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Chitosan (CH) and cellulose are the most abundant biopolymers which could be utilized for hazardous
dye removal. By incorporating TiO, onto cellulose/CH matrix, our research aimed to achieve high
metanil yellow removal by means of synergetic adsorption/photodegradation mechanism. The cellulose
particles were extracted from wild grass (Imperata cylindrica L.) to obtain grass-derived cellulose
(GC). Simple blending method was used to prepare TiO,/GC/CH, in which the composition was
determined by simple additive weighting method (SAW). TiO,/GC/CH was characterized by means of
tensile strength test (also used for SAW), Fourier Transform-Infrared (FT-IR), X-ray diffraction
(XRD), differential scanning calorimetry (DSC), and scanning electron microscopy (SEM). Metanil
yellow removal using TiO,/GC/CH works very well at acidic pH range. The removal follows the
pseudo-second-order kinetic (R? = 0.997) and Langmuir isotherm (R? = 0.998) modellings. High gm
obtained from the metanil yellow removal under UV irradiation (qm = 171.527) proves the synergism
between adsorption and photodegradation. The developed TiO,/GC/CH could be potentially used in the

wastewater treatment for azo dye removal.

doi: 10.5829/ije.2021.34.08b.03

1. INTRODUCTION

Chitosan (CH) has been recognized by scientific
communities for its excellent properties in removing
hazardous contaminants from water, either they are
heavy metals or dyes [1, 2]. For practical aspect, CH
adsorbent can be prepared in a form of film. In such
form, the adsorbent could be easily filtered from the
water after the adsorption has been completed.
Unfortunately, CH could be easily ruptured by
mechanical force and dissolved by acidic solution. To
overcome, some studies have prepared CH-based
composite using various fillers [3-5].

Cellulose is a good filler candidate, especially
because of its high adsorptive performance and rich
abundance in nature [6-8]. Some research groups have
developed Cellulose/CH-based composite to improve
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the inherent properties of CH [5, 9, 10]. Our research
group focuses on utilizing widely available biomass as
the source of cellulose. Previously, we had successfully
prepared CH film composite with cellulose derived
from oil palm empty fruit bunches [11, 12], and applied
it to remove Cd?* from water. Others have used
biopolymers as the reinforcement including leaf fibre
[13], cassava starch [14], and cellulose [15]. In this
research, we used wild grass (Imperata cylindrica L.) —
or locally known as alang-alang, as the source for the
cellulose filler.

Adsorptive removal could be synergized with photo-
induced degradation facilitated by TiO, photocatalyst.
As a photocatalyst, TiO, can be triggered by UV
irradiation to produce pairs of electron and holes leading
to the generation of hydroxyl radicals [16, 17].

There have been extensive reports regarding the
effective photodegradation performed by TiO, [18, 19].
Agglomeration is one of the challenges in the
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application of nanoparticles due to the loss of contact
surface. Our groups had used TiO; for dye removal with
various maodifications to prevent agglomeration of the
nanoparticles [20-22]. Herein, we expected that the
cellulose/CH matrix could prevent the agglomeration by
fine distribution of the nanoparticles on the matrix
surface. Moreover, addition of TiO, onto polymeric
matrix can improve the physical properties of the
material [23, 24].

Indeed, CH, cellulose, and TiO, blends have been
widely investigated for its performance on removing
dyes, but mostly those reported studies used cellulose
derivative — cellulose acetate [24-27]. On contrary, we
used non-valuable and widely abundant source — grass,
as the source to obtain grass-derived cellulose (GC)
filler. To test the performance of TiO/GC/CH film
composite, we chose metanil yellow as a model for azo
dye pollutant which occupies 50% of world’s dye
production [28]. At the end of the day, we expect that
our TiO2/GC/CH film composite can be applied to treat
wastewater produced in azo dye-related industries.

2. MATERIALS AND METHODS

2. 1. Materials and Cellulose Extraction
Chitosan (CH) as the feed material for the matrix
polymer was purchased from Tokyo Chemical Industry
Co., Ltd. (Japan) with acetyl degree of 75-85%. Glacial
acetic acid, TiO, powder, metanil yellow, H,SO4, H20,
and pH adjusters (NaOH and HNO3) were purchased
from Sigma-Aldrich (Missouri, United States).

