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Abstract: This study demonstrates a successful processing and utilization of banana rachis cellulose nanocrystals
(CNCs) dispersed clay composite filter which is capable of adsorbing dye and heavy metal ions namely Pb(II) and
Cr(III) from industrial wastewater. The composite of different compositions was prepared by dispersing the cellulose
nanocrystals, obtained by acid hydrolysis of banana rachis fibres, within the tri-ethyl amine treated clay. The CNC
and treated clay were characterized by Fourier transform infrared (FTIR), X-ray diffractometry (XRD), and scanning
electron microscopy (SEM) analyses. Industrial wastewater containing a basic yellow2 dye and two heavy metal ions,
Pb(II) and Cr(III), was passed through the prepared filters set in a column. The dye and metal ions adsorption capability
of the filters were analyzed by determining the dye and metal ions concentration into the water before and after
passing through the composite filter. The concentration of dye and metal ions in water was determined by a UV-visible
spectrophotometer and an atomic absorption spectrophotometer, respectively. It was found that the dye adsorption
capacity of the composite filters was about 50 mg per gram of composite as well as Pb(II) and Cr(III) ions adsorption
capacities of the composite filters were >10.0 mg and >12.4 mg respectively per gram of the composite when CNC
content in the composite was >30 wt.%. It was also found that the metal ions adsorption capability of the composite
filter was improved with increasing CNC content in the composites.
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1. Introduction

Industrial wastewater, due to the presence of heavy metals and synthetic dyes which are responsible for
environmental pollution, has a very adverse effect on the environment. Heavy metal ions, particularly lead and
chromium present in industrial wastewater are very toxic [1]-[4]. These heavy metal ions can also affect human health
such as dermatitis, bronchial carcinomas, brain damage, etc. [5]-[6]. Dyes present in industrial wastewater, mainly
contributed by textile industries [7], are also toxic and have a serious effect on the environment [8].

Considering those adverse effects of heavy metals and dyes on the environment, many researchers have
developed different materials for removing dyes and heavy metals from industrial wastewater [9]-[15]. Clays and clay-
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based materials, because of high capability and mechanical stability, are used to adsorb heavy metals and dyes from
wastewater [13]-[15]. Clays have different varieties. However, the most common are montmorillonite, and kaolinite [16],
[17]. The clay used in this study, Bijoypur clay, is a kind of kaolinite clay, which contains SiO, (70.08%), Al,O; (27.24%),
Fe,0; (1.03%), and TiO, (1.65%) [18]. The chemical formula of kaolinite is Al,Si,05(OH),. It is an aluminosilicate clay
and its basic structure contains silicate sheets. The layered structure is made up of a tetrahedral sheet of Si-O and an
octahedral layer of Al-O [19], [20].

At present, different biodegradable polymers such as cellulose [21], [22], chitosan [23], Jalshakti [24], poly(vinyl
alcohol) [25], etc. based materials are also being used for removing dyes and heavy metals from wastewater making
composites. Among them, cellulose is a universal and sustainable polymer present in nature as a basic material of plants.
The yearly biomass generation of cellulose is around one trillion tonnes, which suggests the limitless use of cellulose
as a natural polymer raw material. Conversion of micro-cellulose materials into nanocellulose results in an intense
increment of the accessible surface area. Nanocellulose and nanocellulose based composite filters and membranes have
been appeared to adsorb metal ions and metals [26]-[31] as well as dyes [32]-[34] from water solution.

The banana rachis is a waste of banana cultivation. It contains a significant amount of lignocellulosic fibres. The
use of banana rachis fibres for textile and other purposes as a natural material is a new concept in Bangladesh. The fibres
have not been exploited much commercially yet, as it was considered inferior to abaca and other available hard fibres.
It can be extracted by hand scraping, retting or using machines, and it can also be chemically extracted. Nanocellulose
can be prepared by acid hydrolysis of a-cellulose obtained from the banana rachis fibres by traditional bleaching and
alkali treatment. Hence, this study aimed to make a biodegradable composite filter based on clay and CNC obtained
from banana rachis by a simple mixing method to remove the dye and two hazardous heavy metals such as lead and
chromium from industrial wastewater as well as to investigate the performance of the fabricated composite filter.

