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ABSTRACT

Momordica charantia, or more commonly known as bitter gourd, has shown numerous health ben-
efits, mainly decreasing the risk of diabetes. Nevertheless, the use of its inedible parts as an adsor-
bent toward different pollutive dyes has not been greatly explored through optimization, kinetics,
and adsorption equilibrium studies. In this study, the cellulose derived from bitter gourd waste
of pith and seeds (CBGW) was extracted and its adsorption characteristics were investigated with
Crystal violet (CV) dye. It was found that the adsorption of CV by CBGW favors the pseudo-second-
order kinetics. Changing the medium pH has little or no effect toward CV removal, indicating
that the CBGW is resilient under various pH conditions. The presence of salts also generally did
not very much affect the removal of CV. When compared to many reported adsorbents, CBGW
exhibited superior adsorption capacity for CV dye, as seen by its high maximum adsorption capac-
ity of 1,565 mg g (Langmuir) and 2,407 mg g (Sips). Spent CBGW was able to be regenerated

and reused, further adding to its value as a possible candidate in wastewater application.
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1. Introduction

As the world advances in terms of health and technol-
ogy, so does the increasing rate of the growing population
leading to the accumulation of waste, which is being depos-
ited in many countries at alarming rates. For example, Brazil
(Rio de Janeiro) deposits more than 10,000 tons of waste each
day [1]. In Brunei Darussalam, the generation of waste is one
of the highest per capita in the region. In 2014, an average
Bruneian generates about 1.4 kg of wastes per day [2]. Seen
as a huge problem that needs to be solved quickly, there are
certain measurements that can be made to help deal with
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this issue. Public awareness regarding the importance of
keeping a healthy environment can be done; however, the
result to the action can be miniscule. Due to this fact, other
measurements have to be made to reduce such problems.
Dyes have become an integral part in human life.
They are very widely used in the contemporary world to
add different shades of colors to materials ranging from
fabrics to food, so that the materials can look more appeal-
ing from the consumer’s perspective. Most of the natural
dyes are safe to use and do not bring harm to the environ-
ment. However, in the process of making these dyes, other
ingredients such as hematein and hematoxylin present in
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some sources such as logwood are toxic [3]. Metals, such
as copper and iron, are also introduced in the production
of some natural dyes, so that it could attach itself better
to some materials such as fabrics for long lasting effect.
Nowadays, synthetic dyes are preferred over natural dyes
to be used in industries, mainly due to faster production
in large quantities in a wide range of colors as compared
with natural dyes. However, the downside of synthetic
dyes is that transition metals are used in manufacturing
them to produce different spectrum of colors, making them
harmful to the environment.

It is stated that as much as 200,000 tons of dyes are
annually lost as liquid waste [4]. Textiles industries usually
used many different types of dyes, and leachates formed
from such industries, if disposed of without proper treat-
ment, could pose detrimental effects on the environment.
The presence of dyes in water could cause decrease in
light penetration to aquatic systems, resulting in lack of
photosynthesis in aquatic biological plants which in turn
results in less oxygen to be distributed to other aquatic
life, causing disturbance to the ecosystem [5,6]. Another
issue to be considered is that the quality of textiles dyes
depends on how strongly they are adsorbed on fabrics
and on non-biodegradability, and hence, they are not eas-
ily removable. This should thus be considered in designing
treatment plants for dyes as well as in regeneration efforts.

There are multiple methods to remove environmental
pollutants in water, specifically dyes. Some common meth-
ods include reverse osmosis, coagulation, and chemical
precipitation and adsorption [7,8]. Among them, adsorp-
tion by natural adsorbents has become attractive owing to
its unique advantages, such as relatively low-cost, simplic-
ity, and environmentally friendliness [9]. The performance
of natural adsorbents can be improved in many direc-
tions. The selectivity of an adsorbent can be controlled by
proper selection of experimental and process variables [10].
The surface of adsorbents can be modified by suitable chem-
ical reagents to introduce more effective characteristics [11].
Efficiency of adsorbents can thereby be enhanced. Although
there is an enormous amount of literature available on
attempts made to make use of natural adsorbents [12],
the above developments have not been much attended to.