Grass-derived cellulose (GC) had been priorly
obtained and its characteristics had been reported [29].
Briefly, powdered grass was hydrolyzed in H,SO4 40%
and bleached in H20, 30% (at 45°C; 90 min), followed
by washing and oven-drying at 40°C.

2. 2. Preparation of TiO2/GC/CH CH was
dissolved in 100 mL glacial acetic acid (20% v/v) and
stirred at 250 rpm for 2 h to obtain a matrix solution.
GH and TiO; were priorly homogenously dispersed in
distilled water before they were sequentially added into
the matrix solution and stirred at 250 rpm for another 2
and 3 h, respectively. The casting solution was then
poured onto a glass mold (17.5 x 12.5 cm) and dried at
room temperature for 48 h to obtain the film composite
as depicted in Figure 1.

Figure 1. A visual appearance of TiO2/GC/CH composite
film
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2. 3. Selection of the Best Film Composite To
select the best composite we employed simple additive
weighting method (SAW) [30]. The decision making
analysis was based on the tensile strength of the film
and the % removal of metanil yellow, with % priority of
40% and 60%, respectively. Tensile strength was
measured by using Universal Testing Machine (UTM)
Huang Ta with strain rate of 20 mm/s, where the film’s
shape followed ASTM D638. Meanwhile, the %
removal of metanil yellow from aqueous solution (20
mL) was determined from batch adsorption at
equilibrium and pH 6.5 in dark condition using 0.01 g of
the film samples, which will be further explained later.
Afterward, the data were normalized by dividing each
value with the maximum value of all samples. This
calculation produced normalized tensile strength (Na.)
and normalized removal percentage (Np). The priority
index (Npi) was then calculated by Equation (1):

Npi = (40% x N,) + (60% X N,,) @

Film composite with Npi closest to 1 was selected for
characterization and further metanil yellow removal
studies.

2. 4. Characterization Characterizations of the
prepared materials were conducted in Shimadzu Fourier
transform — infrared (FT-IR) 8400 (Kyoto, Japan), Jeol.
Jsm-6510 LA scanning electron microscope (SEM)
(Tokyo, Japan), Shimadzu X-ray diffractometer (XRD)-
700 (Kyoto, Japan), and Shimadzu differential scanning
calorimetry  (DSC)-60  (Kyoto, Japan). The
characterization procedures followed our previous
reports [6, 31].

2. 5. Batch Adsorption/Photodegradation
Metanil yellow removal by TiO»/GC/CH film composite
was conducted (at 250 rpm; 30°C) in two conditions,
with and without the presence of UV irradiation for
adsorption and synergetic adsorption/photodegradation
studies, respectively. The final concentration (Ce
(mg/L)) of metanil yellow was calculated employing
Shimadzu UV-Vis spectrophotometer (Uvmini-1240,
Shimadzu, Kyoto, Japan) at Amax = 432 nm after the pH
adjustment into 6, as suggested previously [32]. For the
contact time studies, the procedure was carried out at
pH 6.5 using 0.05 g TiO/GC/CH in 25 mL metanil
yellow (100 mg/L). The adsorption parameters followed
the suggestion of previous reports [33, 34]. All the
following studies employed the optimum adsorption
parameters obtained earlier (100 minutes contact time;
pH 3). Adsorption capacity at t time (g: (mg/g)),
adsorption capacity at equilibrium (qe (mg/g)), and
removal percentage (%) were calculated based on the
equations we had used in the previous reports [35-37].
For the photodegradatino using UV irradiation, a UV
lamp (6 W; A = 365 nm) was used and positioned 10 cm
away from the batch container.
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3. RESULTS AND DISCUSSION

3. 1. Effect of Filler Addition on the Tensile
Strength and Metanil Yellow Uptake Addition
of GC and TiO; promotes adhesive force, resulting in
higher tensile strength than neat CH (Table 1). The
addition of fillers prevents the slipping effect and
reduces the void in the matrix. Our findings are
consistent with the previously reported studies [3, 4, 38,
39].

