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Abstract

In this study, we proposed and tested a green method for producing microcrystalline cellulose (MCC) with high quality from waste
banana pseudo-stem (BPS) after fruit harvesting. The MCC was synthesized by treating BPS with sulfuric acid, sodium hydroxide, and
H202 solution. The produced MCC material was then characterized by scanning electron microscopy, Fourier transform infrared
spectroscopy, X-ray diffraction, and thermogravimetric analysis to explore its properties. The removal of methylene blue (MB) in
aqueous solution was conducted by batch adsorption method to evaluate the applicability of MCC for wastewater treatment. The results
showed that the adsorption using MCC reached equilibrium after 15 min. The highest MB adsorption capacity of MCC reached 16.6
mg/g at pH 6. The adsorption Kinetics data were best described by the pseudo second order rate equation. Equilibrium isotherm data of
adsorption were well fitted to the linear Langmuir isotherm model. Affecting factors such as adsorbent dosage, initial concentration of
MB, and temperature were also investigated. These results suggest a great potential use of MCC for advanced wastewater treatment.
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1. Introduction

Banana is one of the most popular food crops, particularly in tropical countries [1, 2]. After fruit harvesting, banana wastes including
pseudo-stems, leaves, piths, and even fruit peels are left in the farm or disposed into the environment, which could cause water pollution
and release greenhouse gas [3]. Due to its abundance and high carbon content, the banana wastes have been studied intensively as an
adsorbent for water treatment such as removal of metal ions, dyes, pesticides, inorganic cations, and other organic compounds in water
and wastewater [2, 4, 5]. Recently, microcrystalline cellulose (MCC) has emerged as a very promising natural material with many
applications in food, binder, medical, and cosmetic industries [6-8]. There are some methods for the extraction of cellulose such as
physical, chemical, biological, or combined methods. These methods are usually used as a pretreatment step for the hydrolysis step in
the MCC synthesis, such as acid hydrolysis, alkali hydrolysis, steam explosion, extrusion, and radiation-enzymatic methods [8]. The
addition of hydrogen peroxide in the alkali hydrolysis method was also proposed to reduce the viscosity and thus effective for MCC
production [9]. There have been some studies on the production of MCC from banana wastes [10-19]. Activated carbon was prepared
from used banana pseudo-stem by phosphoric chemical activation, which was used to remove methylene blue (MB) dye from synthetic
dye solution [10]. The adsorption of hexavalent chromium into activated carbon derived from acrylonitrile-divinylbenzene was
maximum at low pH and high temperature. Adsorption mechanisms were studied by X-ray photoelectron spectroscopy [11].
Microcrystalline cellulose (MCC) was prepared by hydrolyzing banana fiber wastes [12, 13]. In Egypt, MCC was from renewable
biomass resources, rice straw, and banana plant waste. MCC was then obtained by enzymatic treatment resulting in cellulose [14, 15].
Banana pseudo-stem was supplied by courtesy of J.K.U.A.T farm. Preparation of the MCC was carried out using the alkali hydrolysis
process followed by further treatment using peracetic acid [16]. Cellulosic banana fibers are potential engineering materials having
considerable scope to be used as an environmentally friendly reinforcing element for manufacturing polymer-based green materials
[17]. Cellulose nanofibers were isolated from banana peel using a combination of chemical treatments such as alkaline treatment,
bleaching, and acid hydrolysis. All treatments effectively isolated banana fibers in the nanometer scale [18, 19]. The lignocellulosic
contents in banana pseudo-stem were reported to be around 64 % [20] and 60-85% [21], which was relatively higher than other wastes
and could be very potential for MCC production in practical. There are many studies on the application of MCC for the removal of
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metals and dyes, the use of MCC for dye adsorption is preferred due to their similar properties of organics and the easy management
of the adsorbed material [22]. Additionally, for MCC activation, the chemicals with strong oxidation properties (e.g., HOCl4) are
usually used in the MCC synthesis procedure; therefore, the green generation MCC without using toxic chemicals is also the motivation
for the next studies. In this study, we use the waste banana pseudo-stem (after harvesting fruits) for producing microcrystalline cellulose
since the MCC is more effective and easy for separation after adsorption. The use of H202 as an activated agent is considered as a
green process that does not require toxic chemicals and reduce the release of polluted wastewater after the MCC generation process.

