeneration adsorbents was examined in this study. The
result in Fig. 14 shows that the regeneration efficiency of
cellulose and nanofiber cellulose increases with increase in
the regeneration current intensity, electrolyte concentration,
and time. The increase in adsorbents regeneration is related

and experimental g, values of MB dye on the adsorbents

Adsorbent [, (Ng/g)  First-order kinetic model Second-order kinetic model Elovich model

k I.amgg) Rk Lor (Mg/) R« p S
The bleached bagasse 17 0.029 141 0.945 0.0033  17.88 0984 7.14 0.297  0.910
Cellulose 22.25 0.029 17.45 0.938 0.0031 2247 0.955  6.60 0.240  0.856
Nanofiber cellulose 23.25 0.036  18.314 0.955 0.0029  25.06 0978  6.39 0.207  0.894
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Fig. 13. Plots of fitted isotherms and observed data: Toth, P-P, GLF, linear, Freundlich, Langmuir, F-P, L-P, and BET.

to increase in oxygen evolution and chlorate formation rates.
Zhang [66] observed a similar relationship between the cur-
rent density, treatment time, and regeneration efficiency
for the electrochemical regeneration of exhausted activated
carbon.

Moreover, the high desorption efficiency at pH 3 is due to
the excessive H' ions competing for the activated adsorption
sites on adsorbents with the MB molecules and replacing the
adsorbed MB molecules using ion exchange resulting from
desorbing dye molecules from adsorbent. Similar results
were observed for desorption of cationic contaminants from
aqueous solution on cellulose-based adsorbents [39,67-69].
The results of several consecutive adsorption-desorption
cycles are shown in Table 8. It can be seen that the adsorption
capacity of MB adsorbed on prepared adsorbents slightly
decreased after two cycles of adsorption—desorption process.

To further understand the effect of electrochemical
oxidation process on adsorbents regeneration and dye
degradation, a gas chromatography-mass spectrometry
(GC-MS) analysis was performed to identify the intermediate
products in the regeneration solution. As shown in Fig. 15,
some organic compounds, such as 1-ethyl-2 methylbenzene,

1,2,3-trimethylbenzene, and 2,4,5-trichlorophenol can be gen-
erated in the system. According to these results, it can be con-
cluded that at the regeneration process MB could be desorbed
on the surface of the adsorbents, then are oxidized at particle
electrodes inside, or oxidized at Ti/TiO,-RuQO, anode directly.

4. Conclusions

In this work, the bleached bagasse and cellulose pre-
pared from bagasse with cellulose nanofiber purchased
from Iranian companies have been successfully used as an
adsorbing agent for the removal of MB dye from aqueous
solutions. Adsorption was influenced by various parame-
ters such as initial pH, initial dye concentration, and dose
of adsorbent. The maximum adsorption of MB dye by the
three adsorbents occurred at an initial pH of 7. Percent
removal of MB dye decreased with increase in initial con-
centration but increased with increase in adsorbent con-
centration. The sorption rate of MB on adsorbents was very
fast and reaches sorption equilibrium within 60 min. The
kinetic parameters were evaluated using the pseudo-first-or-
der, pseudo-second-order, and the Elovich kinetic models.
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Table 5
Summary of selected diagnostics for MB adsorbed by bagasse and its derivatives

Adsorbent Isotherms AlCc R R?, M? Linearity assessment
The bleached bagasse  BET 31.40 0.847 0.907 2.6 x 10? Non-linear
Freundlich 6.28 0.998 0.948 5.8 x 10 Non-linear
E-P 27.76 0.998 0.983 5.8 x 10! Non-linear
Langmuir 9.79 0.997 0.746 3.85x 107 Linear
L-F 29.0092 0.997 0.749 2.49 x 10? Non-linear
L-P 34.41 0.992 0.993 4.35 x 102 Non-linear
Linear 18.71 0.992 0.882 8.87 x 10! Linear
P-P 14.44 0.992 0.993 3.47 x 10° Linear
Toth 36.66 0.997 0.846 1.02 Non-linear
Cellulose BET 34.40 0.844 0.94 2.56 x 10? Non-linear
Freundlich 15.57 0.994 0.93 2.98 Non-linear
E-P 36.065 0.994 0.883 8.76 x 10! Non-linear
Langmuir 21.64 0.987 0.861 3.72x 10" Linear
L-F 36.50 0.993 0.794 1.22 x 10? Non-linear
L-P 21.64 0.987 0.861 7.68 x 107! Linear
Linear 21.64 0.987 0.861 4.24 x 107! Linear
P-P 19.73 0.987 0.94 72 %1073 Linear
Toth 52.33 0.99 0.935 1.26 x 10! Non-linear
Nanofiber cellulose BET 35.57 0.838 0.904 2.59 x 10? Non-linear
Freundlich 13.23 0.998 0.972 1.27 Non-linear
E-P 35.24 0.996 0.97 5.53 x 10! Non-linear
Langmuir 14.33 0.999 0.803 1.61 x 107 Linear
L-F 30 0.999 0.952 8.21 Non-linear
L-P 14.33 0.999 0.805 1.614 x 1073 Linear
Linear 21.29 0.990 0.858 4.94 %108 Linear
P-P 17.5 0.990 0.974 9.7 x 10! Non-linear
Toth 38.81 0.999 0.939 1.49 Non-linear

