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Abstract

Surface-modified cellulose derived from banana pseudo-stem (BMC), as an abundant, cost-effective, and
environmentally-friendly adsorbent, was used to remove methylene blue dye (MB) from water. At first, the banana
pseudo-stem underwent several physicochemical treatments to isolate cellulose and followed by Fenton oxidation to
introduce desired functional groups onto its surface. The adsorbent was characterized by SEM, TEM, EDS, FTIR, and
XRD for understanding its characteristics. Next, the effect of adsorption time, pH, initial concentration, and temperature
for MB adsorption was investigated in batch experiments. The MB adsorption kinetic and equilibrium data were
consistently explained by pseudo-second-order and Langmuir models, respectively, with a calculated maximum
adsorption capacity of 56.6 mg/g. Thermodynamic studies indicated that the adsorption is an exothermic and spontaneous
process. In an optimization study, response surface methodology based on the Box-Behnken method was applied and
revealed that under the optimal condition (contact time of 151 min, pH of 6.9, and initial concentration of 22.6 mg/L), the
maximum removal efficiency was 99.7%. This study suggests a promising strategy to prepare an economical and

biodegradable adsorbent from agricultural residue for efficient purification of wastewater.
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Introduction

Clean water is essential for the growth of humans
and economic development. However, the shortage of
clean water caused by environmental contamination has
become a significant challenge to human life and
production. For this reason, reducing water pollution by
removing pollutants and minimizing emissions is
crucial. Among the common pollutants, MB dyes are of
particular concern due to not only their widespread
applications but also their persistence and stability in the
environment. The MB dye is used in paper, plastic,
wood, and cosmetic production. Its structure is complex
and highly resistant to biodegradation. Additionally, it

causes cardiovascular, respiratory, and skin issues,
neurotoxicity, and serotonin syndrome [1,2].

Various technical approaches have been
successfully applied to remove MB dyes from aqueous
solutions, such as photocatalysis, nanofiltration,
coagulation-flocculation, membrane filtration,
adsorption, ion exchange, advanced oxidation processes
(AOPs), and electrochemical technologies. Among
these, adsorption becomes a suitable option, offering
both cost-effectiveness and ease of operation. There are
various types of adsorbents being used for the removal
of MB, including carbon-based adsorbents, MOFs,
metal oxides, bioadsorbents, and polymer-based

materials [3-7]. Additionally, there has been a great deal
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of research on the performance of adsorbents produced
from agricultural residues for the elimination of MB
from aqueous solution [8-11]. Especially, numerous
studies have demonstrated that cellulose and modified
cellulose adsorbents exhibit high capability in
contaminant removal from wastewater [12-14]. Recent
research on cellulose modification has highlighted the
significance of environmentally friendly synthesis
approaches [15,16]. Among the established strategies
used to tailor material properties, homogeneous Fenton
oxidation is considered a simple, environmentally
friendly, single-step, and highly effective chemical
modification technique for breaking down residues
(lignin and hemicellulose), cleaving glycosidic linkage,
and incorporating functionalities into the cellulose
surface under green, eco-benign conditions [16,17].
Additionally, Fenton oxidation is recognized as an
advanced oxidative technique value for its excellent cost
efficiency [18].

Furthermore, for large-scale application of
wastewater treatment, understanding the relationship
between the operational parameters, such as contact
time, pH level, initial concentration, and treated
effectiveness, is important. Therefore, optimizing the
operating conditions for pollutant adsorption using the
adsorbents should be conducted. Among the techniques,
Box-Behnken design in response surface methodology
is an effective tool for optimizing studies that have been
utilized in literature [19,20].

In this study, banana pseudo-stem (BPS) was used
as a starting material for the preparation of surface-
modified cellulose (BMC) for eliminating MB dye. The
raw material underwent several chemical treatment
steps to remove residue and then oxidation by
homogeneous Fenton to form surface functional groups,
making it effective for cationic dyes removal. The BMC
was subsequently characterized using SEM, TEM, EDS,
FTIR, and XRD analyses. The impacts of experimental
conditions were explored, and the adsorption
mechanism was investigated via kinetic, equilibrium,
and thermodynamic studies. Box-Behnken design in
response surface method was also utilized to optimize

the adsorption performance.