Momordica charantia (bitter gourd) is a member of the
Cucurbitaceae family. Besides its use as a culinary ingre-
dient, the plant also has medicinal properties, for exam-
ple, the treatment of Type 2 diabetes mellitus [13]. Though
they are quite useful in treating health problems, very
few studies were conducted using the fruit for adsorbing
environmental pollutants. One study on using its waste
to adsorb Crystal violet (CV) dye reported an adsorption
capacity of 261.8 mg g™ [14]. Other reports indicate that
the peroxidase of bitter gourd has good adsorption abil-
ity [15]. Pith and seeds of M. charantia are not eaten when
cooking the bitter gourd and are thrown as waste. The
adsorbate selected in this investigation is an industrial dye.

CV dye has a myriad number of uses in everyday life;
in fingerprinting of electrophoresis in forensic studies, as a
dying agent in paper industry and in the textiles industry.
It is also known to have antibacterial properties [16]. Despite
its many uses, there are many undesirable effects. For
instance, chemical cystitis was observed when CV dye was

used as a disinfectant and further, the dye could be toxic to
mucosal membranes [17].

Cellulose is a hydrocarbon that consists of polysac-
charides with (3-1,4 glycosidic bonds, and it is the primary
component in giving the plants its rigidity and struc-
ture due to it being the compound that creates the cell
wall [18]. Numerous studies have shown cellulose to be
a good adsorbent. In one study, dialdehyde micro-fibril-
lated cellulose/chitosan composite film was used to adsorb
Congo red dye with a high percentage removal of 99.95%
within 10 min [19]. Another example is the adsorption
of malachite green on cellulose nanofibril aerogels with
adsorption capacity of 212.7 mg g™ [20]. Oxidized cellulose
obtained using cellulose chromatography paper has shown
a much higher adsorption capacity of 1,117.8 mg g™ [21].

To date, the use of cellulose derived from M. charantia
(bitter gourd) waste of pith and seeds (CBGW) as an adsor-
bent has not been previously reported. Hence, the aim of
this investigation was to perform detailed investigation
on adsorption characteristics of CBGW through optimi-
zation, adsorption equilibrium, and kinetic experiments.
Adsorption characteristics of CBGW toward CV dye were
compared with those of bitter gourd waste (BGW) and other
reported adsorbents to demonstrate the superior ability of
CBGW. The ability to produce a low cost and yet highly
effective adsorbent could thus be one potential solution
for the treatment of industrial effluents containing CV dye.

2. Methodology
2.1. Preparation of cellulose derived BGW

The BGW that was used in this investigation con-
sisted of pith and seeds. Samples of bitter gourd were ran-
domly purchased from local markets in the Brunei-Muara
District of Brunei Darussalam. Each bitter gourd was split
open, and the inedible parts of pith and seeds were scraped
off the meat of bitter gourd and collected as the adsor-
bent material. The fresh adsorbent was allowed to dry for
a period of one week in an oven at 55°C, monitoring the
mass of the sample to ensure that no water remained in
the dried sample. After collecting the dried BGW, it was
then milled to a finer form and sieved using a laboratory
metal sieve to 380 pm to obtain fine powder form.

The dried BGW powder was processed further adapt-
ing the method used for extracting cellulose as outlined
elsewhere [22]. Briefly, BGW (20.0 g) was placed in a 1.0 L
round bottom flask, and to this were added 10 mL of 69%
nitric acid and 100 mL of concentrated acetic acid. The mix-
ture was refluxed for 4.0 h at 120°C, after which the contents
were allowed to cool to room temperature and then gravity
filtered. Thereafter, the residue was collected and allowed to
dry in an oven to a constant weight. The dried samples were
milled to fine powder and sieved again with a 380 um lab-
oratory sieve. The dried cellulose derived from bitter gourd
waste (CBGW) powder was kept in an air tight plastic bag to
prevent exposure to the surrounding until ready to be used.

2.2. Investigation of contact time

An aliquot of 10 mL of 500 mg L™ of CV dye was sep-
arately added into conical flasks each containing 20 mg
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of CBGW. Each sample was shaken at 250 rpm at ambient
temperature using a shaker for a total period of 240 min.
After every 30 min, one flask was removed from the shaker
and the mixture was filtered using a metal sieve. The fil-
trate was then analyzed for its absorbance using the Thermo
Scientific Genesys 20 (USA) UV-vis spectrophotometer set
at wavelength 590 nm. When the concentration of the dye
was beyond the linear dynamic range of detection, filtrates
were diluted accordingly.