However, adverse effect of GC and TiO; fillers
incorporation onto chitosan matrix on metanil yellow
removal was observed. It is presumably because of the
blockage of the binding sites in the chitosan. Yet, TiO;
embedment was expected to provide synergetic
adsorptive and photocatalytic removal. In determining
the optimum composite, the removal was merely based
on the adsorption since it was conducted in dark
condition.

The aim of preparing this composite is not only to
obtain a material that performs the highest dye removal.
For practical purposes, the composite film should
possess a good endurance against mechanical stress
from the water flow. Therefore, mechanical properties
of the material should also be taken into account.
Combinations of TiOz, GC, and CH vyield complex
interaction, resulting in unpredictable tensile strength
and metanil yellow removal performance. Therefore,
selection of the most optimum composite was
determined through SAW method, where composite
with the composition of 0.9 g CH, 0.05 g GC, and 0.05
g TiO, was selected due to its possession of the highest
Npi value (Table 1).

3. 2. Characteristics The purposes of analyzing
FT-IR spectra (Figure 2) are: a) Investigating the
success of GC and TiO. fillers addition, and b)
Identifying functional groups that can act as active sites,

TABLE 1. Results of SAW analysis based on the tensile
strength and ge

Criteria
Composition Tensile Strength ~ Removal NP
(kgf/mm?) (%)

CH(Lg) 1233 9907  0.90
CH:GC(0.9g:0.1g) 14.00 9882 094
CH : Ti0,(0.9g: 0.1 g) 15.42 9888 098
CH:GC:Ti0,(09¢g:

0.025 g : 0.075 g) 14.25 9913 095
CH:GC:TiO,(09¢g:

0.05g : 0.05g) 16.17 98.80 1.00
CH : GC : Ti0; (0.9 : 14.25 9904 095

0.075g: 0.025 g)
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namely O- and N-containing groups [35, 40].
Overlapping of O-H and N-H stretching vibration was
observed at a range of around 3500 — 3000 cm in all
samples. Within the same wavenumber range, GC/CH
and TiO,/GC/CH showed broader spectral bands
indicating the addition of O-H from GC [41] and
TiO(OH); nanoparticles [42]. Amide | bands (N-H
deformation and C-O stretching) of typical CH were
observed at 1638 cm; shifted to lower wavenumber
1632 cm? stem from the effect of GC and TiO;
addition. Transmittance peaks at1147 and 888 cm-* from
CH are assigned to C-O-C and C=O stretching,
respectively. These peaks were shifted to higher
wavenumber  associated  with  the  successful
immobilization of GC and TiO, [43, 44]. The
immobilization of TiO, into GC/CH could also be
proven by the appearance of transmittance peak of O-
Ti-O stretching vibration, which is similar to the
previously reported study [45].

Based on the diffractogram of CH (Figure 3a), the
appearance of amorphous peak at 26 = 20.00° is typical
for hydrophilic chitosan crystalline lattice [46].
Previously, GC had been characterized using XRD
where the typical peaks at 15.24° and 21.96° (20) were
found [46]. In this study, those peaks were not
observable in GC/CH composite. Moreover, the
addition of GC resulted in the disappearance of several
peaks in CH matrix (20 = 37.79, 57.90, 64.73, and
77.68), indicating the change in polymer crystallinity. A
new peak at 24.85 in TiO2/GC/CH corresponds to the
immobilization of TiO,. Significant decrease at 20.00°
(20) in GC/CH and TiO2/GC/CH is ascribed to the
addition of those GC and TiO; as fillers. Depression of
crystalline lattice of CH may occur due to the presence
of those fillers induced by both hydrogen bonds and
steric effect [45]. It is then confirmed by quantitatively
calculate the crystallinity of the samples using the
proposed method [12, 47]; crystalline peaks divided by
noises of the entire diffractogram and multiplied by

Transmittance (%)

—cCH
n —— GCICH

o NHy
{“x&;@[(‘ ~d

Structure of CH

TiO2/GC/ICH
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Wavenumber (cm™)