Materials and methods

Material synthesis and characterization

The BPS was collected from a local banana farm
in Long Xuyen Ward (An Giang Province, Vietnam).
Analytical grade chemicals, including NaOH (> 97%,
pellets), H2SO4 (95% - 98%), H20: (35%), FeSO4-7H,O
(> 99%), and methylene blue (MB, > 82%) were
purchased in Ho Chi Minh City (Vietnam).

To isolate cellulose, BPS was subjected to
physicochemical treatments to remove lignin and
hemicellulose. At first, the material was cut into 2- to 3-
cm pieces, washed, and dried in an oven. Next, the dried
pieces were refluxed using H»SO4 solution and followed
by a NaOH solution at approximately 200 °C for 1 h to
remove hemicellulose and lignin, then washed with
deionized water and dried at 70 °C until their weight
became stable. After that, the obtained solid was
oxidized by a Fenton system (Fe?'/H0,) for 2 h to
introduce carboxyl and aldehyde functional groups onto
its surface. Finally, the material was washed and dried,
which is labeled as BMC.

FTIR spectroscopy was used to study the surface
chemical structure using a spectrophotometer (ALPHA,
Bruker, Germany). A XRD diffractometer with CuKa at
40 kV and 15 mA under a 26 diffraction angle from 10°
to 70° was used to analyze the crystallinity of the
material (Aeris Benchtop, Malvern Panalytical,
Netherlands). SEM and TEM images, as well as EDS
spectra, were used to investigate the surface morphology
and the chemical composition (JCM-7000 and JEM-
2100, JEOL, Japan). BET surface area was determined
using a BET-201A sorptometer (Porous Material, USA),
while the point of zero charge (pHp.c) of the materials

was measured following the pH drift method.

Adsorption study

The effect of exposure time (0 - 60 min), pH (2 -
9), initial concentration (20 - 150 mg/L), and
temperature (25 - 40 °C) on the MB removal using the
prepared BMC material was investigated in batch
experiments. In this process, the pH of the solution was
adjusted using 0.1 N NaOH or HCl solution. In a typical
test, 0.05 g sorbent was added to 50 mL of MB solution,
and the mixture was shaken at 200 rpm. After the
designated contact time, the BMC was separated from
the solution using a centrifuge (EBA 200, Hettich,

Germany). The remaining MB concentration in the
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solution was analyzed by a UV-Vis spectrophotometer
(V730, Jasco, Japan) at A = 664 nm. The adsorption
capacity (q.) and the removal efficiency (R%) were
calculated following Egs. (1) and (2) below:

(Ci = Co) XV
e =" (1
R% = £ %100 @)

1

where C; (mg/L), C. (mg/L), V (L), and m (g) represent
initial and equilibrium MB concentration, volume of
MB solution, and weight of BMC, respectively.

In this study, 3 adsorption kinetics models,
including pseudo-first-order, pseudo-second order, and
intraparticle diffusion, were employed to obtain a deeper
insight into the adsorption mechanism on the adsorbent.
To further analyze the adsorption mechanism at
equilibrium, the experimental data were fitted to the
Langmuir, Freundlich, D-R, and Temkin isotherm
models [21].

Experiment design

Box-Bohnken design in response surface method
was used to investigate how contact time, pH, and initial
concentration impact the removal of MB using the
studied BMC adsorbent. A trial version of Design-
Expert 12.0 software was applied for experiment
planning and analysis. The range of 3 wvariables is
summarized in Table 1. A quadratic polynomial model
was used to assess MB removal, with the variables
described by Eq. (3).

Y =B+ XBi Xi+ B XF + 22 By XiX; 3)

where Y is the removal efficiency, Xi and Xj are the
code values of the factors, 0 is the constant coefficient,
and i, Bii, and Bij are the coefficients calculated by the

software.

Table 2 presents the experiment design based
Box-Behnken design matrix. In each test, 0.05 g of
BMC was added to 50 mL of MB solution at room
temperature and shaken at 200 rpm. The removal
efficiency of MB was measured under different

combinations of these variables.

Table 1 Codes and input variables, and their levels in the Box-Behnken design.

