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ABSTRACT

Recent years have seen the rise in the use of leaf-based adsorbents to remove pollutants. Not only are
leaves low-cost and abundant, but they also contain many compounds giving rise to various func-
tional groups that could promote the adsorption process. This study focuses on the use of leaves
of Dimocarpus longan ssp. malesianus var. malesianus, locally known as “mata kuching” and literally
translated as “cat’s eyes”, as an adsorbent for the removal of toxic brilliant green (BG) dye. The mata
kuching leaves (MKL) reached equilibrium when in contact with BG dye within 30 min. Its adsorption
toward BG was not greatly affected by varying pH solutions or salt concentrations. Of the five models
tested, the Sips model was the best fit for the adsorption isotherm data, giving a maximum adsorption
capacity of 337.9 mg g. Adsorption process followed the pseudo-second-order kinetics and intra-
particle diffusion was not the rate-controlling step. Regeneration and reuse of spent MKL were possi-
ble especially when treated with a base, maintaining almost 80% dye removal at the 5th consecutive
cycle. With its many attractive features such as high adsorption capacity, short contact time, ability to
be regenerated, relative stability under varying conditions, availability in abundance throughout the
year, MKL, therefore, has potential application as a low-cost adsorbent in wastewater treatment.

Keywords: Leaf adsorbent; Adsorption isotherm; Brilliant green dye; Kinetics; Thermodynamics;

Regeneration

1. Introduction

The advancement of technology in this modern era has
led to a boom in industries to cater to the needs of the ris-
ing world population. The use of colors plays an important
role in marketing products to attract consumers. In fact, col-
ors are a major part of our lives. Ever since the discovery of
mauve, the first dye to be synthesized back in the mid-19th
century, many dyes have since been synthesized. The limita-
tions of natural dyes and the demand for inexpensive and
readily available synthetic dyes saw the commercial decline
of natural dyes. Synthetic dyes are heavily used in industries
such as textiles, paint, and printing. Wastewater containing
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dye effluents is now one of the major pollutions faced by
the world today. Not only do they give rise to non-aesthetic
pollution, but these dyes also produce harmful by-prod-
ucts and cause eutrophication. Synthetic dyes are usually
non-biodegradable and their prolong presence in water bod-
ies leads to foul smell, affects sunlight penetration and has
harmful toxic effects to aquatic life. Through the food chain,
this will also have detrimental effects on human health [1,2].
Hence, cleaning up wastewater is not an option but a necessity.

One of the methods of wastewater treatment that has
received much attention is through the use of adsorption.
Compared to many methods, adsorption is attractive in
that it is economically viable since it utilizes low-cost, read-
ily available materials and the method is straight forward
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requiring no complicated skills [3,4]. Many natural adsor-
bents have been reported and examples include wastes
from industries and agriculture [5-7], soil materials [8,9]
and aquatic plants [10]. Modified adsorbents through phys-
ically or chemically means, as well as synthetic adsorbents,
have also been tested out for their adsorption ability [11,12].
Not all adsorbents showed good adsorption of dyes [13,14].
Therefore there is still a demand for the continual search for
good low-cost adsorbents which could be of potential use in
the treatment of wastewater.

Brilliant green (BG) belongs to the triphenylmethane
dyes and is closely related to the malachite green dye. In
fact, BG is sometimes known as malachite green G dye. The
triphenylmethane dyes are known to have carcinogenic and
genotoxic properties [15]. Being intensely colored, BG has
been used in the textile industry to dye wool and silk as well
as in the paper industry to color papers [16]. BG was found to
exhibit inhibition against gram-positive bacteria and when
ingested, BG is known to cause abdominal pain, diarrhea,
and vomiting [17]. Although BG is used as a local antisep-
tic [18], it is rendered toxic when ingested and if in contact
with eyes, BG may cause corneal opacification, which can
lead to blindness [19]. Its exposure, be it direct or indirect,
can also cause harm to humans [20]. Hence, its removal from
wastewater is of crucial importance.