The percentage removal of dye was calculated by
Eq. (1) below:

Final concentration of CV
% Removal =

— - x100% 1)
Initial concentration of CV

Calibration curves were freshly constructed with stan-
dard solutions of the dye in the concentration range of up
to 10 mg L to obtain the concentration of the dye in each
solution.

2.3. Effect of pH on adsorption of CV dye

Adsorption of CV dye by CBGW was investigated in
solutions of different pH ranging from 2.0 to 10.0 as well
as at untreated (ambient) pH of 5.55, in order to deter-
mine the optimum pH for adsorption studies. For this pur-
pose, solutions of different pH were prepared using 1.0 M
of HCl and/or NaOH. Thereafter, aliquots of 10.0 mL of
100 mg L CV dye solution were separately prepared in
solutions of each pre-determined pH and 20 mg of CBGW
was added to each solution. The mixture was shaken
for 210 min at the 250 rpm at ambient temperature. Each
mixture was immediately filtered and the filtrate was
diluted as necessary and analyzed for CV concentration.

2.4. Investigation of adsorption isotherms

For the investigation of adsorption isotherms, solu-
tions of CV of the initial concentrations ranging from 10 to
3,000 mg L™ were freshly prepared from stock solutions.
All experiments were carried out in 1.0 g:500 mL adsorbent:
adsorbate ratio, unless otherwise stated. The mixture was
then shaken for 210 min at 250 rpm at ambient temperature.
After shaking, the mixture was filtered, and the filtrate was
analyzed for the concentration of CV based on a freshly
constructed calibration curve.

The best fit adsorption model was also analyzed using
five error functions, namely, average relative error (ARE),
sum of the errors squared (ERRSQ), sum of the absolute
errors (EABS), hybrid fractional error function (HYBRID),
and chi square error (x?) which are shown in Table 1.

2.5. Investigation of adsorption kinetics

Adsorption kinetics was performed using freshly pre-
pared solutions of CV of initial concentrations of 100 and
500 mg L™ from stock solutions. For each measurement,
20 mg of CBGW was mixed with 10.0 mL of CV solution
of the relevant concentration. Each mixture was shaken for
a pre-determined time period, the suspension was immedi-
ately filtered and the filtrate was diluted as necessary and

analyzed for CV concentration based on a freshly con-
structed calibration curve. Three min measurements were
taken for the first 30 min period, then 10 min measurements
were taken for the next 60 min period, and finally 30 min
measurements were taken for the next 210 min period.

2.6. Effect of ionic strength on adsorption of CV dye

Stock solutions of 2.0 M solution of each of the salts,
KNO,, KCI, NaNO,, and NaCl, and 1,000 mg L™ of CV
dye were prepared in distilled water. Solutions of CV at
100 mg L7 in different salt concentrations using each
of the four salt solutions were then prepared by mixing
appropriate volumes of the above stock solutions and
diluting with distilled water. Aliquots of 10.0 mL of each
of the above solutions were separately mixed with 20 mg
of CBGW, and shaken for 210 min at 250 rpm at ambi-
ent temperature. Each mixture was immediately filtered
and the filtrate was diluted as necessary and analyzed
for CV concentration.

2.7. Regeneration study of CBGW

The experiment was first started by shaking 1.0 g of
adsorbent in 500 mL of 2,000 mg L CV dye for 210 min at
250 rpm. The spent CBGW was then filtered and dried in
an oven for a period of 24 h at 55°C while the absorbance
of the filtrate was being measured. The ratio of dye added
to the spent adsorbent was kept at 1 g:500 mL while for
washing, the ratio was 1.0 g of spent adsorbent to 50 mL of
washing reagents.

The dried dye loaded CBGW sample was weighed and
split equally into five samples. Three samples were shaken
with distilled water, one with 0.1 M HCI and one with 0.1 M

Table 1
Different error functions used in isotherm analysis

Type of errors Equations
100 < [9e,meas ™ T cale
ARE Zy Temeas ~ e,catc
n i=1 qc,meas i
n 2
ERRSQ Z(qe,mea5 - qt’,cﬂlc )i
i=1
2
100 ! qe,meas - qL’,Ca c
HYBRID > ( )
n-— p i=1 qz,meas )
EABS q(,meas - qe,ca]c

i=1

XZ Zn: (qe,meas - qe,calc )2

i=1 qc,meas

where g,  experimental value; 9car calculated value; 1, number of
data points in the experiment.