Run A: Contact time (min) B: pH C: Initial concentration (mg/L) R (%)
1 20 7 200 32.5904
2 100 7 110 70.5169
3 180 4 110 54.0605
4 100 7 110 73.6786
5 100 7 110 69.9689
6 20 10 110 7.8954
7 100 10 200 33.9485
8 180 20 98.4296
9 100 110 71.9808
10 180 200 80.1923
11 180 10 110 66.6763
12 20 7 20 72.0615
13 100 4 200 58.0652
14 100 10 20 73.7374
15 100 7 110 69.6103
16 100 4 20 80.8781
17 20 4 110 34.8542
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Table 2 Experimental matrix based on the Box-Behnken design method for designing experiments and the corresponding

response.
Variables Codes Level 1 (-1) Level 2 (0) Level 3 (+1)
Contact time (min) A 20 100 180
pH B 4 7 10
Initial concentration (mg/L) C 20 110 200
Results and discussion rough surface could facilitate MB molecules to be
Characterization of BMC deposited during the adsorption process. Additionally,
As can be seen in Figure 1, the color of the MB the EDS spectrum in Figure 2(d) presents the peaks of
solution and the BMC was changed due to the carbon and oxygen with their atomic mass, respectively.
adsorption of MB on the surface of BMC. The Besides, the adsorbent primarily contains 47.16% C and
morphology of the prepared BMC was observed by 52.84% O and is free from any other impurities. This
SEM, as presented in Figure 2. The SEM image at result illustrates that a purified material was produced
magnification 170x in Figure 2(a) indicates that the from the preparation process. Furthermore, particle
adsorbent consists of limited-length and rod-like shape and size were analyzed by TEM images shown in
particles with rugged surface morphology. From the Figure 3. It can be observed that the prepared material
magnification of 350x and 600% in Figures 2(b) and consists of particles with a wide size distribution,
2(c), it can be seen that the particles’ surface contains potentially extending into the nanometer scale.

numerous uneven parts along their structures. This
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b

Before adsorption After adsorption Before adsorption After adsorption

Figure 1 Images of (a) MB solution before and after adsorption, and (b) BMC before and after adsorption.
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Figure 2 SEM images at magnification (a) 170x, (b) 350%, (c) 600x%, and (d) EDS spectra of BMC.
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Figure 3 TEM images at different magnifications of the BMC material.

FTIR spectra of the BPS and BMC materials
before and after the MB adsorption are shown in Figure
4(a). On the one hand, the spectrum of BPS displayed
the adsorption bands at 2,852 and 1,737 ¢cm™!, which
relate to the presence of —CH, and —OH groups,
respectively, within the hemicellulose structure.
Besides, the band located at 1,512 cm™! is associated
with C=C stretching vibration in the lignin structure
[22]. On the other hand, the pristine BMC spectrum
showed the characteristic peaks of cellulose I at 3,460,
2,910, 1,642, 1,065, and 898 cm™!. These peaks were
attributed to O—H stretching vibrations, C—H stretching
vibrations, O—H bending vibrations and absorbed water,
Cc-0-C
vibrations, respectively [23-25]. Moreover, the absence
of peaks at 1,737 and 1,512 cm™' suggests that the

stretching vibrations, and C=H rocking

prepared processes have reduced hemicellulose and
lignin content effectively. The spectrum of BMC after
MB adsorption was similar to that of pristine BMC.
Additionally, the MB adsorption on the BMC surface
was confirmed by an increase in intensities at 1,642 cm™!
and 1,167 - 1,115 cm™! related to the overlapping with
C=N and N-C functional groups in the MB structure
[26]. This suggests that the MB adsorption on BMC

(a) ——MB+BMC
—BMC
—HPS

C-H strktching

Transmittance (%o)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Intensitive (a.u)

primarily occurs via a hydrogen bonding mechanism,
which is formed through the N* of MB and the —-OH
group of the BMC [27].

XRD patterns Figure 4(b) indicate the crystalline
2 of the studied materials. For BPS, there were 2
diffraction peaks at 20 = 15.61° and 22.37° relating to
the (101) and (200) planes of cellulose I, respectively.
Meanwhile, the pattern of the BMC exhibits an
additional peak at 20 = 34.34° associated with the (040)
plane of cellulose I [24]. Besides, the absence of a
doublet peak at 22.37° confirms the exclusive presence
of cellulose I in BMC samples and their derivatives [28].
Moreover, the increase in intensity of the mentioned
peaks indicates an enhancement in the crystallinity of
the BMC, which results from the rearrangement of
structures  [29].
Additionally, the crystallinity index (CrI%) of the BMC
(74.4%) is higher than that of the BPS (64.1%), which
may be attributed to the removal of the amorphous
structure from the [30]. High
crystallinity index increases the durability of the BMC,

individual cellulose crystalline

starting material

promoting it to be reused multiple times in adsorption
treatment processes [28,31].