The use of leaves as natural adsorbents has gained pop-
ularity over the years because they are easily obtainable in
large quantities throughout the year. Examples include tea
leaves [21], leaves of Artocarpus odoratissimus [22], Bilimbi,
Eucalyptus [23], Citrus grandis (pomelo) [24] and many others
[25], all of which have been successfully reported to adsorb
dyes or heavy metals. Here, we report the use of leaves
of Dimocarpus longan ssp. malesianus var. malesianus as an
adsorbent for the removal of BG in simulated wastewater.
Dimocarpus longan ssp. malesianus var. malesianus is native
to Southeast Asia with the greatest diversity being found
in Borneo [26]. It belongs to the family of Sapindaceae and
is known by the local Malays as “mata kuching” which is
literally translated as “cat’s eyes”. The tree bears fruits that
are round with a rough, light brownish skin, similar in size
to its close relative, the more widely known Euphoria longana
(Longan). Mata kuching leaves (MKL) have been found to
exhibit xanthine oxidase inhibitory activity. MKL, there-
fore, has the potential to treat gout since xanthine oxidase
inhibitors can block uric acid biosynthesis from purine in
the body [27].

This paper focuses on the use of MKL as a natural adsor-
bent for the removal of BG dye. The adsorption characteris-
tics of MKL toward BG dye such as contact time, isotherm,
kinetics, stability in varying pH and salt conditions, and its
ability to be regenerated will be investigated. The results
obtained from this work will help to shed light on the
potential of MKL as a new adsorbent in the treatment of
wastewater containing BG dye.

2. Materials and methods
2.1. Chemicals and instrumentations

All the chemicals and reagents used in this study were
used with no further purification. The brilliant green (BG)

dye (C,H,N,O,S, M, 482.63 g mol”') was obtained from
Sigma-Aldrich, Paris. The 1,000 mg L™ BG stock solution was
prepared by adding distilled water to dissolve the needed
amount of dye. The pH was altered by using 0.1 mol L
HCI and 0.1 mol L™ NaOH. Sodium chloride and potassium
nitrate were used in the investigation of ionic strength and
point of zero charge, respectively. Throughout this study,
distilled water was used.

The absorbance of the BG dye solutions was measured
with the Shimadzu UV-1601PC UV-visible spectrophotome-
ter (UV-Vis), Japan, set at wavelength 624 nm. The functional
groups of MKL were identified through the KBr method
using the Shimadzu IR Prestige-21 spectrophotometer for
Fourier transform infrared spectroscopy (FTIR) analysis.
Scanning electron microscope (SEM), JSM-7610F JOEL model
(USA), provided the surface morphology of the samples.

2.2. Sample preparation

MKL was collected from a local garden. The leaves were
separated from the twigs and branches and collected into a
pile. To remove any dirt particles, the leaves were washed
with distilled water and dried in the oven at 60°C until a
constant weight was achieved. The dried leaves were then
blended to powder form and sieved using laboratory sieve to
acquire particles of a diameter of less than 355 um.

2.3. Optimization of parameters and batch
adsorption experiments

All experiments were conducted by mixing 0.020 g of
MKL powder with 10.0 mL of known concentration of BG
dye solution (mass to volume ratio fixed at 1:500) in clean
125 mL of a conical flask unless otherwise stated. Using an
orbital shaker, the mixtures were then agitated at 250 rpm,
at room temperature, except for investigation of thermody-
namics studies in which the experiments were carried out
with temperatures ranging from 298 to 343 K. Experimental
parameters for the effects of contact time (30 min intervals
for up to 2 h), pH (4-10), ionic strength (0.1-0.8 M NaCl)
were investigated, following the methods as outlined by
Zaidi et al [28]. Also included in the study was kinetics using
a 100 mg L™ BG solution. Batch adsorption isotherm experi-
ments were performed with BG dye concentrations ranging
from 0 to 1,000 mg L.