In this work, the banana strain used in this study is the Siamese banana, which was collected from a farm located in the south of
Vietnam. Siamese bananas are a very popular banana strain in Vietnam with a huge production yield. Compared with other types of
post-harvest waste from banana, the banana pseudo-stem is the organ with the largest volume of waste from the banana tree, so it was
selected as the main study subject. Microcrystalline cellulose (MCC) was prepared from waste banana pseudo-stem by extraction
method.

Material characterization was done to explore the microstructure and properties of the MCC product. The application of produced
MCC was evaluated by its ability as an adsorbent for MB in water. The effect of environmental factors on the MB adsorption capacity
of MCC material was investigated and the kinetics of adsorption was also studied.

2. Experimental
2.1. Material preparation and characterization

Analytical grade chemicals including H2SO4, NaOH, H202 (35% w/w), and MB (Germany) were purchased in Ho Chi Minh City
(Vietnam). Deionized (DI) water used in the study was taken from a deionization system in the laboratory. MCC extraction process
from Pisang Awak BPS, which was collected from the banana-growing area in An Giang Province, Vietnam, was combined with
chemical, physical, and thermal treatments to remove undesired lignin components as follows. Raw BPS was chopped up into small
pieces with length in a range of 2 - 3 cm (Figure 1a). These small pieces were rinsed several times with tap water and were dried in a
dry oven. The BPS pieces were then mixed with 2 N H2SO4 solution (in a ratio of 1:10 in weight) and followed by refluxing for 1 h to
extract cellulose. The extracted fibers were subsequently washed with DI water several times until the pH reached 7 (Figure 1b). After
treatment with acid, the material was refluxed with 10% (w/w) NaOH solution under the same condition as treatment with acid and
was experienced drying for 3 to 4 h at 50 °C in a dry oven afterward (Figure 1c). The dried material was then treated with a 35% H20:
solution overnight to remove the remained lignin and hemicellulose. The material was finally washed with DI water, dried at 50 °C,
and crushed into powder (Figure 1d).

Various techniques were employed for the characterization of MCC material such as scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and Brunauer-Emmett-Teller
(BET) method. FTIR spectra were obtained using a Bruker-FTIR with spectrum scanned from 500 to 4,000 cm™*. TGA was conducted
by using a TGA Q500 machine in ambient conditions at a rate of 10 °C/min and a temperature range of 30-800 °C. The specific surface
area was determined using a BET-202A machine (Porous Materials). The details of these techniques as well as sample preparation and
equipment can be found in the literature [23].

X-ray diffraction (XRD) were recorded for sample powder using a D2 Phaser XRD 300 W diffractometer equipped with Cu Ka.
radiation (A = 1.5406 A) at a step size of 0.01° and step time of 30 s. The percentage of crystallinity index (Crl) was calculated using
following quation [24]: Crl = Lo0z2~lam

002

Where loo2 represents the peak intensity corresponding to the crystalline domain (20° to 19°) and lam represents the peak intensity
corresponding to the amorphous domain (2° to 22.6°).

The point of zero charge (pHpzc) of the material was determined followed a process published in the literature [25]. In brief, a series
of 50 mL of 0.01 N KCI solution with initial pH (pHo) from 2 to 12 were prepared by adding 0.1 M HCI or 0.1 M NaOH solution.
These solutions were then added with 0.1 g MCC, shaken well, and let stable for 48 h. The suspension was then filtrated and measure
the final pH values (pHt). The point of zero charge was determined as the ApH = pHo-pHt is closed to zero [26].

