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ABSTRACT

Dimorcarpus longan ssp. malesianus var. Malesianus (Mata Kuching) leaves (MKL) show a strong
affinity toward crystal violet (CV), a commonly used industrial dye. Treatment of MKL with aque-
ous 1.0 M NaOH solution through stirring for 2.0 h, followed by washing and drying, enhances
the adsorption of CV onto the modified adsorbent (NaOH-MKL), due to the conversion of acidic
functional groups to the corresponding anionic forms leading to stronger Coulombic attractions. The
performance of MKL and its modified NaOH-MKL toward CV dye adsorption indicates a strong
attraction of both adsorbents. Strong adsorption of CV molecules to MKL and NaOH-MKL is evi-
denced by changes in the Fourier transform infrared spectroscopic peaks and scanning electron
microscopic images upon interaction with the adsorbate. The Sips isotherm, among the five adsorp-
tion isotherm models used in this study, is suitable in explaining the interaction of both adsorbents
with CV dye molecules. The maximum adsorption capacity (g, ) of NaOH-MKL adsorbent toward
CV is 391.7 mg g™ under optimum conditions according to the Sips adsorption isotherm, which is
88% enhancement over the unmodified MKL with g__ of 208.1 mg g™. Approach of CV dye mole-
cules onto MKL/NaOH-MKL for adsorption is explained by the pseudo-second-order kinetics with
an apparent rate constant of 6.108 g mmol™ min™, which is 72% increase over MKL. The superior
nature of NaOH-MKL would make it an excellent sorbent for the removal of CV dye, which would
thus have the potential for extrapolation toward real applications in the treatment of wastewater.

Keywords: Base modified leaf adsorbent; Adsorption isotherm; Crystal violet cationic dye;
Kinetics; Regeneration

1. Introduction

Over the past couple of decades, adsorbents derived
from agriculture [1,2], wood [3] and soil [4] materials,
industrial wastes [5,6], food waste [7], and other natu-
ral substances [8,9] have been reported for the removal
of toxic pollutants. Recent years have seen the emergence
of cellulose derived adsorbents [10,11] as well as adsor-
bents that have been modified [12-14] or synthesized [15].

* Corresponding author.

Further, sophisticated adsorbents, which required com-
plicated methods of synthesis, do not necessary equate to
high adsorption capacity toward pollutants. In many cases,
reports have shown that natural adsorbents exhibit better
adsorption capacity. For example, synthesized poly(acrylic
acid)-halloysite nanoclay hydrogel, and Ipomoea aquatica
(water spinach) roots, a natural adsorbent, exhibited adsorp-
tion capacity of 4.33 and 455.7 mg g, respectively, toward
Auramine O dye [16,17]. With the world’s pollution problem
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intensifying at an alarming rate, the search for good, sta-
ble adsorbents that can remove pollutants effectively is
at present still an on-going process.

Leaf-based adsorbents such as leaves of pomelo [18], tea
[19], C. camphora [20], Nepenthes rafflesiana [21], Artocarpus
spp- [22], and others [23] have attracted much attention as
adsorbent materials due to several factors such as abundant
availability, cheap, environmental friendly, and presence of
various functional groups which could aid in the adsorp-
tion process [24]. Despite many reports on the potential
utility of leaf-based adsorbents for the removal of toxic
dyes, leaves of Dimorcarpus longan ssp. malesianus var.
Malesianus, locally known as Mata Kuching leaves (MKL),
have not been widely studied. To date, to the best of our
knowledge, there has only been one report on the use of
MKTL as adsorbent for the removal of brilliant green dye [25].

The chosen adsorbate in this study is crystal violet (CV)
dye, which is otherwise known as gentian violet or methyl
violet 10B. Apart from being used as a synthetic dye in textile
and food industries, CV can be applied to skin infection as
an antiseptic, in biological staining, as antimycotic and anti-
bacterial agent, etc. [26]. Despite its many uses, CV has its
downside in that it is believed to be a clastogen, can cause
headache and dizziness when ingested, and has shown to
decrease white blood cell count [27]. Besides, experiments
with mice indicated the dye to be carcinogenic [28].

This research is focussed on detailed investigation of
the interaction of MKL with CV dye as well as chemical
modification of MKL through the treatment of aqueous
NaOH solution in order to determine if NaOH modified
MKL (NaOH-MKL) could enhance its adsorption capacity
toward CV. Studies of CV adsorption onto both MKL and
NaOH-MKL were conducted using a wide range of exper-
imental conditions such as effects of contact time, pH,
and ionic strength. Adsorption equilibrium and kinetics
aspects were undertaken on both MKL and NaOH-MKL
and the experimental data were fitted with various mod-
els. Attempts on regeneration of these adsorbents were also
investigated in order to provide insight into the reusability
of these adsorbents.