——BMC

(b) 2237

20(%)

Figure 4 Structural characterization of the materials: (a) FTIR spectra and (b) XRD patterns.
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Figure 5 presents the pHp, of the pre-modified
cellulose and the BMC materials. In the modification
using the Fenton reaction, the hydroxyl radicals and
other reactive oxygen species attack the cellulose
structure, leading to the formation of surface carboxyl
groups [32]. According to the results, the pHp,. value of
the studied BMC becomes more negative because the
incorporation of —-COOH groups increases its surface
acidity, leading to a shift of the point of 0 charge toward

lower pH values. In addition, the BET surface area, total
pore volume, and average pore size for the pre-modified
cellulose and the BMC were summarized in Table 3. It
can be seen that after the modification of cellulose, there
was an enhancement in the BET surface, which
facilitates its application as an adsorbent. The studied
cellulose materials can be classified as mesopores based
on the average pore sizes.

——BMC

5 === Pre-modified cellulose
R r T

2 4

pH,

8 10 12

Figure 5 Determination of the pHy,. of pre-modified cellulose, and BMC.

Table 3 BET data for the studied cellulose materials.

Material ST (mzlg) Vpore (cm3/g) Dpore (A)
Pre-modified cellulose 2.25 0.0028 454
BMC 4.04 0.0046 22.6

MB adsorption results

The contact time between MB and the BMC
adsorbent is a crucial factor for its adsorption. It was
thus conducted at various durations of shaking using
0.05 g BMC in 50 mL of 20 mg/L MB solution at its
original pH (pH = 6.40) under ambient temperature.
Figure 6(a) presents the impact of shaking time on the
adsorption efficiency and capacity of MB using BMC.
It can be seen that the adsorption takes place rapidly in
the first 10 min, during which approximately 76% of
MB is removed, followed by a slower elimination that
steadily approaches equilibrium conditions and
maximum adsorption capacity obtained after 15 min
(19.2 mg/g). It can be explained by the presence of more
unoccupied active sites and steeper concentration
gradients at the beginning [33,34]. Figure 6(b) indicates
that the adsorption capacity of BMC for MB increases,

followed by a decrease as pH rises from 2 to 9. The

maximum capacity is 19.4 mg/g at pH = 6.01. At a pH
below pHy.c (5.45), the active sites on the BMC surface
become protonated and carry a positive charge, whereas
they become deprotonated and carry a negative charge
at pH above pHp... Therefore, a large amount of H' ions
in the solution competed with the cations of MB for
adsorption at low pH, leading to a decrease in removal
efficiency [34].
increasing pH, resulting in enhanced adsorption. The

This competition decreases after

observed behavior confirms the significant role of the
electrostatic interaction mechanism in the adsorption
process, consistent with the previous findings [27,35].
Figure 6(c) represents the impact of MB concentration
on the elimination performance at 0.05 g of dosage in 50
mL of solution at pH 6.01 for 15 min at ambient
temperature with an initial concentration ranging from
20 to 150 mg/L. The higher adsorption efficiency

obtained at lower concentration is due to an increased
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number of active sites compared to the molecules of
pollutants. However, the concentration exceeds 100
mg/L, the capacity shows no significant increase,
indicating that the saturation has been reached at the
experimental conditions. In Figure 6(d), the graph
plotted between the MB adsorption capacity (mg/g) and

—C—,

——R%

0 10 20 30 40 50 60
Contact time (min)

R (%)

removal efficiency (%) at different temperatures (50 mL
of 20 mg/L MB solution, 0.05 g BMC, pH 6.01, 15 min).
The results illustrated that the adsorption capacity and
with

temperature from 25 to 40 °C, proving that the removal

removal  efficiency  decrease increasing

of MB using BMC is an exothermic process [26,36].

R (%)

g, (mg/L)

pH
[ 1o @ |
24 I- T
b T e
= T
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| =~ - -
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[ -5 80 ~
-] 2
L = £ 204 - =
x £ '3
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Figure 6 Effect of (a) contact time, (b) pH, (¢) initial concentration, and (d) temperature on the removal of MB by BMC,

error bars represent standard deviation (n = 3).