Notes: AICc, multi model ranking; R?, correlation between measured and simulated observation; R?, correlation between residual and
normality; M? Linssen measure of non-linearity; L-F, Langmuir-Freundlich.

Assessment

No correlation

No correlation

Table 6
Selected ISOFIT post regression output (Freundlich isotherm)
Parameter or statistic ISOFIT result
Bagasse Cellulose Nanofiber
Overall quality of fit Weighted sum of squared error 2.37 1.52 x 10 9.55
Root of mean square error 0.769 1.95 1.54
Ry 0.998 0.994 0.998
Parameter statistics Kf 1.6 2.07 2.01
1/n 0.746 0.755 0.786
Parameter stdandard error M 0.853 2.98 1.279
Threshold 0.1 0.1 0.1
Assessment Non-linear Non-linear Non-linear
Normality (R?,) R%, 0.948 0.930 0.972
Assessment Normal residuals Normal residuals Normal residuals
Runs test Number of runs 4 4 3
p-Value 0.90 0.90 0.50
Assessment No correlation No correlation No correlation
Durbin-Watson test (D) D 2.47 2.74 1.70
p-Value 0.589 0.73 0.339

No correlation
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Table 7
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Comparison of adsorption capacities of various adsorbents for MB dye

Adsorbents MB dye concentration, ¢, Isotherm Kinetic model Source
(mg/L) (mg/g)
Coconut bunch waste 50-500 70.92 Langmuir Pseudo-second order  [56]
Peanut hull 10-200 68.03 Langmuir Pseudo-first order [57]
Walnut sawdust 50-750 59.17 Langmuir Pseudo-second order  [58]
Rice husk 10-125 40.58 Langmuir Pseudo-second order  [59]
Hazelnut shells - 38.22 Langmuir - [60]
Carbonized press mud 100-1,000 51.02 Freundlich Pseudo-second order  [61]
Green alga Ulva lactuca ~ 5-25 40.2 Langmuir Freundlich ~ Pseudo-second order  [62]
Pyrophyllite 20-150 70.42 Langmuir Pseudo-second order  [63]
Perlite - 53.1 Langmuir - [64]
Charcoal 0-200 62.7 - Pseudo-second order  [65]
Olive pomace 0-200 42.3 - Pseudo-second order  [65]
The bleached bagasse 25-150 73.5 Freundlich Pseudo-second order  This study
Cellulose 25-150 94.33 Freundlich Pseudo-second order  This study
Nanofiber cellulose 25-150 119.04 Freundlich Pseudo-second order  This study
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Fig. 14. Impact of various factors on electrochemical regeneration of adsorbents.
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Table 8

Efficiency of adsorbents regeneration
Time Control 1 2 3
Adsorption capacity of 91.5 5490 4575 2745
cellulose (mg/g)
Adsorption capacity of 103.5 6210 56.925 31.62

nanofiber cellulose (mg/g)

The kinetics of the sorption process was found to follow the
pseudo-second-order kinetic model. Isotherms study shows
that Freundlich isotherm expression provides the best fit for
MB sorption by adsorbents.

From the results calculated from Langmuir model, the
maximum adsorption capacities of MB on the bleached
bagasse, cellulose, and nanofiber cellulose are 73.5, 94.33,
and 119.04 mg/g, respectively. The comparison of the results
of adsorption capacities of various adsorbents for MB
showed that the cellulose nanofiber and cellulose perform
better in terms of MB adsorption than many other sorbents.
Electrochemical regeneration of studies showed that the
regeneration efficiency increased by increasing the regenera-
tion current intensity and regeneration time. The continuous
sorption-desorption studies showed that the cellulose and
nanofiber cellulose could be regenerated and reused twice.
As aresult, bagasse and its derivatives can be effectively used
for the treatment of wastewater containing MB with cost-ef-
fective and reusable properties.
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