2. Materials and methods
2.1. Chemicals and instrumentation

Crystal violet (CV) dye (formula: C,H, N,Cl; molar
mass: 407.98 g mol™) was purchased from Sigma-Aldrich
(USA), and was used to prepare 1,000 mg L™ stock solution.
Adjustment of pH of solutions was done using 0.1 mol L™
HCl and/or 0.1 mol L' NaOH. Sodium chloride (NaCl)
and potassium nitrate (KNO,) were used in the investiga-
tion of ionic strength and point of zero charge, respectively.
All chemicals were used without further purification, and
distilled water was used as the medium throughout the
study.

Shimadzu UV-1601PC UV-visible spectrophotometer
(Japan) was used for measuring the absorbance of CV
dye solutions at the wavelength of 624 nm. Shimadzu IR
Prestige-21 spectrophotometer (Japan) for Fourier trans-
form infrared spectroscopy (FTIR) analysis was used for the
identification of functional groups of MKL and NaOH-MKL
through the KBr method. For the investigation of surface

morphology of samples, scanning electron microscopy
(SEM) JSM-7610F JEOL model (Japan) was used.

2.2. Sample preparation

D. longan ssp. malesianus var. Malesianus MKL, col-
lected locally and shown as Fig. Sla, were first washed
with distilled water to remove any surface dirt prior to
drying to a constant mass in an oven at 60°C. The dried
MKL (Fig. S1b) was then ground and blended into pow-
der, followed by sieving using laboratory sieve appara-
tus. Particles of less than 355 pm were collected and kept
in a sealed bag until ready to be used (Fig. Slc).

Chemical modification of MKL was affected by treatment
of 20.0 g of MKL with 400 mL of 1.0 M of NaOH followed
by stirring for 2.0 h. The mixture was filtered and the resi-
due was then washed with distilled water to neutralize the
pH of the modified MKL, and washing was continued until
the pH became 7.0. Thereafter, NaOH-modified MKL was
dried in oven at 60°C. The dried NaOH-MKL, shown as
Fig. S1d, was kept in a sealed bag until ready to be used.

2.3. Optimization of parameters and batch adsorption experiments

Mass to volume ratio of the solid adsorbent and adsor-
bate solution was maintained at 1:500 throughout (i.e.,
0.020 g of MKL or NaOH treated MKL with 10.0 mL of CV
dye solution), unless otherwise stated. Suspensions were
then shaken at ambient temperature at 250 rpm using the
orbital shaker, except for thermodynamics studies which
were carried out within the temperature range from
298 to 343 K. Investigation of the effects of contact time
(30 min—-4.0 h), pH (4-10), and ionic strength (0.1-1.0 M
NaCl) on the extent of dye removal was carried out using
100 mg L CV dye, following the methods of Zaidi et al.
[22]. Adsorption kinetics studies were conducted using
100 mg L CV solution. Batch adsorption isotherm experi-
ments were performed with CV dye of concentration rang-
ing from 0 to 1,000 mg L.

After shaking each of the adsorbent-CV mixture for
the required time, the solution was filtered and the absor-
bance of the dye filtrate was measured using UV-visible
spectrophotometer. In addition, the absorbance of CV dye
with concentrations ranging from 0 to 10 mg L™ was also
measured and a calibration curve was plotted in order to
determine the dye filtrate concentration. The amount of
dye adsorbed per unit mass of adsorbent (MKL or NaOH-
MKL), g, (mmol g™), was then calculated using Eq. (1) as
shown below:

(C,-C)Vv

Vi 1)

q.=

where C, is the initial dye concentration (mg L), C, is
the concentration of dye at equilibrium (mg L), M is
the molar mass of the CV dye (mol g™), V is the volume
of dye solution (L), and m is the mass of adsorbent (g).
The percentage removal of the dye was determined using;:

C. -C
Percentage removal = M %100 ()
8 C
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2.4. Determination of point of zero charge

Determination of point of zero charge (pH,,) was done
using 0.1 mol L™ of KNO, solution following the method
reported by Zehra et al. [29] within the range of pH from 2
to 10. The pH of the suspension of adsorbent was adjusted
using 0.1 mol L7 HCl and/or 0.1 mol L NaOH. The
pH-adjusted suspensions were then agitated for 24 h and
the final pH was recorded.

2.5. Regeneration and reusability of adsorbents

All regeneration studies were conducted using 0.1 M
NaOH, 0.1 M HCl, and distilled water, following the method
as outlined by Zaidi et al. [22]. A control was also set up in
which the spent adsorbent was reused without any prior
treatment. The regeneration study was carried out for five
consecutive cycles.

2.6. Error analysis

Suitability of isotherm and kinetics models for the
adsorption system under investigation was investigated
through the evaluation of error functions. The six error
functions used in this study are the sum of absolute error
(EABS), the average relative error (ARE), the Marquart’s per-
centage standard deviation (MPSD), sum square error (SSE),
hybrid fractional error function (HYBRID), and Chi-square
test (x?), and they are represented in the Supplementary
data by Egs. (1)-(6), respectively. The smaller the
error values, the better the fitted it is to the experiment data.