Figure 2. FT-IR spectra of CH, GC/CH, and TiO2/GC/CH
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100%. CH, GC/CH, and TiO,/GC/CH have crystallinity
indices of 63.86%, 30.32%, and 27.96%, respectively.
DSC analysis aims to see the endothermic and
exothermic temperatures of the chitosan-cellulose-TiO;
composite film, which in principle measures the
difference in heat that enters with that of reference
temperature. Endothermic shoulder at 115.67°C in CH
thermogram (Figure 3b) is ascribed to the presence of
water evaporation, where higher temperature was
needed to evaporate the water in GC (Tpeak = 156.36°C).
It is probably due to the higher hydrophilicity of GC, as
opposed to CH, resulting in stronger binding of water
molecules. Interestingly, the endothermic shoulder
return to lower temperature after the embedment of
TiO,. There have been reports where TiO, embedment
can increase the hydrophobicity of a material [48, 49].
Exothermic peak at 338.97°C is ascribed to the
decomposition of CH, whereas in GC/CH and
TiO,/GC/CH, the decomposition was observed by two
identical exothermic peaks (at 319 and 395°C). The
thermal profile of GC/CH with two exothermic
decomposition peaks explains two different polymers in
the composites (GC and CH). The inherent
decomposition temperature of CH decreased in the
composite, which can be attributed to the reduction of
intermolecular interaction of chitosan caused by the
presence of GC particles. It is corroborated by the XRD

—— GC/CH
—— TiO2/GC/CH

Intensity (a.u.)

T T T T T T T 1
10 20 30 40 50 60 70 80
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2
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=
E
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D
o
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—— TiO2/GC/CH
T T T T T
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Figure 3. XRD patterns and DSC thermogram of CH, GC/CH,
and TiO2/GC/CH
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thermogram, where GC addition resulted in the
deformation of CH crystalline structure. Meanwhile, the
addition of TiO, appeared to contribute to slower
decomposition, where broader exothermic peak at
395°C is observed and ascribed to the degradation of
not only the polysaccharide and but also the O-H from
TiO, [43].

SEM images of CH, GC, GC/CH, and TiO./GC/CH
(Figure 4) are used to examine the surface morphology
of the samples. SEM image of CH shows a smooth
surface which indicates its homogenous mixing in the
solvent — in line with a previously reported study [50].
Diverse sizes of GC particles are observed with fibrous
shape and a diameter of 10 to 50 um. The difference
may be influenced by the hydrolysis and bleaching
process. GC/CH composite is observed to be having
rougher surface than CH. From the image, we can see
that GC was totally enveloped with CH layer indicating
the compatible composite. TiO, nanoparticles can be
observed to be very well dispersed on the GC/CH
surface, suggesting the successful embedment polymer
[25]. However, several agglomerations of TiO, were
observed as shown by the red arrow.

3. 3. Metanil Yellow Removal

3. 3. 1. Optimum Adsorption Parameters
Two important parameters for metanil yellow removal
via adsorption or photodegradation, namely contact time
and pH, had been studied (Figure 4). Rapid increment of
the adsorption capacities from the 20" to 60" minute

S\
X 5,000 > /; X 500 0 um

X 5,000 5 pm se— . .
(©) (d)
Figure 4. SEM images of (a) CH film, (b) GC particles, (c)
GC/CH film, and (d) TiO2/GC/CH film with 5,000 x
magnification. The red arrow indicated the presence of TiO2
agglomeration.
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was observed to be 135% and 202% for the adsorption
and adsorption/photodegradation, respectively (Figure
5a). It is due to the high diffusion force as at the initial
phase, the vacant binding sites is still numerous. On
contrary, at longer contact time the adsorption is
governed by chemical interaction between adsorbate
and adsorbent surface. Higher adsorption capacity from
the adsorption/photodegradation, especially at 60%
minute, may indicate the synergetic mechanism.
However, further studies using isothermal modelling
were used to substantiate the synergism. As the metanil
yellow pollutant attaches to the TiO2/GC/CH surface,
the pollutant will be photodegraded by TiO; — providing
extra vacant site. This process reached equilibrium at
100" minute indicated by the saturation of adsorption
capacity in the following contact times. At equilibrium,
the adsorption capacity for adsorption and
adsorption/photodegradation were 47.84 and 48.28
mg/g, respectively.  Therefore, the following
investigations were carried out for 100 minutes.