Figure 1 Pictures of (a) raw banana pseudo-stem, (b) after treating with H2SOa4, (c) after treating with NaOH, and (d) final product
after treating with H202



370 Engineering and Applied Science Research 2021;48(4)

2.2. Adsorption test

In a typical process, each 50 mL of 10 ppm MB at pH 7 and room temperature (~ 30 °C) was transferred to every six 100-mL
Erlenmeyer flasks containing 30 mg of MCC. The mixtures were then stirred and shaken by an orbital shaker for every separate 5, 10,
15, 20, 25, 30, and 60 min. After shaking, the extraction solution of each Erlenmeyer flask was immediately collected into cuvettes for
MB concentration measurement by a spectrophotometer with a maximum absorbance peak of Amax = 664 nm for each sample (Specord
210 plus, Analytik Jena). Other affecting factors were also investigated, including pH (3, 4,5, 6, 7, 8, 9, and 10), amounts of MCC (10,
20, 30, 40, 50, and 60 mg), concentrations of MB (5, 10, 20, 30, and 40 mg/L), and temperatures (20, 25, 30, 35, 40, and 45 °C). All
experiments were replicated three times and the adsorption capacity was calculated as follows:

—_ CU_Ce
Q= -V x (1)
R% = 2= x 100 )
0

Where Q (mg/g) is the adsorption capacity and R% is removal efficiency. Co, Ct, and Ce (mg/L) are the initial, at time t, and
equilibrium MB concentrations in the aqueous solution, respectively. V (50 mL) is the volume of the experimental solution and m (g)
is the adsorbent weight.

Some kinetic models were tested to check the interaction between MB and MCC adsorbent over time [27]. This study investigated
3 models including (1-3):

Pseudo-first-order: In(Q — Q;) = InQ —k;t -

Pseudo-second-order; — = —— + = @
"o kQ O Q

Intra-particle diffusion: Q. = kiptO-S -

Where Q (mg/g) and Qt (mg/g) are adsorption capacity of MCC at equilibrium and time t (min), and ki1 (min™?), K1 (min?), k2 (g
mg min~) and kp (mg g~* min~?) are the rate constant of pseudo first order model, modified pseudo first order model, pseudo second
order model, and intraparticle diffusion model, respectively

The Langmuir isotherms assume monolayer adsorption without the interaction between the adsorbate [27], as following:

— KLQmaxCe
Q= 14K Ce (6)
C 1 C
Le _ e 7
Q KLQmax Qmax ( )

Where Ce (mg/L) is the equilibrium concentration and Q (mg/g) is the adsorption capacity. Qmax (mg/g) is the maximum adsorption
capacity and Ki (L/mg) is the adsorption constant.
The Freundlich isotherms is expressed as following [28]:

Q = KgC/" ®)
InQ = InKg + ~InC, 9)

Where Kr and n are Freundlich constants.
The thermodynamic study was also done, based on the following equations [27]:

AG = —RTInK (10)
AG = AH —TAS (11)
-9
K = c. (12)
—45_AH 1
InK = = TR X7 (13)

Where AG is free Gibb energy (kJ/mol) and T is the temperature (K). R is the gas constant (8.314 x 10-3 kJ/K.mol) and K is the
constant [29]. Ce is the equilibrium concentration in the solution (mmol/mL) and Q is the adsorption capacity (mg/g).

For the generation of MCC material after MB adsorption, the MB-saturated MCC was soaked into the 0.1 M NaOH solution for
60 min. The reactivated MCC was then separated and washed with DI water, dried at 50 °C. It was noted that the ratio of MB-saturated
MCC: NaOH solution was 1 gram: 50 mL.
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3. Results and discussion
3.1. Material synthesis and characterization