3. Results and discussion
3.1. Characterization of MKL and NaOH-MKL
3.1.1. Functional group characterization

Functional group characterization of MKL by FTIR
spectroscopy indicates the presence of C-H (2,919 cm™),
C=0 (1,740 cm™), C=C of benzene (1,603 and 1,458 cm™), and
C-H in-plane bending (1,034 cm™), as shown in Fig. 1 (top).
Treatment of MKL with base shows prominent changes in
the above peaks being shifted to 2,940; 1,734; 1,623; 1,465;
and 1,031 cm™, respectively, suggesting that surface modi-
fication has taken place. Shifts in the peaks that appeared
around 3,000 cm™ can be attributed to changes in the chem-
ical environment of -OH and groups, due to deprotonation
of carboxylic acid groups during NaOH treatment of MKL.
Base hydrolysis of ester groups would also occur during
NaOH treatment leading to shift the stretching frequen-
cies of -C=O groups. Lu et al. [30] also reported shifts to
these functional groups in their studies when they chem-
ically modified pomelo leaves with NaOH. It has also
been reported that alkali treatment disrupts the structure
of lignin allowing the structural linkages between lignin
and carbohydrates to be separated [31]. This separation of
linkage, which would be expected in NaOH-MKL, would
favor interaction between the adsorbent and CV molecules.

In order to evaluate the functional groups that may
be involved in the removal of CV, shifts of peaks in these
functional groups provide a good indication. It is apparent

in Fig. 1 (top) that peaks at 2,919; 1,740; 1,603; 1,517 cm™
are shifted to 2,943; 1,735; 1,624; 1,508 cm™, respectively.
Further, the peak intensities in the regions between 1,034-
1,370 em™ and 512-894 cm™ appeared different upon CV
adsorption. Similar peak shifts are also observed in NaOH-
MKTL after CV dye adsorption.

3.1.2. Surface morphology of MKL and NaOH-MKL

Chemical treatment of MKL using 1.0 M NaOH shows
that the adsorbent’s surface morphology undergoes a
drastic change, as shown by Figs. 2a and b, respectively.
Prior to surface modification, MKL appears more com-
pact and irregular. Base modification results in its surface
becoming less dense, and even though the surface still
remains highly irregular, more cavities and holes can be
seen. Similar observations have been reported for other
adsorbents such as rock melon skin whereupon the sur-
face became more porous when the adsorbent was treated
with NaOH [12]. Adsorption of CV onto the surface of both
adsorbents results in the surface becoming less irregular
and more flat, especially for MKL as shown in Fig. 2c. As for
NaOH-MKIL, large cavities are no longer obvious confirm-
ing coverage by dye molecules, as depicted in Fig. 2d.

3.1.3. Point of zero charge of MKL and NaOH-MKL

The pH,,. is the pH at which there is net zero charge on
the surface of an adsorbent, and it is an important aspect
in surface science. This information is valuable in terms
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Fig. 1. FTIR spectra of MKL (a) and NaOH-MKL (b), before (pink)
and after (black) adsorption of CV.
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X 2,000

Fig. 2. SEM images of (a) MKL, (b) NaOH-MKL, (c) MKL-CV, and (d) NaOH-MKL-CV at x2,000 magnification with

the white scale bar representing 10 pum.
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Fig. 3. Change in pH of NaOH-MKL suspension with initial for the determination of pH

of forecasting how an adsorbent in various medium pH
is likely to behave and adsorb toward a particular adsor-
bate. The pH,,. of MKL was previously reported at pH
4.69 [23]. When subjected to base treatment, the pH,,. of
NaOH-MKL is found to be shifted to higher pH at 6.78
(Fig. 3). This observation could be attributed to deproton-
ation of the surface functional groups as a result of base
treatment, thereby causing the surface of the adsorbent to

become more basic [30]. Similar shifts of pH,,. to higher

PZC*

pH were also reported for NaOH modified adsorbents
such as cassava peel [32] and Azolla pinnata [33].

3.1.4. Thermogravimetric analyses of MKL and NaOH-MKL

Increase in the porous nature of MKL when treated
with NaOH solution is further supported by variation of
the mass percentage with firing temperature in thermo-
gravimetric analyses (TGA) experiments. Water molecules
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trapped within the matrix of the adsorbent can easily be
vaporized when pores are exposed as a result of NaOH
treatment, which is represented by the first mass reduc-
tion step in the TGA curve, shown in Fig. 4, and the evap-
oration of moisture is observed to be completed when the
furnace temperature reaches little over 100°C as clearly
evident in the TGA curve. As pores are not much exposed
in untreated MKL, loss of moisture takes place gradually
up to higher temperatures. The second sharp drop of mass
reduction in the TGA curve of NaOH-MKL is due to loss
of organic matter, and this process continues up to about
600°C. Although a similar mass reduction is observed in the
TGA curve of untreated MKL, this step is also not as sharp
as that of NaOH-MKL due to the same reason explained
above, that is, lack of exposed pores. Nevertheless, the total
mass reduction at the firing temperature of 700°C as com-
pared to that at the initial temperature is the same for both
MKL and NaOH-MKL, indicating the complete loss of mois-
ture and organic matters from both types of adsorbents at
the end of the thermogravimetric experiment.