Figure 7 and Table 4 present linear plots and
parameters for 3 kinetic models. The pseudo-second-
order model provides a better fit for describing the
adsorption mechanism, as evidenced by the higher
correlation coefficient (R?) and lower Reduced Chi-
square statistic (Reduced %?) than those of the other 2

types of models. Besides, the q. value calculated from
the kinetic model is close to the experimental result. It
pointed out that the adsorption of MB on BMC is a
chemisorption process consistent with the literature
[22,23].

Table 4 Kinetic parameter of MB adsorption using BMC.

Pseudo-first-order

Pseudo-second-order

Intraparticle diffusion

ki =0.324 min™
de = 8.106 mg/g
R2=10.897

ko =0.002 g/mg.min
ge =22.45 mg/g
R2=10.996

kip = 2.562

R2=10.837

Reduced y* = 0.977

Reduced y* = 0.005

Reduced ¥~ =10.379
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Figure 7 Linear plots of (a) pseudo-first-order, (b) pseudo-second-order, and (c) intraparticle diffusion kinetic models for

the adsorption of MB onto BMC.

Figure 8 presents a linear form of Langmuir,
Freundlich, D-R, and Temkin isotherm models. The
value of calculated parameters,
coefficients (R?), and the error values (Reduced *?) are
summarized in Table 5. The Langmuir model exhibited
the higher R? and lower Reduced y? values than those of
indicated that the
adsorption of MB on the BMC surface follows the
Langmuir isotherms. It suggests that MB accumulates a

the Freundlich model, which

single layer on the internal surface of the studied
adsorbent, which is similar to previous findings
[26,37,38]. Additionally, the Freundlich model provides

the correlation

0.2+ 4

Number of Points.
Degrees of Freed
Reduced Chi-Sar
Residual Sum of

an n value between 1 and 10, indicating the adsorption
of MB on BMC is favorable under the investigated

conditions [39]. Furthermore, an E value of between 8

and 16 kJ/mol from the D-R model and a positive value
of BT from the Temkin model suggested that the

adsorption is associated with chemisorption [39,40].

Comparison of maximum MB adsorption capacities

among various adsorbents is presented in Table 6. It can

be seen that the BMC material exhibits an enhanced

capacity for MB retention compared with varied

modified cellulose or residue.
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Figure 8 Linear plots of (a) Langmuir, (b) Freundlich, (c) D-R, and (d) Temkin isotherm models for the adsorption of

MB onto BMC.
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Table 5 Isotherm parameters of MB adsorptive removal onto BMC at 30 °C.

Isotherm Parameters Value

qm (mg/g) 56.6
Ki (L/mg) 0.1857

Langmuir
R? 0.991
Reduced y? 9.534x107*
n 2.47
Kr (mg/ 0.0802
Freundlich F (mg/g)

R? 0.956

Reduced y? 0.019

gm (mol/g) 32.88

Kp-r (kJ?/mol?) 7.76x1073

D-R E (kJ/mol) 8.647
R? 0.915

Reduced y? 0.032

Ar(L/g) 4.076

Bt (J/mol) 8.493

Temkin

R? 0.981

Reduced y? 3.278

Table 6 Comparison of the maximum adsorption capacity of different adsorbents

Contact time

Adsorbent pH . gmax (mg/g) Reference
(min)
Cellulose-based hydrogel derived from tea
) 10 300 41.67 [41]
residue
Biochar from tea waste (BC) 13.054
oo 5.7 70 [21]
Magnetic biochar from tea waste (MTWBC) 24.39
Carboxymethyl cellulose-grafted-
poly(acrylamide) hydrogels composited with 41.152
biochar from walnut shell
10 50 [42]
Carboxymethyl cellulose-grafted-
poly(acrylamide) hydrogels composited with 52.91
magnetic biochar from walnut shell
The powder of  modified and
. 12.04 105 13.23 [43]
magnetized corn cobs
Commercial microcrystalline cellulose 6 3 4.95 [26]
Sodium periodate cellulose nanoparticle 8 60 62.91 [44]
BMC 6.01 20 56.6 This study
Thermodynamic study parameters for MB process, respectively. Similar results were reported from

adsorption on the BMC were summarized in Table 7.
The negative values of AG and AH indicate that the

adsorption process is feasible and an exothermic

the literature [34,36]. Moreover, the positive value of AS
suggests that there exists disorder in the adsorbent-

solution contact region.
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Table 7 Thermodynamic parameters for MB adsorption onto BMC adsorbent.