The morphology of MCC material was studied with SEM, which are exhibited in Figure 2 at different levels of resolution. It was
observed that the produced MCC was in the form of microfibrils and a high breakdown of cellulose chains. The MCC material has a
white color and consists of fibers with a length of around 15 - 20 um, which is consistent with previous reports [30, 31]. The BET
surface area was measured to be 9.59 m?/g, which was relatively high and potential for adsorption application. The surface chemical
properties of MCC material (before and after adsorption) were determined by FTIR analysis [32]. As can be seen in Figure 3, FTIR
results showed the cellulose form of carbohydrate of MCC material with FTIR peaks at wave numbers of 890, 1050, and 1420 cm* of
CH rocking vibration, CO stretching, and CH2 bending vibration, respectively. Besides, peaks at the wavenumber of 1620 cm* and
3420 - 3445 cmt were the stretching vibrations of absorbed water [33], while the peak at 2910 cm* was stretching vibration of CH
[34-36]. The C-OH out-of-plane bending mode was observed at 667 cm™* [37]. These indicate the successful preparation of MCC from
BPS via this green method.

1 | IMS-NKL 5.0kV 5 6mm

(b)

Figure 2 (a) SEM images of MCC before treatment with hydrogen peroxide at different resolutions; (b) SEM images of MCC after
treatment hydrogen peroxide at different levels of resolution
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Figure 3 FTIR spectrum of MCC material before and after adsorption

Figure 4 depicts the thermal gravimetric results from thermal gravity analysis (TG) and differential thermogravimetric analysis
(DTG) of MCC material. Results showed a thermal degradation of MCC prepared from BPS, which was similar to those reported in
the literature for MCC produced from biomass [38, 39]. Three degradation stages are observed in this sample. The first stage of mass
loss of around 10% from 50 — 200 °C is attributed to the water release. The second stage shows that MCC thermal decomposition
occurred at a temperature range of 200-400 °C, which could be attributed to the depolymerization of cellulose [38] or the thermal
decomposition of hemicelluloses/pectin. This was further confirmed by the presence of a more homogeneous crystal at a narrow peak
of 312 °C in the DTG curve [40]. Previous literature has reported that the thermal decomposition of lignocellulosic material firstly
happened with hemicelluloses, then with cellulose, and finally with lignin [39]. Moreover, this indicates that the MCC material only
combines cellulose | with crystal structure [38]. The last mass loss in a temperature range of 420 - 600 °C is explained by the secondary
reactions of carbon-containing residues [41] or the decomposition of lignin. The very low mass of 1.1% remained after 600 °C indicates
the effective removal of fixed and inorganic components of BPS to produce relatively high quality of MCC.
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Figure 4 TGA — DTG curves of MCC
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XRD technique was used to determine the crystallinity index of MCC material. In Figure 5, a sharp diffraction peak in 260 of 19° -
23° indicates that MCC prepared from BPS has a crystalline structure, which is similar to MCC produced from palm biomass [35], rice
husk [42], and cotton fiber [43]. The peak at 26 of 22° was the characteristic peak of crystalline cellulose (2 0 0) which was classified
into cellulose | (as also found by DTG) because of the absence of doublet in this peak [42]. Furthermore, three other peaks were also
observed at 260 of 14°, 16°, and 34° related to the crystallographic planes of (1 0 1), (1 1 0), and (0 0 4). The cellulose crystallinity
index (Crl) calculated from XRD peak of the prepared MCC was 91.2%, which is relatively high in comparison with MCC from palm
biomass (88%), rice husk (67%), wood (71%), and rice straw (68%) [10, 35, 42, 44, 45].
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Figure 5 XRD pattern of MCC
3.2. Adsorption of MB