3.2. Optimization of adsorption parameters
3.2.1. Effect of contact time

A crucial parameter in adsorption study is the period of
time required for an adsorbent-adsorbate system to reach
equilibrium. This allows the proper planning and cost eval-
uation of operating conditions. Some adsorbents, owing to
their nature, require longer time to reach equilibrium than
others. Fig. 5 shows that both MKL and NaOH-MKL are
able to remove 64% and 92% CV dye, respectively, under
ambient conditions within the first 30 min. The initial avail-
ability of vacant active sites allows the CV dye molecules
to be more efficiently interacted and deposited onto the
adsorbent’s surface. Thereafter, the uptake of CV does not
seem to be much changed, reaching a plateau at 2.0 and
3.0 h for MKL and NaOH-MKL, respectively, indicating
the establishment of the state of equilibrium. Therefore, a
period of 2.0 and 3.0 h was selected as the optimum con-
tact time for MKL and NaOH-MKL, respectively. About 50%
more removal of CV by NaOH-MKL compared to untreated
MKL is indicative of improved adsorption efficiency upon
NaOH modification. This is probably due to stronger
Coulombic attraction between positively charged CV mol-
ecules and negatively charged functionalities of the adsorbent

100
80 1
S
© 40
20
0 . . . .
0 200 400 600 800

Furnance temperature (°C)

Fig. 4. TGA of MKL (—) and NaOH-MKL (—).

which would have been formed during NaOH treatment as
indicated through FTIR spectroscopic observations.

3.2.2. Effect of pH on adsorption of CV on
MKL and NaOH-MKL

As wastewater contains many different types of pol-
lutants, its pH is usually not at the neutral value. The pH
of medium is an important parameter because it affects
the charge on an adsorbent’s surface, which in turn would
alter its adsorption characteristics toward an adsorbate.
It has been reported that many adsorbents change their
adsorption efficiencies when medium pH is altered [34-36].
Investigation into the effect of medium pH on the adsorp-
tion of CV on both MKL and NaOH-MKL showed that
prior to any pH adjustments, the extent of removal are
67% and 96%, respectively, at the optimum contact time
(Fig. 6). MKL exhibited stability and maintained similar
adsorption of 100 mg L dye over the range of pH studied.
NaOH-MKL, on the other hand, generally demonstrated
higher adsorption capacity (>90% removal of CV) com-
pared to the untreated adsorbent, except at strongly acidic
medium of pH = 2. High concentration of H,O" at pH 2
would lead to electrostatic attraction toward the negatively
charged surface of NaOH-MKL, blocking CV dye mole-
cules approaching the adsorbent’s surface. Although it was
expected that CV dye molecules being positively charged
would show stronger attraction at pH > pH,,. = 6.78, both
MKL and NaOH-MKL demonstrated stability in varying
medium pH, showing almost constant extent of removal
except for pH 2. The highest removal of CV dye by MKL
and NaOH-MKL was observed at pH 4 and 8, respectively.
However, when compared to unadjusted pH, the differ-
ence in CV removal at optimum pH was only higher by
<3% for both adsorbents. Therefore, no pH adjutment is
necessary for efficient removal of CV by both adsobents,
MKL and NaOH-MKL. This is an attractive feature since
potential adsorbents in wastewater treatment application
favors ability to remain stable in varying environmen-
tal conditions. Such adsorbents would effectively be used
under different pH conditions of industrial effluents, and
yet at the same time retain adsorption capacity and reduce
operational cost.

100 >
80 -
60 1
40 1

20 4

Averageremovalof CV (%)

0 30 060 90 120 150 180 210 240 270

Time (min)

Fig. 5. Extent of removal of CV with contact time of MKL (#)
and NaOH-MKL (e) at ambient temperature and pH (0.020 g
of MKL/NaOH-MKL with 10.0 mL of 100 mg L™ CV dye).
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Fig. 6. Effect of pH on MKL (®) and NaOH-MKL (®) under
ambient temperature condition (0.020 g of MKL/NaOH-MKL
with 10.0 mL of 100 mg L CV dye).

3.2.3. Effect of ionic strength on adsorption of
CV on MKL and NaOH-MKL

It is imperative to perform effects of ionic strength
in adsorption studies since wastewater discharged from
industrial effluents contain various salts. The presence of
different electrolytes can affect the ability of an adsorbent to
adsorb adsorbates either by impeding its removal at higher
ionic strength or causing it to maintain or even enhance
its removal [37]. Some adsorbents have been known to
result in aggregation when the ionic strength is increased.
A common salt, NaCl, being often in use in textile indus-
try to help enhance affinity of dyestuff toward fiber and
to speed up the fixation of dye onto the material, was cho-
sen as the model salt to be investigated in this study. It is
also the main salt used in home water softeners. Of the two
adsorbents, MKL shows its ability to maintain adsorption
toward CV dye in the presence of different salt concentra-
tions, with an approximately 16% increase in 1.0 M NaCl
solution as shown in Fig. 7. The ionic environment con-
taining CI~ ions would probably promote the affinity of the
adsorbent toward positively charged CV dye molecules.