Metanil yellow is an acid dye which forms negative
ions in aqueous solution — anionic dye [51]. When the
anionic dye interacted with positively charged
adsorbent, the adsorption would increase due to
electrostatic interaction between the opposite charges.

50

48 414
=
46 /
44
S 42 -
>
E 401
i=3
38 /
36
344 @
—&— adsorption
324 —e— adsorption/photodegradation
T T T T T T T
20 40 60 80 100 120 140
Contact time (minute)
(@)

50

—=— adsorption
—e— adsorption/photodegadration

49

45

44 T T T T T T T T

pH
(b)
Figure 5. Effects of (a) contact time and (b) pH on the
removal of metanil yellow by TiO2/GC/CH film composite
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When pH > 3, the adsorption capacity of metanil yellow
decreased reciprocally with the increase of pH (Figure
5b). It stems from the fact that CH matrix from
TiO2/GC/CH composite was protonated in acidic
solution producing positively charged surface [51, 52].
Furthermore, in acidic solution, TiO, may produce
hydroxyl radicals via hole trapping mechanism [16, 53].
Nonetheless, at high pH value, the
adsorption/photodegradation process performed higher
adsorption capacity than the adsorption alone. It
suggests that at high pH, the removal was not only
dependant on the electrostatic attraction-based
adsorption, but rather on the photodegradation
mechanism. In basic solution, the formation of OH* can
still occur via electroreduction of dissolved O; [16, 53].
Therefore, the working pH range can be broadened by
incorporating TiO2 which can benefit the removal
process without decreasing the solution pH, in addition
to its practical aspect. However, since pH 3 facilitated
the highest removal of metanil yellow, the pH value was
selected for further investigations.

3. 3. 2. Kinetic and Isotherm Studies The
adsorptive behavior of methanyl yellow using
TiO,/GC/CH composite film was investigated by the
kinetic modeling. Therefore, two kinetic models were
employed, namely pseudo-first-order (Equations (2))
and pseudo-second-order (Equation (3)), as used in
previous studies [23, 40].
ki

2.303r

log(q. — q¢) = log q,- 2

t 1 Lt
q: k02 q.
where k; and k; are the constant rate of pseudo-first-
order and pseudo-second-order, respectively.

Kinetic model for adsorption and
adsorption/photodegradation of metanil yellow using
TiO2/GC/CH has been presented based on the linear
equations of pseudo-first-order (Figure 6a) and pseudo-
second-order (Figure 6b). The adsorption and
adsorption/photodegradation fit the pseudo-second-
order equation the most with R? = 0.997 and 0.9975,
respectively (Table 2).

Another statistical parameter that could be
considered is the values of Root-Mean-Square-Errors
(RMSE) that are lower in pseudo-second-order. Thus,
we  concluded that the  adsorption  and
adsorption/photodegradation follows the assumption of
pseudo-second-order, in which the rate-limiting step
depends on the chemisorption [40, 54]. Nonetheless,
since the data solely rely on the modelling approach, we
suggest further study to confirm the chemisorption
dominance.

Isotherm modellings were used to study the
interaction phenomenon in the adsorption and

@)
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TABLE 2. Kinetic parameters for adsorption and
adsorption/photodegradation  of metanil  yellow using
TiO2/GC/CH.

Lo . Adsorption/
Kinetic models ~ Parameters  Adsorption photodegradation
R? 0.98856 0.95852
RMSE 0.10349 0.20684
Pseudo-first-
order Ki 0.0593 0.0615
(9/mg.min)
ge (Mg/g) 43.1728 37.3534
R? 0.99699 0.9975
RMSE 0.04638 0.04206
Pseudo-second-
order Ki 0.0026 0.0028
(9/mg.min)
ge (Mg/g) 51.2033 51.3611
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Figure 6. Kinetic modelling with (a) pseudo-first-order and
(b) pseudo-second-order equations for metanil yellow removal
using TiO2/GC/CH film composite

adsorption-photodegradation  process.  Herein, we
employed the common Langmuir and Freundlich
isotherm models. The linearized equations for Langmuir
(Equation (3)) and Freundlich (Equation (4)) are shown
below:

1827-1836 1832
1 1 1
— =4
qe Im  Kpdmce (4)
1
Logq,=Log Ky + ;Log C, ©)]

These equations have been used in the previous
works [7, 55], where gm (mg/g) is the maximum
adsorption capacity, K. is Langmuir constant, and Kg
and n are Freundlich constants. K. and K represent the
free energy and removal capacity, respectively,
meanwhile n is for adsorption intensity.