2. Experimental
2.1 Materials

Banana (Musa acuminata L) rachis fibres (Figure 1) were obtained from the banana rachis, which was collected
from rural area Modhupur, a place of Kushtia, in Bangladesh. Kaolinite clay (Figure 2a) was collected from Bijoypur
of Netrokona district in Bangladesh. Industrial wastewater was collected from Kumarkhali, Kushtia, Bangladesh. It
contained heavy metal ions Pb(Il) and Cr(III) as well as a basic yellow2 dye. The chemicals used in this study, such as
sodium hydroxide (NaOH), sulphuric acid (H,SO,), sodium acetate (CH;COONa), acetic acid (CH;COOH), sodium
chlorite (NaClO,), and tri-ethyl aniline ((C,H;);N), were analytical grade and purchased from British Drug Houses
(BDH), England.

2.2 Methods
2.2.1 Preparation of cellulose nano-crystal (CNC) from banana rachis fibres

Banana rachis fibres were extracted from banana rachis by retting process. The banana rachis was cut about one
foot and put into normal water in a container for two weeks. Thereafter, fibres were separated and washed with fresh
water several times and finally dried and store in a polybag. The dried fibres were then bleached with 1% NaClO, (1
g fibres: 80 ml NaClO,) solution at 90-95°C temperature and pH 4 for 90 minutes with constant stirring. The pH of
the liquor was maintained using acetic acid and sodium acetate buffer solution (1 ml buffer solution: 10 ml chlorite
solution) to ensure the proper bleaching of the fibres.

The bleached fibres were then treated with 17.5 wt.% NaOH solution to obtain a-cellulose by removing
hemicellulose [35], [36]. The a-cellulose fibres were then hydrolyzed by 60 wt.% sulphuric acid solution [37] at 45°C
for 45 minutes (50 ml acid solution/1 g of a-cellulose) as shown in Figure 1b. After hydrolysis, the nanocrystals were
washed with distilled water by centrifugation at 10000 rpm to remove free acid. Washing of crystals by centrifugation
process was repeated 5 times. Finally, CNC was collected from the vial of a centrifuge and preserved in ethanol.
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Figure 1. Photographs of (a) banana rachis fibres, and (b) CNC suspension

2.2.2 Treatment of clay

Clay collected from Bijoypur was treated with 5% tri-ethyl amine [(CH;);N] for 3 hours for removing organic
materials and increasing the hydrophobicity of clay. The pH of the solution was maintained between 11.8-11.4 during
treatment of the clay [38]. After treatment, the clay was filtered and dried at a temperature of 105°C temperature. Figure
2b shows a photograph of treated clay.

(b)

Figure 2. Photographs of (a) clay and (b) treated clay

2.2.3 Preparation of composite and column

CNC dispersed clay composite filter was prepared by simple blending method. CNCs were blended with the
treated clay in a mortar by a spatula which was then soaked into ethanol. Composite filters of 5 g of different clay/CNC
compositions 90/10, 80/20, 70/30, and 60/40 as reported in Table 1 were prepared for investigating their performance.
A filter of plain clay was also made and used as a control. At first, a 0.5 cm cotton bed was placed at the bottom of a
filter column having 1 ¢cm diameter and 80 cm length as shown in Figure 3. Then a sand bed of 0.5 cm thickness was
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prepared. After completing the preparation of the sand bed the clay/CNC composite was placed into the column. The
thickness of the nanocomposite filter layer was 2 cm.

Table 1. Compositions of fabricated nanocomposites

Sample Wt.% of clay Wt.% of CNC
Composite filter 1 100 0
Composite filter 2 90 10
Composite filter 3 80 20
Composite filter 4 70 30
Composite filter 5 60 40

Waste water
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Banar.la and dyc) Untreated
Rachis e
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Figure 4. The flow diagram shows fabrication and waste-water purification
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The thickness of the composite layer was very important. If the thickness exceeded that limit then it would take a
long time to pass the water through the filter layer, whereas if the layer was lower than the desired scale then the filter
layer would lose the resistance properties and allow to pass all the dye molecule through it. The composites preparation
and wastewater purification process are also shown in a flow diagram of Figure 4.