NaOH-MKL, on the other hand, shows a reduction
of approximately 26% when the salt concentration was
increased to 1.0 M. As NaOH-MKL consists of Na* as the
counter ion, introduction of NaCl would not interact
with the adsorbent, and it would create an ionic environ-
ment surrounding adsorbent particles, thereby blocking
adsorbate species to come in contact. This masking effect

100
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would become more significant as the concentration of
NaCl increases as observed. Decrease in the extent of CV
dye removal with increase in NaCl concentration is thus
explained. However, detailed investigation of the variation
of the strength of interaction of CV dye with MKL modi-
fied with different chemical agents in different types of
ionic environments would be needed to arrive at a sound
conclusion.

The stability demonstrated by MKL in varying ionic
strengths, whilst maintaining great efficiency in CV removal
(>90%) at 1.0 M NaCl, is an attractive feature in wastewa-
ter treatment application. This clearly indicates that MKL
could be a potential low-cost adsorbent to be utilized. Even
though NaOH-MKL shows decreased removal of CV at
1.0 M Nadl, its adsorption toward CV was still significant
showing a value of 70%.

3.3. Adsorption kinetics of CV on MKL and NaOH-MKL

An important aspect in designing wastewater treat-
ment plant is knowledge of adsorption kinetics. The rate
of adsorption would help in the decision of whether the
adsorbent is economically viable. In this study, two kinet-
ics models, namely, the Lagergren pseudo-first-order
model [38] and the pseudo-second-order model [39], were
employed to provide insight into the adsorption kinet-
ics of MKL and NaOH-MKL toward CV. The linearized
equations of the two models are shown below:

Lagergren pseudo-first-order model:

t

1 —-g.)=1 -——k 3

0g(q. ~q,) =logq, -k ®)
Pseudo-second-order model:

t 1 t

— =t @

9. 9k 4,

where g, is the amount of adsorbate adsorbed per gram
of adsorbent (mmol g) at time ¢ (min), k, and k, are the
pseudo-first-order rate constant (min™) and pseudo-second-
order rate constant (g mmol™ min™), respectively.

Linear plots of data using these two models showed
that higher R? (close to unity) and lower error values were
derived from the pseudo-second-order model for both the

80 1

60 1

40

20 1

Removal of CV (%)

0 0.01 0.1 0.2

0.4 0.6 0.8 1

NaCl concentration (mol dm3)

Fig. 7. Effect of ionic strength using NaCl on the adsorption of CV onto MKL (®) and NaOH-MKL (®) (ambient pH, 0.020 g of

MKL/NaOH-MKL with 10.0 mL of 100 mg L CV dye).
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adsorbents, as shown in Fig. 8 and Table 1. Comparison of
the experimental kinetics data with the simulated plots of
both models in Fig. 9 further confirms the pseudo-second-
order fitted closer, while large deviation was observed for
the Lagergren pseudo-first-order kinetics. Another indi-
cation of the fitting of the pseudo-second-order kinetics
stems from the close proximity between the adsorption
capacity of the calculated (q,, ) vs. experimental (4, ), whose

values are shown in Table 1.

Based on pseudo-second-order kinetics, the adsorp-
tion rate for MKL and NaOH-MKL was 3.55 and 6.11 g

Table 1

Information of the Lagergren pseudo-first-order and pseudo-
second-order kinetics models and their error values

N. Priyantha et al. / Desalination and Water Treatment 215 (2021) 194-208

mmol™ min~, respectively. This shows that chemical modi-
fication of MKL has increased the rate of adsorption toward
CV by almost 72%. Fast adsorption rate is one of the key
factors when considering an adsorbent’s application in
wastewater treatment, as this will help reduce operation
cost.

The validity of the Weber—Morris intraparticle diffusion
model having three linear segments of the plots of g, vs.
2 with different slopes for both MKL and NaOH-MKL is
indicative of three steps for adsorption: (1) rapid diffusion
of CV molecules onto the surface of adsorbents; (2) intra-
particle diffusion which could be the rate-limiting step;
and (3) establishment of equilibrium (Fig. 10). The intercept

@ 2 N
0.08 POy *
~ 0.6
)
3
E 0.04
£ [ | [ ] [ |
= mE
0.02
0.00 . : : : :
0 30 60 90 120 150 180
Time (min)
0.12
o 2 b *
0.10 1 (“
=~ 0.08 1
o ,f (b)
g 0.06 1
E 3
s 0.04 -
0.02 1 ] [ ] u
m n
000 A . . . .
0 30 60 90 120 150 180
Time (min)

Fig. 9. Comparison of experimental data (®) with simulated
plots of the Lagergren pseudo-first-order (M) and pseudo-
second-order (4a) of (a) MKL and (b) NaOH-MKL.