T (K) AG (kJ/mol) AH (kJ/mol) AS (KJ/mol.K)
298 —4.45
303 ~4.51 )
-0.576 1.3x102
313 ~4.64
318 -4.71

Comparison study

An adsorption performance comparison was
conducted between different adsorbents, including the
BPS, the pre-modified cellulose, and the BMC, under
experimental conditions: 0.05 g of BMC in 50 mL of 20
mg/L MB solution for 15 min at pH 6.01 under room
temperature. Note that the BPS was only subjected to

size reduction by cutting, with no other modification
applied. According to the result (Figure 9), the
adsorption performance for MB decreases in the order
of BMC > Pre-modified cellulose > BPS. It can be
concluded that the modification treatments significantly
improved the contaminant removal efficiency of the

investigated materials.

e - ]
o o o
1 1 1

Adsorption capacity (mg/g)

| mm

BPS Pre-modified cellulose BMC

Figure 9 Adsorption efficiency of MB on BPS, Pre-modified cellulose, and BMC, error bars represent standard deviation

(n=3).

Response surface methodology - Box-Behnken
design

Analysis of variance (ANOVA) was applied to
examine the model’s validity, in which it is possible to
identify the interaction between the experimental
parameters and the response. This examination was
conducted based on the F-test and p-value for assessing
the model’s statistical significance [19,20]. Table 8
summarizes the ANOVA results of the quadratic model
for the elimination of the target pollutant under
designated experiments. It can be seen that the model F-
value of 120.30 implies the model is significant. There
is a 0.01% chance that an F-value could occur due to
noise. Besides, p-values less than 0.05 indicate that
model terms A, B, C, AB, AC, BC, A%, B%, and C? are
significant. A positive value suggests that increasing the

factor enhances adsorption efficiency, while a negative
value indicates that reducing the factor promotes MB
capacity. The Lack of fit F-value of 4.83 implies that
there is an 8.11% chance that this could occur due to
noise. A substantial correlation R? (0.9936) value was
detected between predicted and observed results, which
substantiates the reliability of the model in reproducing
the variations in the experimental data [19]. The
predicted R? of 0.9173 is in reasonable agreement with
the adjusted R? of 0.9853 (the difference is < 0.2). An
Adeq. precision of 44.6038 indicates an adequate signal
that the model can be used to navigate the design space.
Next, the interaction between the response removal
efficiency and the factors under this study is expressed

by Eq. (4).
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R (%) = 71.1511 + 18.99A — 5.7B — 15.04C + 9.89AB +
5.31AC —4.24BC — 10.56A% — 19.7282 + 10.23C? 4)

Eq. (4) shows that 4 variables, including A, AB,
AC, and C?, have beneficial effects on the response, as
displayed by their positive regression coefficients on the
one hand. On the other hand, the other variables B, C,
BC, A2, and B? have negative effects on the response. In

Table 8 ANOVA analysis for the quadratic model.

this context, contact time (A), mutual interaction AB,
AC, and the quadratic term C? positively influence MB
pH (B),
concentration (C), the interaction term BC, and the

adsorptive removal. In contrast, initial

quadratic terms A%, B? negatively affect the response,

leading to a reduction in adsorption efficiency.

Sum of
Source df Mean Square F-value p-value
Squares
Model 8046.41 9 894.05 120.30 <0.0001 significant
A-Contact time 2886.37 1 2886.37 388.38 <0.0001
B-pH 259.93 1 259.93 34.97 0.0006
C-Initial Concentration 1809.31 1 1809.31 243.45 <0.0001
AB 391.54 1 391.54 52.68 0.0002
AC 112.72 1 112.72 15.17 0.0059
BC 72.05 1 72.05 9.69 0.0170
A? 469.46 1 469.46 63.17 <0.0001
B2 1637.44 1 1637.44 220.33 <0.0001
c? 440.34 1 440.34 59.25 0.0001
Residual 52.02 7 7.43
Lack of Fit 40.77 3 13.59 4.83 0.0811 not significant
Pure Error 11.25 4 2.81
Cor Total 8098.43 16
Std. Dev. 2.73 R2 0.9936
Mean 61.71 Adjusted R? 0.9853
CV. % 442 Predicted R? 09173
Ad
< 44.6038
Precision
Normal Plot of Residuals Predicted vs. Actual
100 _|
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= o 60
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Figure 10 Determination of the accuracy and validity of the proposed model: (a) Normal probability plot of residuals, (b)