2.3 Characterization techniques
2.3.1 Fourier transform infrared (FTIR) spectroscopy

Chemical modification of clay, as well as available functional groups present in clay and CNC, were investigated
by FTIR spectroscopy using ATR-FTIR (Attenuated Total Reflectance/Fourier Transforms Infrared) spectrophotometer
(Model-FTIR8400S spectrophotometer, SHIMADZU Corp, Japan) to functional group detection. The samples were
scanned in the frequency range 500-4000 cm™ at a resolution of 4 cm™.

2.3.2 X-ray diffraction (XRD) spectroscopy

XRD analysis of a-cellulose, CNC, untreated and treated clay was carried out by a Rigaku Ultima IV
diffractometer operating at 40 kV and 30 mA, using the radiation (A = 0.1546 nm). The crystalline degree of the samples
was determined as the ratio of the areas of crystalline reflections to the whole area (after subtraction of background) in
the 20 range. The XRD method is based on Bragg’s Law [39]: nA = 2d sin0.

2.3.3 Scanning electron microscopy (SEM)

SEM images of treated and untreated clay were taken at 20 kV by a Scanning Electron Microscope, JSM-6490LA,
Jeol, Japan. The surface morphology of the treated and untreated clay was investigated from the SEM images.

2.3.4 UV spectroscopy

UV spectroscopy was used to determine the concentration of dye in wastewater and purified water. UV
spectroscopy obeys the Beer-Lambert law. The analysis was carried out on UV-1601. The wavelength was fixed at 520
nm.

2.3.5 Atomic absorption spectroscopy (AAS)

AAS was used to determine the heavy metal ions (lead and chromium) concentration in wastewater and purified
water. The atomizer in which the analyte was atomized was a flame type. For the identification of heavy metal, Varian
AA 240 FS atomic absorption spectrophotometer was utilized. The efficiency of banana rachis CNC and clay composite
for Pb(II) and Cr(IIl) ions removal from aqueous solutions was calculated quantitatively by using the following
equation:

: o Gi=Cr
Removal efficiency (%) = C 100 1

1

Where C, is the initial metal ion concentration (mg/L), C,is the final (residual) metal ion concentration (mg/L). All
the determinations of Pb(Il) and Cr(IIl) ions in the solutions were carried out in triplicates and the average values were
reported.

3. Results and discussion
3.1 FTIR analysis of cellulose nanocrystals and clay

FTIR analysis was carried out to investigate various functional groups of fibres and clay. Figure 5 represents the
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FTIR spectrum of CNC. In the spectrum of Figure 5, it can be seen that a broad absorption band in the region 3600-
3200 cm™ corresponds to the characteristic -OH stretching vibration and hydrogen bond of the hydroxyl groups of
cellulose. The peaks at 2943-2856 cm™ are assigned to the C-H stretching vibration from the -CH, group of cellulose.

The strongest bands in the spectrum at 1103 and 1051 cm™ are assigned to -CO stretching for secondary alcohol [40],
[41].

Transmittance (%)

3500 2500 1500 500

Wave number (cm™)

Figure 5. FTIR spectrum of cellulose nanocrystals
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Figure 6. FTIR spectra of treated clay and untreated clay

FTIR analysis of untreated clay and treated clay was carried out to investigate the available functional groups
in clay as well as to see the evidence of tri-ethyl amine onto the treated clay. Figure 6 represents the FTIR spectra of
untreated and treated clay. The peak assigned to water -OH stretching is found at 3441 cm™ [42]. The most important
mineral peaks are observed at 1101 and 1024 cm™ due to Si-O stretching modes. At 918 cm™, the peak is due to the
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presence of bending Al-O-H bonds. The bending due to the presence of water is observed at 1622 cm™. The strong peak
at 783 cm is due to free silica and/or quartz. Some other peaks that can be observed in the fingerprint region but heavily
overlapped are at 690 cm™ for Si-O stretching and 540 cm™ for Si-O-Al bending. All these peaks confirm the presence
of kaolinite [43]-[46]. The presence of C-H (alkane) peaks at about 2900 cm™ in the spectrum of treated clay indicated
the incorporation of ethyl group into the clay, as two carbon-containing ethyl group, an alkane, gives a stretching peak
at 2800-3000 cm™ corresponding to the sp’ hybridization peaks of alkanes. The presence of primary amine from the tri-
ethyl amine used for modification gives a narrow band at 3400 cm™ and also at 1600 cm™ [47].