Kinetics parameters MKL NaOH-MKL
Pseudo-first-order
k, (min) 0.041 0.021
q.... (mmol g™) 0.0329 0.0202
R? 0.8960 0.6697
ARE 91.076 109.167
SSE 0.050 0.176
HYBRID 4.107 9.354
EABS 1.011 1.905
MPSD 90.308 107.354
x> 0.780 1.777
Pseudo-second-order
k, (g mmol™ min™) 3.554 6.108
g, (mmol g™) 0.0849 0.1138
R? 0.9994 0.9998
ARE 8.436 2.360
SSE 0.001 0.000
HYBRID 0.073 0.010
EABS 0.075 0.039
MPSD 14.498 3.676
x> 0.014 0.002
q.... (mmol g™) 0.0737 0.1032
0 50 100 150 200
0.00 L L L
(a)
-1.00
s y=-0.0093x - 1.6952
s 200 R? = 0.6697
g |
~  -3.00 4
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R2=0.9998
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0 . .
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Fig. 8. Linear plots of (a) Lagergren pseudo-first-order and (b) pseudo-second-order kinetics models for the adsorption of CV onto

MKL (#) and NaOH MKL ().
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of g, vs. t¥2 plots is a measure of the boundary layer thickness.
According to Fig. 10, the positive value of the intercept for
both adsorbents is evident of having favorable conditions
for biosorption, as observed throughout this research [40].

(@ 0.10
y = 0.0032x + 0.0596

—_~ b 2=0. /
z 0.08 RE=0 47% y=0.0013x + 0.0687
o 0.06 Ol R2=0.9129
S 0.06 1
:
~ 0.04 A
s y=0.0116x + 0.0236
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(b) 0.12
. 0.10 - y =0.0004x + 0.108
T R>=0.4508
) | y=0.0035x + 0.0889
) 0.08 R2=0.7235
£ 0.06 1
s 0044 *
s 0 y=0.0315x +0.0218

0.02 - R>=0.9081

0.00 T T

0 5 10 15
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Fig. 10. Weber-Morris intraparticle diffusion plots for
adsorption of CV onto (a) MKL and (b) NaOH-MKL.

Table 2
Isotherm models used in this study

3.4. Investigation of adsorption isotherms

Various isotherm models have been established over
the years to help shed light onto equilibrium adsorption of
a given adsorbent-adsorbate system [41,42]. Information
derived from adsorption isotherm is of utmost importance
toward the successful designing of wastewater treatment
plant. Herein, five adsorption isotherm models, namely,
Langmuir [43], Freundlich [44], Temkin [45], Redlich—
Peterson (R-P) [46], and Sips [47], were deployed to test
the experimental isotherm data of the adsorption system
under investigation (Table 2).

Comparison of non-linear curve fitting of experi-
mental isotherm data on adsorption of CV dye on MKL
and NaOH-MKL with simulated curves of the above five
isotherms is shown in Fig. 11, while isotherm constants
together with error function values are shown in Tables 3
and 4, respectively. According to regression coefficient
values, adsorption of CV on MKL could be explained by
the Langmuir, Freundlich, and the Sips isotherms, while
that on NaOH-MKL can be explained by the Langmuir
and Sip isotherms. Further, magnitudes of error func-
tions of MKL for both the Langmuir and Sip isotherms
are about the same, while those of NaOH-MKL for the
Langmuir isotherm are larger. Therefore, by consider-
ing both regression analysis and error function determi-
nations, the Sips adsorption isotherm can be regarded
to be the most suitable. The Sips isotherm, a combined
form of the Langmuir and Freundlich models, is suitable
for describing heterogeneous adsorption systems within
a wide range of activities [48]. Further, the q__ values
of 208.1 and 391.7 mg g for MKL and NaOH-MKL,
respectively, determined from the Sips isotherm can be
considered to be representative values.

Isotherm models Symbols

Langmuir: K, is the Langmuir constant (L. mmol™); g
c, 1 N C,

90 Ko G concentration at equilibrium.

Freundlich:

logg, :llogce + logK,
n

Temkin:

q,= RT InK, + RT InC,
bT bT

Redlich—Peterson:
K.C
ln[R e _
q@

Sips:

1} =nInC, +1Ina,

h{qf] =Linc, +1nK.
T =) 1

K _is the Sips constant (L. mmol™).

and g, are maximum adsorption capacity and

max

adsorption capacity at equilibrium, respectively, both in mmol g™'; C, (mg L) is the adsorbate

K, is the Freundlich constant [mmol g™ (L. mmol™)""]; n depicts the favourability of adsorption.

K, is the equilibrium binding constant (L mmol™); b, is the Temkin constant; R is the gas constant
(J K mol™); T is the temperature (K).