434 L.B.L. Lim et al. / Desalination and Water Treatment 217 (2021) 431441

NaOH, for 120 min at 250 rpm. Thereafter, each suspension
was filtered by gravity and washed thoroughly with dis-
tilled water until the filtrate became pale color. One part
of the spent CBGW was quickly washed and rinsed with
distilled water while another part was kept unwashed to
be used as the control for comparison purposes. All the
above residues were dried before carrying out the next
cycle. The dried residue obtained from the above pro-
cess was subjected to repetition of shaking and washing
with the different solvents (distilled water acid and base)
up to three cycles.

2.8. Determination of point of zero charge

To determine the point of zero charge of CBGW, 0.10 M
KNO, solutions were prepared separately at different pH
values and CBGW was added in 1 g:500 mL ratio. Each sus-
pension was shaken for a period of 24 h at 250 rpm using
a thermo shaker. Thereafter, samples were filtered using
gravity filtration, and the pH of each filtrate was measured.

2.9. Characterization of CBGW

The surface morphology of the CBGW, before and after
adsorption of CV dye, was obtained on model JSM-7610F
field emission scanning electron microscopy (FESEM).
Carbon coating was used to obtain the image of the surface.
Agilent Cary 630 Fourier transform infrared (FTIR) spec-
trometer was used to study functional groups in the CBGW.

3. Results and discussion
3.1. Effect of contact time

The extent of removal of CV by CBCW, determined
at different contact time periods, leads to the conclusion
that the CBGW-CV system reaches equilibrium at 210 min,
beyond which the extent of removal becomes constant.
Rapid removal of ~66% CV dye was observed within the
initial 30 min, as shown in Fig. 1. This could be due to the
availability of active binding sites on the surface of CBCW
thereby allowing the CV dye molecules to be quickly
adsorbed onto CBCW. As time proceeds, with more dye mol-
ecules occupying and filling up these active sites, the rate
of adsorption gradually decreases and eventually reaches
equilibrium. This observation is similar to what was reported
for unmodified BGW for the same adsorbate, CV [14].

3.2. Effect of pH on adsorption of CV dye

Effect of change in pH of the adsorbate medium
containing 100 mg L CV dye solution within the range
from pH 2 to 12 on adsorption by CBGW is shown in
Fig. 2. Attraction between the lone pairs on electronega-
tive oxygen atoms of cellulose and positively charged N
atom on CV dye is one possibility for removal of CV dye
from solution by the solid adsorbent. Such attractions are
much stronger in the cellulose extracted from BGW rather
than untreated BGW. The difference between the extent
of removal of 67% CV dye by CBGW and that of 30% by
untreated BGW at ambient pH of 5.6 is thus explained [14].

The lower removal ability at acidic medium pH is probably
due to competition between H,O" and CV dye molecules.
More importantly, as the extent of CV dye removal is not
significantly changed beyond pH = 5.6, no adjustment of pH
is necessary. The pH-independence of the CV dye removal is
also a remarkable characteristic of CBGW as dye adsorption
by many other reported adsorbents, such as Artocarpus odo-
ratissimus skin [23], M. charantia [14], Sepia shells [24], and
silver nanoparticles immobilized on activate carbon [25],
are found to be pH-dependent. This property is an added
advantage of potential use of CBWG as an adsorbent in
wastewater treatment plants. Although the optimum pH
in this study was found to be at pH 8 and 10 with 71% CV
removal, nevertheless the performance of CBWG at pH 5.6
and 6 was compatible to that of the optimum, with 70% and
69% removal, respectively.

3.3. Adsorption isotherms

Isotherm models are curved models describing the
retention of the dye towards an adsorbent. Therefore, the
best isotherm model for a particular adsorbent-adsorbate
system can be chosen based on three criteria, that is, the
R? value closest to unity, lowest error values of isotherm
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Fig. 1. Effect of contact time for the removal of CV dye.
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Fig. 2. Extent of removal of CV dye from 100 mg L™ solu-
tions by CBGW at different medium pH values (20.00 mL
dye solution; 20 mg CBGW; 210 min shaking time; 250 rpm
shaking speed).
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model, and closest fit of model to experiment data. Six
isotherm models used in this study to determine the most
suitable adsorption characteristics of CV on CBGW are the
Langmuir, Freundlich, Temkin, Dubinin—-Radushkevich
(D-R), Sips, and Redlich-Peterson (R-P) models, and their
equations are as shown in Table 2.