The effect of adsorption time on MB adsorption capacity of MCC material is displayed in Figure 6. It is clearly seen that the
adsorption capacity of the material increased rapidly in the first 5 min and then increased slowly from 5 to 15 min. The adsorption
process reached equilibrium after 15 min of the experiment and the highest MB adsorption capacity of the material was calculated at
13.5 mg/g. For comparison, the MB adsorption capacity of the MCC material without treatment with H202 was 8.66 mg/g, proving a
great enhancement of adsorption ability with H202 treatment. Three adsorption models were applied to study the adsorption kinetics
of MB on MCC, including pseudo first order model, pseudo second order model, and intraparticle diffusion model, which were adopted
from Song, et al. [27]. Results summarized in Table 1 suggested that the adsorption of MB on MCC material was best described by
pseudo second order model with a higher correlation of coefficient. In addition, calculated capacity (q cal) of 13.8 mg/g which was in
agreement with the experimental value (Q exp) of 13.5 mg/g.
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Figure 6 Effect of experiment time on MB adsorption (experimental condition: 30 mg MCC, 10 ppm MB, pH 7, and room temperature
of ~ 30 °C)
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Table 1 Parameters for different adsorption kinetic models
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Kinetic models Linear form R? (q ,cal) mg/g K
Pseudo first order model y =-0.1188x + 0.2719 0.7086 1.31 0.1188 (min')
Modified pseudo first order model y =-0.1161 + 1.1643 0.7133 3.20 0.1161 (min')
Pseudo second order model y = 0.0726x + 0.0625 0.9994 13.8 0.0843 (g.mg* min)
Intraparticle diffusion model y = 0.4452x + 10.85 0.4875 - 0.4452 (mg.g™* minY)

pH is an important factor controlling the adsorption process. There is often a suitable pH range for high adsorption capacity since
pH affects both the surface charge of adsorbent and the species of the adsorbate. The effect of solution pH on the adsorption process
was investigated in a pH range of 3 — 10 and demonstrated in Figure 7a. The adsorption of MB was very low with a capacity of
approximately 1 mg/g at a low pH range of 3 — 4, which could be due to the adsorption competition of H* and MB [46]. The adsorption
capacity of the material increased rapidly in the range of pH 4 to pH 6, mostly because of the decrease of H* ion in the solution. As
can be seen in Figure 7b, the point of zero charge of MCC was determined at 4.8. When pH > pHpzc the surface of the MCC material
was negatively charged, which could promote the interaction between the MCC surface and MB [46]. Therefore, pH 6 was chosen for
further investigation.
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Figure 7 (a) Effect of solution pH on MB adsorption of MCC (experimental condition: 15 min, 30 mg MCC, 10 ppm MB, and room
temperature of ~ 30 °C), and (b) the isoelectric point of MCC material

Choosing a suitable amount of absorbent is important, whose criteria are usually required both adsorption efficiency and acceptable
adsorption capacity. The effect of MCC dosage on the removal of MB is depicted in Figure 8. It is usually that the removal efficiency
increases from 51.9 to 100% but adsorption capacity decreases from 26.0 to 8.35 mg/g with increased dosage of MCC from 0.2 to 1.2
g/L because of more available adsorption site [47]. The excess adsorbent was observed with an MCC dosage of > 0.6 g/L with
adsorption efficiency of 100%. Therefore, the MCC dosage was chosen at 0.6 g/L for further experiments.
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Figure 8 Effect of MCC dosage on the adsorption of MB (experimental condition: 15 min, 10 ppm MB, pH 6, and room temperature
of ~ 30 °C)
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It is widely known that the initial concentration of adsorbate has a strong effect on the adsorption capacity of the adsorbent due to
phase equilibrium. The effect of MB concentration on the adsorption capacity of MCC material is exhibited in Figure 9. It was obvious
that the adsorption capacity continuously increased from 8.31 to 40.9 mg/g when MB concentration increased from 5 to 40 mg/L. The
experimental data were also fitted with Langmuir and Freundlich isotherms to find out the suitable adsorption model which followed
the calculation step reported in the work of Phan, et al. [48]. Table 2 shows that the adsorption of MB on MCC material is more suitable
with Langmuir isotherm because of its R? value of 0.9701 which was higher than that of Freundlich (0.9595). It could be concluded
that the adsorption of MB on MCC is more likely to be monolayer adsorption. The maximum adsorption capacity was also compared
with those reported previously and the results are presented in Table 3. This MCC material has a relatively high maximum adsorption
capacity that other materials, except for Oil palm frond MCC powder and Salix babylonica leaves powder.
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Figure 9 Effect of initial MB concentration on the adsorption ability of MCC (experimental condition: 15 min, 30 mg MCC, pH 6, and
room temperature ~ 30 °C)