K, (Lg™) and a, (L mmol™) are the R-P constants.
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One of the important criteria in determining whether
an adsorbent is suitable to be applied in wastewater
treatment is its ability to effectively remove adsorbate.
The higher the adsorption capacity of a given adsorbent,
the more favorable it will be since this equates as being
efficacious and lower cost. For this reason, it is imperative
to compare the maximum adsorption capacity (g, ) of an
adsorbent with other reported adsorbents prior to decid-
ing its suitability in wastewater treatment applications.
Herein, being a leaf-based adsorbent, the g, of MKL was
therefore initially compared with other leaf adsorbents

0.6
(@

0.0 T T T T

400
C, (mg L")

600 800

Fig. 11. Experiment isotherm data (®) with simulated plots of Langmuir (
) models for (a) MKL and (b) NaOH-MKL [Freundlich and R-P overlap in (b)].

and Sips (

Table 3
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for the removal of CV dye. Its superiority toward CV,
compared to most leaf adsorbents, is clearly displayed in
Table 5. Modification of MKL enhanced its g, by 88% to
391.7 mg g, a value higher than many adsorbents includ-
ing those modified or synthesized, as shown in Table 5.

3.5. Thermodynamics studies

Variation of the amount of CV adsorbed with the ini-
tial concentration of CV at different temperatures is
shown in Fig. 12 for both MKL and NaOH-MKL. Such

0.0 T T T T T

300
C, (mgL7)

400 500

), Freundlich (=), Temkin (===), R-P (=),

Isotherm results and error values based on different isotherm models for adsoption of CV dye on MKL

Model Values ARE SSE HYBRID EABS MPSD 12
Langmuir 11.10 0.00 0.13 0.16 15.46 0.14
4, (mmol g™) 0.503

onax (M &) 205.2

K, (L mmol™) 0.004

R? 0.9685

Freundlich 20.82 0.03 0.69 0.48 26.48 0.21
K, (mmol g (L mmol™)"") 0.005

n 1.438

R? 0.9500

Temkin 35.09 0.01 1.19 0.29 84.63 0.94
K, (L mmol™) 0.080

b, (kJ/mol) 28.306

R? 0.9761

Redlich—Peterson 20.80 0.06 1.28 0.62 27.02 0.26
K. (Lgh 0.600

B 0.242

a, (L mmol™) 184.14

R? 0.5677

Sips 11.03 0.00 0.14 0.16 15.95 0.13
q,.., (mmol g™) 0.510

e (MG &) 208.1

K_ (L mmol™) 0.004

1/n 1.004

n 0.996

R? 0.9843
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Table 4
Isotherm results and error values based on different isotherm models for adsoption of CV dye on NaOH-MKL
Model Values ARE SSE HYBRID EABS MPSD %2
Langmuir 27.34 0.06 1.63 0.77 33.94 0.19
. (mmol g™) 0.711
T (MG &) 290.0
K, (L mmol™) 0.022
R? 0.9602
Freundlich 21.92 0.05 0.92 0.64 27.22 0.27
K, (mmol g (L mmol™)"") 0.030
n 1.847
R? 0.8679
Temkin 33.29 0.06 1.92 0.75 44.44 0.26
K, (L mmol™) 0.689
b, (k] mol™) 24.024
R? 0.9338
Redlich-Peterson 21.90 0.05 0.98 0.64 27.98 0.27
K. (Lg" 4.000
B 0.460
a, (L mmol™) 134.15
R? 0.8245
Sips 18.56 0.02 0.64 0.41 28.57 0.15
q,.. (mmol g™) 0.960
9. (Mg g™ 391.7
K_(L mmol™) 0.034
1/n 0.674
n 1.484
R? 0.9588
250 350
(@ b
200 | s 1 ] 30{ ® s
i
| s B 250 A I
o 150 s I & n = u - ] I
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o0 | &
E 100 E "= E 150 I =
s | " K - o
50 1 | 1009 [
H 50
0 ' 0
0 200 400 600 800 1000 1200

Concentration of CV dye (mg L)

400 600 800 1000
Concentration of CV dye (mg L")

1200

Fig. 12. Adsorption of CV on (a) MKL and (b) NaOH-MKL at 298 K (=), 313 K (*), 323 K (m), 333 K (W) and 343 K ().

studies provide vital information in designing and plan-
ning of wastewater treatment plants because some plants
are operated under warm temperature conditions. It is of
importance to record that the amount of CV adsorbed on
NaOH-MKL at temperatures above 298 K does not vary,
a valuable condition to be considered for operation of
effluent treatment plants (Table 6).

3.6. Regeneration and reusability of MKL and NaOH-MKL

In large scale wastewater treatment, it is imperative
that the adsorbent chosen is reusable for the method to

be cost-effective, thereby decreasing the demand for raw
materials. Further, spent adsorbents if simply disposed
without proper incineration not only contribute to landfill
waste but could also be health hazards to human. Hence,
one of the key factors in selecting a suitable adsorbent in
wastewater treatment application is its potential to be regen-
erated and reused.