The Langmuir model indicates uniform adsorption
onto a homogenous solid surface and assumes that the
adsorbent has a monolayer of adsorbate molecules on its
surface [26]. The Freundlich adsorption isotherm is mostly
used for heterogeneous systems where adsorption takes
place in multi-layers on the sorbent’s surface [27]. The
Temkin model contains a factor for the adsorbent-adsorbate
interactions. For this model, the values are not dependent
toward the huge difference in the concentration values
but rather the uniform distribution of binding energy
[28]. The D-R model, often used for high solute activities
within a range of concentrations. This model indicates
the energy distribution toward a heterogeneous surface
through the use of the Gaussian energy distribution [29].
The Sips isotherm is a combination of both the Langmuir
and Freundlich models applied in heterogeneous sys-
tems. [30]. The R-P isotherm model is also a combination
of both the Langmuir and Freundlich isotherms. This is a
versatile model in adsorption science as it can be applied
to either homogenous or heterogeneous systems [31].

The batch adsorption isotherm data obtained exper-
imentally are presented in Fig. 3, together with the com-
parison with simulated data of the six isotherm models

Table 2
Six isotherm models used in this study

used. It is clear that, of the six models, large deviations
from experiment data are observed for both the D-R and
R-P models. This can be further confirmed by their R?
values being the lowest and also by their high error val-
ues, especially for D-R isotherm (Table 3). Hence, these
two models can be ruled out. Although the Freundlich
model gives good R? value of 0.95, when compared to the
experiment data, it overlaps with the R-P model showing
huge deviation. Even though the Temkin model seemed
to be closely fitted to the experiment data, its high ARE,
HYBRID, and y? error values indicate otherwise. Therefore,

4. (mmol g')

500 1000 1500 2000 2500

C(mg L")

Fig. 3. Comparison of Langmuir (ssssm), Freundlich (),
Temkin ( ), D-R ( ), R-P (mwsmm), and Sips () iso-
therm models for CBGW-CV system with experimental data (#)
(Freundlich and RP plot are identical).

Isotherm model Equation Linearized equation
L . Q Qm ’ KLCe Ce 1 Ce
angmuir , =Lt Se o~
1 + KLCL’ Qg KLQm Qm
1
Freundlich Q =K. InQ, = (jln C,+InK,
n
RT-In(K,C
Temkin :M Q, = RT InK, + RT InC,
‘ bT bT bT
2 2
D-R Q =Q, -exp —B{RTln[lJrClH InQ, =InQ, - —B{RTln[1+gH
. QmKscz/n Qm 1
Sips QEZW In aﬁ—l :—ans—ElnCe
K.C K
R-P Q =—= In R—C"—l =Ina+nInC
1+aC; Q ’

e

where Q is the surface coverage at equilibrium at the adsorbate concentration of C; Q

is the maximum adsorption capacity (monolayer

m

coverage) of the sample and the K, is the Langmuir constant; K. and n are Freundlich constant and Freundlich intensity parameter
(dimensionless); b, = RTm™, and m is the gradient of the graph of g, vs. InC,. The terms K is Temkin constant; R is universal gas constant
and T is absolute temperature; B is D-R model constant; K_is Sips model constant and 1/ is the Sips model exponent; K, and a are (R-P)
model constants and n (dimensionless) is an exponent whose value must lie between 0 and 1.
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Table 3
Isotherm constants and error values for CBGW-CV system

Model Values ARE ERRSQ EABS HYBRID X2
Langmuir 12.25 0.94 3.14 2.87 3.61
G, (mmol g™) 3.84