3.00 40

60 80
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Experimental outcomes vs predicted outcomes by the statistical model.
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Next, a key stage in evaluating the model’s
applicability is to examine the residuals. As can be seen
in Figure 10(a), the validated model shows that
although there are errors in the model, the residuals are
distributed around the line. This observation was made
after the model had been validated, indicating a good
match between the prediction of the model and the
experimental data. Figure 10(b) presents a comparison
between the estimated removal efficiency of MB based
on the model and the corresponding measured values.
From the result, it can be concluded that there is a
consistency between the measured and simulated values
for MB removal, indicating the robustness of the
statistical analysis and providing strong support for the
experimental results.

Moreover, 3D surface graphics were used to
evaluate the interactions between the variables of MB
adsorption by the BMC. Figure 11(a) shows an increase

RO%)

777
255555

504
’I'IIIIII

RO%)

A Contact tme (min)

in removal efficiency by extending the contact time
from 20 to 180 min, accompanied by a change of pH
close to the neutral environment. This suggests that a
proper duration is needed for MB molecules’ diffusion
into the pores of the BMC and enhance the MB removal.
In addition, the removal of MB is found as a
combination effect of contact time and initial
concentration (Figure 11(b)). It can be observed that the
removal efficiency of MB increased with increasing
contact time, but decreased with increasing initial
concentration. Furthermore, the plot in Figure 11(c)
illustrates that a decrease in the efficiency is obtained by
an increase in the initial concentration. This trend can be
explained by the saturation of specific active sites on the
sorbent’s surface [45]. Besides, the removal efficiency
was improved as pH changes to neutral conditions due
to a competition of H" or OH™ at acidic or basic
conditions.

ANRARNSY

ARRRRRR

200 180

140
140

110 100

C: LConcentration (mg/1) 50 60 A: Contact ime (min)

2020

=7

Figure 11 3D response surface plots of (a) contact time - pH, (b) contact time - initial concentration, and (c) pH - initial

concentration.

Finally, the optimal conditions for MB removal
efficiency using the BMC are demonstrated in Figure

12. The conducted calculations and the obtained

desirability score for MB illustrate that the maximum
removal efficiency was approximately 99.7% at optimal
conditions (contact time of 151 min, pH 6.9, and initial
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concentration of 22.6 mg/L). Moreover, an experiment
was conducted to examine the adsorption performance

following the optimal conditions. A 99.9% removal

20 180

A:Contact time = 151.246

T

20 200

C:l.Concentration = 22.5966

efficiency observed in this experiment indicates that the
BMC can be considered a promising and highly
potential dye treatment application.

@
4 10
B:pH = 6.86971
7.8954 98.4296
R =99.68%4

Figure 12 The optimal conditions for the elimination of MB using the BMC.

Conclusions

The BMC was successfully prepared from the
banana pseudo-stem via cellulose surface modification
under eco-friendly conditions by using Fenton
oxidation. The structure, composition, and morphology
of the produced BMC were identified by SEM, EDS,
FTIR, and XRD analyses. The preliminary experiment
results showed that approximately 97% of MB was
removed after 15 min of contact time and pH 6.01.
Additionally, the MB adsorption fits better with pseudo-
second order kinetics and Langmuir isotherm models,
indicating a chemisorption on a homogeneous surface.
Moreover, the thermodynamic data reveal that the
adsorption process is spontaneous (AG of —4.45 to —4.71
kJ/mol) and exothermic (AH = —0.576 kJ/mol). The
optimization of MB removal was conducted using a
Box-Behnken design of response surface methodology
for 3 wvariables. From ANOVA data, a maximum
removal efficiency of 99.7% was obtained at 151 min of
contact time, pH 6.9, and 22.6 mg/L of initial
concentration. Therefore, it can be concluded that the
BMC prepared from agro-waste is an efficient and
promising adsorbent for wastewater treatment, with
considerable potential for application in the elimination
of additional pollutants.
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