Table 2 Adsorption isotherm parameters

Isotherm Parameter Value
Qmax (mg/g) 40.161

. KL (L/mg) 1.3387
Langmuir R? 0.9701
12 0.0137

Kr ((mag/g)(L/mg)n) 27.042

Freundlich FL\IZ (1)19?)52
12 1.1852

Table 3 A comparison between Qmax in this study and previous researches

Adsorbent Qmax MB (mg/g) Reference
Commercial MCC 4.95 [49]
Immobilized oil palm frond MCC 11.42 [50]
Immobilized oil palm frond MCC (OPF-MCC) 12.85 [51]
Orange peel cellulose 18.60 [52]
MCC with H20 treatment 40.16 This study
Oil palm frond MCC powder 51.81 [53]
Salix babylonica leaves powder 60.97 [54]

The effect of temperature on the adsorption of MB is displayed in Figure 10. In the temperature range from 20 to 45 °C, the
adsorption capacity of MCC material increased from 22.2 to 28.9 mg/g. The capacity increased rapidly to 28.1 mg/g in a temperature
range of 20 - 35 °C and then increased slowly in a range of 35 - 45 °C. Based on thermodynamic parameters calculated from the
literature [48, 55], the thermodynamic parameters in this study are summarized in Table 4. The positive value of AH denotes that the
adsorption of MB onto the MCC surface is endothermic, which is more active under higher temperature [56]. Moreover, higher
temperature creates more turbulence and diffusion but less viscous, which promotes the diffusion of MB inside the pore of the MCC
material. The positive AS value shows the increased randomness at the solid-solution interface during the adsorption process. In
addition, the decrease in free Gibbs energy with the increase of adsorption temperature shows the favorable adsorption under higher
temperatures. AG values at all temperatures were in negative values, which confirmed the spontaneous and feasibility of the adsorption
of MB on MCC. The adsorption reaction is a spontaneous process at high temperature, and not requires any energy from an external
source to uptake MB molecules onto the MCC surface [57].
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Figure 10 Effect of adsorption temperature on the adsorption of MB by MCC material (experimental condition: 15 min, 30 mg MCC,
20 ppm MB, pH 6)

Table 4 Thermodynamic parameters for adsorption of MB onto MCC

AG (kJ/mol)
AH (kJ/mol) AS (kJ/mol K)
20 25 30 35 40 45
38.423 0.1316 -3.069 -3.777 -4.485 -5.193 -5.902 -6.610

The durability of the material is shown in Figure 11. It can be seen that MB removal efficiency tended to decrease with the number
of the regeneration cycle. The MB removal efficiency decreased from 96% to 65% after 10 regeneration times. The tendency to reduce
the efficiency of MB adsorption can be explained by the MB desorption process on the surface of MCC, which was incompletely due
to MB still adhering to the material surface and obstructing the subsequent MB adsorption process [58].
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Figure 11 Reuse of MCC (experimental condition: 15 min, 30 mg MCC, 10 ppm MB, pH 6)
4. Conclusions

Microcrystalline cellulose with high quality was successfully synthesized by a green process and applied for the removal of MB in
aqueous solution. Characteristics of synthetic materials are shown through SEM, FTIR, XRD, TGA, and BET analyses. The equilibrium
time for MB adsorption was 15 min while the suitable solution pH was 6. The adsorption capacity increased with the increase of MB
concentration and temperature but decreased with the increase of adsorbent dosage. The adsorption data fitted well with Langmuir
isotherm and the maximum adsorption capacity (mg/g) of 40.16 mg/g was obtained at room temperature. These results suggested that
MCC could be a very potential and green adsorbent for dye removal and wastewater treatment applications.
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