3.2 X-ray diffraction (XDR) analysis of CNC and clay

XRD analysis of CNC and clay was carried out to evaluate the crystalline nature of banana rachis cellulose and
CNC as well as to investigate the crystal structure of chemically modified clay. Figure 7a represents XRD spectra of
a-cellulose and CNC of the banana rachis. In Figure 7a, it can be seen that each spectrum has common crystalline
peaks located at 15.7°, 22.4° and 31° in 20 scale corresponding to the (101) (002) and (040) crystallographic plane,
respectively [48], [49]. Both a-cellulose and CNC exhibit the characteristic peak of cellulose-I (the crystal form of
native cellulose) [50] that can be ascribed to the fact that the crystal structure of cellulose was not changed after acid
hydrolysis.
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Figure 7. XRD pattern of (a) fibres and (b) clays
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In the spectra of a-cellulose and CNC, it can also be noticed that the removal of large amounts of amorphous parts
by acid hydrolysis made the crystalline peaks sharper and more defined in the spectrum of CNC than that of a-cellulose
that indicates increasing crystallinity in CNC. Hence, the XRD analysis of banana rachis cellulose and CNC indicated
that the crystal structure in CNC was not changed. However, crystallinity was increased in CNC due to the removal of
non-crystalline parts by acid hydrolysis. Figure 7b represents XRD spectra of chemically treated and untreated clay. In
Figure 7b, it can be seen that the major diffraction angles (20) for kaolinite, chemical composition Al,Si,05(OH),, are
12.37° and 24.85° and for quartz are 20.82° and 26.67° [18], [51]. The peaks related to the different planes of crystal of
untreated clay and treated clay are similar that indicates that the crystal structure of clay was not changed after treatment
with tri-ethyl amine.

3.3 Surface morphology of treated clay, untreated clay, and composite
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Figure 8. SEM images of (a, ¢) untreated and (b, d) treated clay at low and high magnifications respectively as well as (e) composite filter 2
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Figure 8 represents the scanning electron microscopic images (at low and high magnifications) of treated and
untreated clay as well as an SEM image of a composite.

In the SEM images as shown in Figure 8 (a, b), it can be noticed that the particle’s shape and size of treated and
untreated clay are very similar. The particles have no definite shape. The particle sizes of both treated and untreated clay
are in the range of 1-20 um. The particles surfaces of both treated and untreated clay appear smooth with some white
shiny spots, which are visible in the higher magnified SEM image of untreated clay. It was expected that the surfaces
of the modified clay would appear rough because of the grafting of tri-ethyl amine on the clay particles surfaces.
However, the surface morphology of the original clay and modified clay are almost the same. Figure 8¢ represents an
SEM image of nanocellulose dispersed modified clay composite containing 10 wt.% nanocellulose. No agglomeration
of nanocellulose was found in the SEM image of Figure 8e. Hence, the SEM analysis of composite indicated a good
mixing of clay and nanocellulose.

3.4 Removal of dye by the composites

UV spectroscopy was used to determine the dye concentration in water before and after passing through the
composite filter set in a column. The initial concentration of the dye in the wastewater was 250 mg/L. Dye molecules
present in the wastewater displayed a maximum value of absorbance of 0.56 at 520 nm. Figure 9 represents a column
diagram of the UV absorbance of the dye in wastewater and filtered water by different composite filters. In Figure 9,
it is seen that dye was removed from wastewater by composite filter regardless of the compositions of the composite.
Clay shows a strong attraction to both cationic and anionic dyes [52]. However, its adsorption capability for basic dyes
is higher compared with acid dyes. The dye adsorption capacity of clay also depends on the net charges, pore sizes, and
surface area of clay grains. In Figure 9, it is also noticed that dye was removed from wastewater by composite filter
regardless of the compositions of the composite and the minimum dye adsorption capacity of the composite filters was
250 mg/5 g, i.e., 50 mg/g. This test indicated that dye is adsorbed on the clay and the effect of CNC in the composite
filter was not distinguished.
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Figure 9. UV absorbance of the dye in the wastewater and filtered water by different composites