T (M 87) 1,565

K, (L mmol™) 0.00

R? 0.7244

Freundlich 19.18 2.79 5.50 7.78 4.79
K (mgt-tm L g1y 0.02

n 1.33

R? 0.9461

Temkin 275.16 1.77 4.60 200.24 48.09
K, (L mmol™) 0.09

b, (J mol™) 4,452.55

R? 0.8998

D-R 473.52 18.77 18.03 481.74 118.33
9, (mmol g™) 1.30

T (M 7)) 529.96

B (J mol™) 1.40 x 107%

E (k] mol™) 598.22

R? 0.6479

Redlich-Peterson 18.88 2.74 5.47 7.97 4.77
K (Lg" 0.11

n 0.26

a, (L mmol™) 6.13

R? 0.6546

Sips 14.78 1.53 4.04 4.68 1.43
. (mmol g™) 5.90

onax (M &) 2,407

K, (L mmol™) 0.00

n 1.13

R? 0.9617

the Freundlich and the Temkin models can also be rejected.
Of the two isotherm models left, even though the Sips
model seemed to be not as closely fitted to the experi-
ment data as the Langmuir model, as shown in Fig. 1, the
Sips model has the highest R? value (>0.96) of all the six
models used. In terms of overall errors, even though the
Langmuir has the lower error values than the Sips, the
difference in the error values between both models is not
significant. Hence, based on highest R? and smallest error
values, both the Sips and Langmuir models could be used
to describe the adsorption of CV on CBGW, where the lat-
ter model corresponds to monolayer adsorption. The Sips
model, on the other hand, is also known as the Langmuir—
Freundlich isotherm model where it exhibits the character-
istics of the Langmuir model at high adsorbate concentra-
tion and acts more to the Freundlich model at lower con-
centrations. The corresponding adsorption capacity (q, )
values of CBGW for CV determined from both models are
2,407 and 1,565 mg g7, respectively.

A large number of adsorbents have been reported in
the literature for the removal of CV, and Table 4 lists some

of these adsorbents (biosorbents and other adsorbents)
together with their adsorption capacities. Although there
has been a surge in the discovery of new adsorbents for the
removal of pollutants, not all natural biosorbents are effec-
tive. Hence, alternatives have been searched upon in order
to enhance adsorption capacity of adsorbents. One way is
surface modification through chemical means, using vari-
ous agents depending on the nature of the adsorbent and
the adsorbate. For example, NaOH treated A. camansi peel
has shown almost two-fold enhanced adsorption capacity
toward CV. More sophisticated adsorbents such as nano-
crystals and polymers, have also been attempted; however,
their formations are usually complicated, and yet, the end
products do not necessarily give good adsorption capacity,
as reported in Table 4. As a natural adsorbent, untreated
BGW has good gq, of 245 mg g™ toward CV, which is bet-
ter than some modified adsorbents. The cellulose derived
BGW reported in this study greatly improves the adsorp-
tion capability of BGW, as observed by much higher
q,... value of CBGW as an adsorbent, demonstrating its
superiority when compared to many reported adsorbents.
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Table 4

Adsorption capacity of selected adsorbents for the removal of CV reported in literature

Adsorbent 9. (Mg g™ Reference

Cellulose derived bitter gourd waste (Langmuir) 1,565 This study

(Sips) 2,407 This study
Bitter gourd waste 245 [14]
Cellulose oxidized from sugarcane bagasse 1,118 [29]
Carboxylate functionalized cellulose nanocrystals 244 [32]
Cellulose modified with maleic anhydride 34 [33]
Cellulose based adsorbent 219 [34]
Artocarpus odoratissimus skin — untreated 118 [23]
— NaOH treated 195 [23]
A. odoratissimus core 217 [35]
A. odoratissimus leaves 51 [36]
A. odoratissimus leaf-based cellulose 239 [37]
A. camansi (Breadnut) peel — untreated 275 [38]
— NaOH treated 479 [38]
Biopolymer-based magnetic beads 85 [39]
Montmorillonite — raw 370 [40]
—acid treated 400 [40]
Mango stone 353 [41]
Natural clay mineral 330 [42]
Artocarpus altilis skin 146 [43]
Alginate/acid activated bentonite beads 582 [44]
Peat 108 [45]

3.4. Adsorption kinetics

Investigation of kinetics of interaction of CV dye and
CDBG can be performed using the Lagergren pseudo-first-
order [46] and pseudo-second-order [47] models, whose
linearized equations are shown below.