The isotherm modellings of metanil yellow removal
via adsorption and adsorption/photodegradation based
on linearized Langmuir (Figure 6a) and Freundlich
(Figure 6b) equations have been presented. The study
revealed that both adsorption and
adsorption/photodegradation of metanil yellow in our
work are Langmuir-dependent with R? = 0.998 and
0.9865, respectively (Table 3).

The RMSE are also 7.5 and 5 times lower in
Langmuir than in Freundlich modelling for the
adsorption and adsorption/photodegradation,
respectively. Therefore, the adsorptive interaction
between metanil yellow and TiO2/GC/CH, either with or

0.40
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0.a5 | —®— adsorption/photodegradation
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Figure 7. isotherm modelling with (a) Langmuir and (b)
Freundlich equations for metanil yellow removal using
TiO2/GC/CH film composite
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TABLE 3. Isotherms parameters for adsorption and
adsorption-photodegradation  of metanil yellow using
TiO2/GC/CH.

Kinetic Parameters Adsorp- Adsorption/
models tion photodegradation
R? 0.99786 0.98649
RMSE 0.00432 0.00817
Langmuir
K¢ (L/mg) 0.1299 0.1628
gm(Mg/g) 128.5347 171.5266
R? 0.94663 0.94114
RMSE 0.03807 0.04108
Freundlich
Ke(mg/g) 24.917 25.939
n 2.320 2.152

without light exposure, follows the assumptions that
each active site shares the same binding energy and the
adsorption occurs in monolayer.

Maximum adsorption capacity from the Langmuir
equation revealed that the metanil yellow removal via
adsorption has a higher value (128.5347 mg/g) as
opposed to that of adsorption/photodegradation
(171.527 mg/g). Neat TiO2 nano powder is reported to
have gm = 2.79 x 10 mg/g [18], which is far smaller
compared with TiO./GC/CH in our work. It confirms
that the higher gm was obtained due to the synergism
between adsorption and photodegradation in reducing
the level of metanil yellow from water. Comparatively,
other studies have used chitosan-based adsorbent and
achieved higher gm for metanil yellow adsorption. A
research group led by Tural has accomplished gm = 625
mg/g [32], Tehrani-Bagha with gn = 910 mg/g [56],
and Lee with qm = 558.18 mg/g [57]. But they used
adsorbents in a form of nanoparticles [32, 56] and
aerogels [57] which are less practical than film
adsorbent due to their separation difficulty.
Additionally, the Langmuir constants of more than 0.01
(0.132 and 0.239 for adsorption and
adsorption/photodegradation,  respectively) can be
associated with intense adsorbate-adsorbent interaction
[58].

4. CONCLUSION

We have successfully prepared TiO2/GC/CH with
improved mechanical properties and synergetic
adsorption/photodegradation ability for metanil yellow
removal. Characterization using FT-IR proves the
successful attachment of TiO, onto GC/CH matrix and
the presence of N- and O-containing groups. Through
XRD analysis, we have observed the loss of crystallinity
of CH upon the addition of TiO, nanoparticles and GC
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particles. SEM images confirm the distribution of
embedded TiO;, nanoparticles on the GC/CH, with the
presence of several agglomerations. DSC analysis
revealed that GC addition can increase bonding
intensity between water molecules and adsorbents,
while TiO, reduce the bonding intensity. The
performance in metanil yellow removal suggests the
synergetic adsorption and photodegradation mechanism
of TiO,/GC/CH that follows pseudo-second-order
kinetic and  Langmuir  isotherm  modellings.
Additionally, the role of TiO, photocatalyst can broaden
the working pH range for the metanil yellow removal
which improves the practical aspect of our material.
However, the agglomeration was still a challenge in this
study which might be responsible for the low
photodegradation activities.
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