3.5 Removal of heavy metal ions by the composites

AAS was used to determine the content of the heavy metal ions namely Pb(II) and Cr(IIl) in the industrial
wastewater samples before and after passing through the filter. Figure 10 displays the column diagram of Pb(II) and
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Cr(III) ions concentration in water before and after passing through the different composite filters. The labeling values
at the top of the columns display the metal ions concentration in the water before and after passing through the filters.
In Figure 10, it is obvious that both clay and CNC have adsorption capability to remove Pb(II) and Cr(IIl) ions from
water. Plain clay is capable to adsorb about 76% Pb(Il) from wastewater based on the initial concentration of 0.050 g/
L of Pb(II) in water. The Pb(II) ion adsorption capability of clay becomes 100% by the dispersion of CNC in clay. From
this analysis, it is obvious that the presence of CNC in the composite improved the Pb(Il) ion adsorption capability
of the composites and the minimum Pb(II) adsorption capacity of the composite filters was 50 mg/5 g, i.e., 10 mg/
g when CNC content in the composites was >20 wt.%. The higher lead ion removing capacity of the nanocellulose
dispersed composite filter can be attributed to the lead ion removing capability of nanocellulose materials present in the
composites. The capability of nanocellulose and modified nanocellulose for removing lead ions from the water was also
reported by others [26], [53]. It was reported that the maximum Pb(II) ion adsorption capacities of nanocellulose and
modified nanocellulose were 6.20 mg and 186.5 mg per gram of CNC [53].
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Figure 10. Metal ions concentration in water before and after passing through the different composite filters

In Figure 10, it is also obvious that plain clay is capable to adsorb about 72% Cr(IIl) from wastewater based on
the initial concentration of 0.062 g/L of Cr(IIl) in water. The Cr(III) ion adsorption capability of clay increased with
increasing CNC content in the composite. When CNC content in the composite was >30 wt.% then adsorption capability
of the composite become 100%. From this analysis, it is also obvious that the presence of CNC in the composite
improved the Cr(IIl) ion adsorption capability of the composites and the minimum Cr(III) adsorption capacity of the
composite filters was 62 mg/5 g, i.e., 12.4 mg/g when CNC content in the composites is >30 wt.%. The improved
performance of the nanocellulose dispersed composite filter can also be attributed to the heavy metal ions such as Cr(III)
ions removing the capability of nanocellulose materials like lead ions. The capability of nanocellulose and modified
nanocellulose for removing Cr(IIl) ions from wastewater was also reported in the literature [54]. It was reported that
the Cr(III) ion adsorption capacities of nanocellulose and modified nanocellulose were 38.1 mg and 47.0 mg per gram
of CNC [54]. From this investigation, it is also obvious that Pb(Il) ions have more affinity to the prepared composite
compared with Cr(III) ions.

4. Conclusion

A very simple and easy preparation of a composite filter based on banana rachis cellulose nanocrystals (CNCs)
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and clay has been reported. The prepared composite is highly capable of removing heavy metal ions namely Pb(Il) and
Cr(IIT) as well as dyes from industrial wastewater. The dye adsorption capacity of the composite filters was about 50
mg per gram of composite. And the Pb(II) and Cr(III) ions adsorption capacities of the composite filters were >10.0
mg and >12.4 mg respectively per gram of the composite when CNC content in the composite was >30 wt.%. In this
study, the composite was prepared by a simple blending of CNC and clay. The CNC was obtained by the acid hydrolysis
of cellulose obtained from banana rachis fibres. The clay collected from Bijoypur, Bangladesh was treated with tri-
ethyl amine. Both CNC and clay were characterized by FTIR, XRD, and SEM analyses. The performance of prepared
composites of different compositions of CNC and clay was investigated by a UV-visible spectrophotometer and an
atomic absorption spectrophotometer, respectively. It was found that the prepared composite filter was highly capable of
adsorbing dye and heavy metals from industrial wastewater. It was also found that the metal ions adsorption capability
of the composite filter was improved with increasing CNC content in the composites. Since clay is a very cheap raw
material and kaolinite has no side effects and health problems if dust particles are controlled, the developed composite
filter can be a very cost-effective and environmentally friendly adsorbent for removing dyes and heavy metals namely
lead (IT) and chromium (IIT) from industrial wastewater.
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