The linearized pseudo-first-order equation:

t
log(q, —4,)=1ogq, - mkl 2

The linearized pseudo-second-order equation:

t 1 t

+7
9 @k q,

@)

where g, as well as g, indicates the amount of CV adsorbed
on CDBG at time t and at equilibrium, respectively, and k,
and k, are the rate constants for the pseudo-first-order (min™)
and the pseudo-second-order (g mg™ min™), respectively.
Depending on the values of the R? errors, and the com-
parison between the experiment and calculated adsorption
capacity (q,,, and 4, respectively), the relevant kinetics
model can be ascertained. It is observed that kinetics is
more in line with the pseudo-second-order based on the
R? value being close to unity (Fig. 4). This is supported by
the significantly lower error values for all five error types
for the pseudo-second-order kinetics as shown in Table 5.
Besides the R? and the error values, the Texp and q_, values

for both CV concentrations are very close to each other
in the pseudo-second-order kinetics model, as compared
with the first-order where there is a huge difference. The
validity of the pseudo-second-order kinetics can be further
strengthened from the comparison of simulated non-linear
kinetics plots for both the dye concentrations used in this
study, as shown in Fig. 5. These plots show very clearly
that unlike the pseudo-second-order kinetics, the pseudo-
first-order is much deviated from the experiment data.
This could be attributed to having two distinct adsorption
sites on CDBG for CV molecules to be occupied differently.

3.5. Effect of ionic strength on adsorption of CV dye

Effect of the ionic strength of the medium on the extent
of adsorption of CV by CBGW carried out using four differ-
ent salts, namely KNO,, KCI, NaNO,, and NaCl, is shown
in Fig. 6. It is clear from the Fig. 6 that adsorption of CV in
the presence of NaCl remains quite high as much as 91%
at 0.6 M ionic strength, in contrast to the untreated BGW
whose adsorption has decreased as the concentration of
NaCl increases [16]. For KCIl, both BGW and CBGW show
a similar trend in the adsorption of CV dye, but the extent
of removal of CV by CBGW is higher than that of BGW,
indicating that CBGW is more resilient to change in ionic
strength. However, adsorption of CBGW decreases as the
concentration of KNO, increases, especially at higher con-
centrations. Overall, it can be concluded that the change
in the ionic strength of the medium up to 0.6 M does not
have a significant impact on the extent of adsorption of CV.
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Fig. 4. Linear plots of (a) Lagergren pseudo-first and (b) pseudo-second-order kinetics for adsorption of CV on CDBG

at different concentrations; 100 mg L (®) and 500 mg L (o).

Table 5

Comparison of parameters for pseudo-first and pseudo-second-order kinetics
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Fig. 5. Comparison of non-linear pseudo-first (4) and pseudo-
second-order (A) kinetics with experiment data (A) for differ-
ent concentrations of CV adsorbed on CDBG (a) 100 mg L' CV
and (b) 500 mg L' CV.

It is reported that NaCl significantly enhances the
dissolution and depolymerization of cellulose [48]. The
presence of NaCl thus shows two opposing effects;
dissolution will make the adsorbent unstable thus lower-
ing the adsorption behavior. On the other hand, depolym-
erization would promote adsorption as polymeric chains
are opened up. Further, Cl" could interact strongly with
the end "OH groups of glucose, resulting in enhanced

breaking of both inter- and intra-molecular hydrogen
bonds. This would also promote adsorption due to open-
ing of long chains in the cellulose molecule. Increase in the
extent or removal of CV in the presence of KCl, NaNO,,
and NaCl up to the ionic strength of 0.6 M can thus be
attributed to depolymerization and breaking of hydrogen
bonds. Decrease in the extent of adsorption in NaCl solu-
tions beyond 0.6 M ionic strength could be due to disso-
lution effect. Lower extents of removal in KNO, solutions
would probably be due to competition of K* and positively
charged CV dye molecules for the same adsorption sites.