Herein, the spent adsorbents were tested with three
solvents, that is, 0.1 M NaOH, 0.1 M HCI, and distilled
water. A control experiment was also set up for each adsor-
bent using spent adsorbent without any prior treatment
for comparison purpose. Fig. 13 shows that both MKL and
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Table 5
Comparison of q___of various adsorbents reported

Unmodified adsorbent 9o (Mg ) Reference
MKL 208.1 This work
Lemongrass leaf 36.1 [49]
Artocarpus odoratissimus leaf 50.5 [50]
Calligonum comosum leaf 5.0 [51]
Spent tea leaf 114.9 [52]
Ananas comosus (pineapple) leaf 158.7 [53]
Calotropis procera leaf 4.1 [54]
Garcinia indica (Kokum) leaf 109.9 [55]
Quercus robur (Oak) leaf 41.2 [56]
Artocarpus heterophyllus (Jackfruit) leaf 43.4 [57]
Artocarpus odoratissimus (Tarap) core 217.0 [58]
Artocarpus altilis (Breadfruit) skin 145.8 [59]
Artocarpus odoratissimus leaf-based cellulose 239.0 [60]
Formosa papaya (Carica papaya L.) seed powder 86.0 [61]
Momordica charantia (bitter gourd) waste 244.8 [62]
Cucumis sativus peel 149.3 [63]
Parkia speciosa (Petai) pod 163.2 [64]
Sepia shells (cuttlefish bones) 218.7 [65]
Peat 108.0 [66]
Myecelial biomass of Ceriporia lacerata 239.3 [67]
Palm kernel fiber 95.4 [68]
Eichhornia crassipes (Water hyacinth) 322.6 [69]
Artocarpus camansi peel 275.0 [70]
Artocarpus odoratissimus (Tarap) skin 118.0 [71]
Modified or synthesized adsorbents

NaOH modified MKL 391.7 This work
Yeast treated peat 18.0 [29]
Gum arabic-cl-poly(acrylamide) nanohydrogel 90.9 [72]
NaOH modified Artocarpus odoratissimus (Tarap) skin 195.0 [71]
Modified bentonites 74.1 [73]
TLAC/Chitosan composite 0.3 [74]
NaOH Artocarpus camansi peel 479.0 [70]
EDTA/graphene oxide functionalized corncob 203.9 [75]
Dendritic post-cross-linked resin 497.5 [76]
Oppositely twisted heat-treated halloysite 190.0 [77]
Silver nanoparticles immobilised on the activated carbon 87.2 [78]
ZSM-5 zeolite 141.8 [79]
Functionalized multi-walled carbon nanotubes 90.5 [80]
Chitosan aniline composite of peanut hull waste 100.6 [81]

its modified form were able to successfully adsorb CV dye
even after five consecutive cycles. High adsorption effi-
ciency was noted when the spent adsorbents were washed
with base, maintaining >96% at the fifth cycle, clearly indi-
cating the reusability of the spent adsorbents.

4. Conclusion

The performance of MKL and its modified form
(NaOH-MKL), prepared by treatment with aqueous NaOH

solution, toward CV dye adsorption indicates strong affin-
ity of both adsorbents. More importantly, the modified
form, NaOH-MKIL, is found to be superior to MKL demon-
strating improvement of both equilibrium and kinetics
aspects of the transfer of CV dye to the adsorbent phase;
88% increase in adsorption capacity and 72% in the rate
of mass transfer. Further, transfer of CV dye molecules
from the solution phase to the adsorbent phase occurs
favorably through a boundary layer according to the find-
ings of the Webber-Morris intraparticle diffusion model.
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Fig. 13. Regeneration of (a) spent MKL and (b) spent NaOH-MKL for the adsorption of CV in five consecutive cycles [Cycles 0

(%), 1(m),2( ), 3 (™), 4 (™), and 5 (W)].

Table 6
Extent of adsorption of CV dye on MKL and NaOH-MKL at dif-
ferent solution temperatures

MKL NaOH-MKL
Temperature (K) Jom (Mg &7 Jom (Mg &7
298 208.08 391.70
313 191.76 367.19
323 244.79 367.19
333 244.79 367.19
343 244.79 367.19

Among the five isotherm models investigated, namely,
Langmuir, Freundlich, Temkin, Redlich-Peterson, and Sips,
the Sips isotherm is found to be the most suitable based
on regression coefficient of non-linear curve fitting and
error analyses of many standard types of error functions.
Having the Sips adsorption isotherm satisfied is indica-
tive of a combination of both the Langmuir and Freundlich
characteristics. Another attractive feature is that MKL was
found to be stable, maintaining its adsorption toward CV
dye throughout pH 2-12 and exhibiting >90% adsorption
of CV dye at 1.0 M NaCl. Except at pH 2, NaOH-MKL also
showed that it is resilient to changes in pH with >90% dye
removal from pH 4 to 12. Both spent adsorbents can be
regenerated with aqueous 0.1 M NaOH solution, maintain-
ing close to 100% adsorption of CV dye even at the fifth con-
secutive cycle, thus promoting their reuse and indicating
the potential for practical applications with large volumes
of CV dye solutions. Owing to favorable equilibrium and

kinetics aspects of adsorption of CV on NaOH-MKL, the
next logical step of this research would be to extend toward
dynamic conditions and proto-type systems through opti-
mization of relevant experimental conditions, with the goal
of extending toward real situation for effective removal
of CV dye from industrial effluents.
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Supplementary information

Fig. S1. (a) Freshly collected MKL, (b) oven dried MKL, (C) powdered MKL, and (d) NaOH-modified MKL.
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