3.6. Regeneration of CBGW

Fig. 7 illustrates that the percentage of the CV dye
removed from the spent CBGW drastically reduced with
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Fig. 7. Adsorption of CV with successive cycles of regeneration
with different media [washed with distilled water (m), quick
rinse with distilled water ( ), 0.1 M NaOH (m), 0.1 M HCI (m),
and control (7)].

increasing number of cycles. Among many reagents used,
acid or base treatment of the spent CBGW appears to be
the best, as compared to washing or rinsing with water and
the control experiment. Regeneration was not attempted
beyond the third consecutive cycle since the release of CV
dye dropped to <12%. However, it must be highlighted that
unlike for other literature reports where low dye concentra-
tions were used, in this study a very high concentration of
2,000 mg L was used. Hence, the ability of spent CBGW to
sustain three consecutive cycles to great extent once again
demonstrates the superiority of CBGW as an adsorbent
for CV dye.

3.7. Characterization CBGW

Change in pH vs. initial pH curve crosses the axis
at pH = 1.66 at which the surface of the adsorbent is neu-
tral, which is the point of zero charge of CBGW (Fig. 8).
At pH > 1.66, deprotonation causes the surface to be more
negatively charged. This in turn will lead to greater elec-
trostatic attraction between the negatively charged sur-
face and the cationic CV dye molecules. This prediction
is in fact in line with what was observed in this study. In
comparison for the removal of dye at lower pH, a slight
decrease in % removal was observed due to the surface of
the adsorbent gaining moving toward neutrality, resulting
in decreased electrostatic attraction towards CV.

The change in surface morphology, before and after
chemical treatment of BGW to obtain CBGW, can be clearly
observed from the SEM images as shown in Fig. 9. Prior
to treatment, the surface of BGW appears more densely
packed whereas CBGW seemed to have larger and more
prominent cavities and pores, when observed under the
same magnification. This probably explains the effect of
increased surface area on enhanced adsorption ability in
addition to other chemical changes promoting attraction
of CV dye molecules, as shown by its high g value. It is
also interesting to note that when CBGW was treated with
CV dye, its surface becomes completely changed, filling
with spikes of crystals, as shown in Fig. 9c.

Vibrational bands observed from the IR spectrum of
the extracted cellulose includes C-O stretching (1,057 cm™),
C-O-C stretching of the {3-(1,4)-glycosidic linkages

Initial pH
0 3 6 9 12 15

2

-4

-6 -

Change in pH
o

-8 4

-10

Fig. 8. Variation of change in pH of the aqueous KNO, sus-
pensions of CBGW with initial pH.

(1,152 em™), C-O-H in-plane bending (1,209 c¢cm™), C-C
stretching (1,418 cm™), C-O stretching (1,614 cm™), C-H
asymmetric stretching (2,852 cm™), C-H symmetric stretch-
ing (2,913 cm™), and O-H stretching (3,344 cm™). As seen
from Fig. 10, generally the peak intensities for the CBGW
are lowered when CV is adsorbed on its surface. The
most prominent difference is the value in between 3,300
and 3,500 cm™ which indicates that the N-H group pres-
ent in the CBGW is involved in adsorption, and hence
decrease in the intensity is observed in response with the
CV dye. The C=0 bond is also contributed to the adsorp-
tion process as seen by the loss of intensity of the peak at
around 1,750 cm™.

4. Conclusion

CBGW obtained using a simple method of refluxing
BGW with a mixture of acetic acid and nitric acid, can be
successfully utilized as a new adsorbent for the removal
of Crystal violet dye (CV) from simulated wastewater.
Its superior adsorption capacity toward Crystal violet dye,
as much as 1,565 mg g™ (Langmuir adsorption isotherm)
and 2,407 mg g (Sips adsorption isotherm), determined in
adsorption systems in batch mode under optimized labo-
ratory conditions, to most reported adsorbents indicates
its potential application in real-life wastewater treatment
after further optimization and adjustments for dynamic
conditions. Adsorption of CV dye on CBGW follows
pseudo-second-order kinetics indicating that there are two
distinct adsorption sites available on the adsorbent sur-
face, and further salts present in the adsorbate medium
would lead to depolymerization, breaking up of hydro-
gen bonding, and solubilization of cellulose with different
extents depending on the specific types of ions present.
The spent CBGW is able to release very high dye concen-
tration for a few cycles, indicating its ability to be regen-
erated and reused. Generally, CBGW was resilient to ionic
strength up to 0.20 M and medium pH, further adding to its
attractiveness as a low-cost adsorbent.
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Fig. 9. SEM images of (a) BGW, (b) CBGW, and (c) CBGW loaded with CV dye, at 800x magnification with scale bar
representing 10 um.
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