The amount of dye adsorbed per gram of MKL,
g, (mmol g™), was calculated using:

(c,-c)v O
qe - M,. m
where C, is the initial concentration of the dye (mg L), C, is
the equilibrium of the concentration of the dye (mg L), M,
is the dye molecular mass (mol g), V is the volume of the
BG solution used (L), and m is the mass of MKL used in this
experiment (g).
The percentage removal of the dye can be known using;:

C.—C, )x100%
Percentage removal = %

2
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2.4. Determination of point zero charge

The point of zero charge (pH, ) of MKL was determined
using 0.1 mol L™ of KNO, solution as outlined by Chieng
et al [29] with pH ranging from 2 to 10. Adjustment of the
pH of the salt solution was done using 0.1 mol L' HCI and
0.1 mol L NaOH. The pH adjusted salt solutions, each con-
taining MKL, were agitated for 24 h and the final pH was
recorded.

2.5. Error analysis

In this study, error functions were used to provide
information on the suitability of the kinetics and isotherm
models. The six error functions used are the sum of abso-
lute error (EABS), the average relative error (ARE), the
Marquart’s percent standard deviation (MPSD), sum square
error (EERSQ), hybrid fractional error function (HYBRID)
and chi-square test (x?) and their equations are shown as
Egs. (3)—(8), respectively. The models with smaller error
values are better fitted to experiment data [30].

P
EABS Z qe,meas _qe,calc (3)
i=1
P —
ARE: @z Temeas ~ e cale. )
p i=1 qu,calc i

P
MPSD: 16 ——3"(4, o~ o) 5)
p—nio

EERSQ Z(qe,mlc - qﬂ,meas )12 (6)
i=1
n ( _ )2
HYBRID 100 Z qz’,m&as qz’,calc (7)
n B p i=1 qe,meﬂs

4 ( )2

2., qe,meas - qe,calc

T ®
i=1 qe,meas

where g is the value of the experiment while g, . is

¢,meas

the value calculated from the isotherm models and p is the
number of observations in the experiment.

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

The functional groups on the surface of MKL, especially
those involved in the adsorption of BG dye, were determined
using FTIR spectroscopy. Broad O-H and N-H stretching
at 3,421 cm™, C=0O stretch at 1,516 cm™ and C-O-H stretch
at 1,047 cm™ were shifted upon adsorption of BG dye, as
shown in Fig. 1. Similarly, the C=O peak at 1,732 cm™ in MKL
appeared shifted to 1,742 cm™. A weak peak at 1,833 cm™

could be C=0 of anhydride and this was shifted to 1,815 cm™
after BG was being adsorbed. The C=C at 1,620 cm™ remained
unaffected. Aromatic and aliphatic C-N stretching absorp-
tions of BG dye at 1,276 and 1,188 cm™, respectively, are being
detected in the spectrum of the dye loaded MKL, further
confirming that BG was successfully adsorbed onto MKL
[31]. Generally, leaves contain various compounds such as
cellulose, lignin, hemicellulose, pectin, etc. Their functional
groups such as O-H, C=0, N-H, could act as binding sites in
the removal of adsorbates [25].

3.1.2. Surface morphology of MKL

SEM images provided insight into the surface morphol-
ogy of MKL, before and after adsorption of BG dye. Before
the adsorption of BG dye, the surface of MKL appeared
irregular and consists of many folds in various shapes and
sizes (Fig. 2). When loaded with BG dye, there was a notable
change in the surface morphology of MKL. These irregular
shapes and cavities now appeared to be covered with dye,
making the surface much smoother and flat, showing clear
evidence of adsorption of BG dye onto the surface of MKL.
Similar observations have also been previously reported
upon adsorption of dyes onto the surface of adsorbents [32].

3.1.3. Point of zero charge of MKL

In surface science, the point of zero charge (pH,,) is of
fundamental importance as it is the pH at which an adsor-
bent’s surface has zero net charge that is, neutral. Useful
information, especially on the ionization of surface func-
tional groups, can be derived thereby helping in the predic-
tion of interactions of surface functional groups with ions
in solution. When solution pH > pH_, the surface of the
adsorbent will be predominately negative as a result of the
deprotonation of surface functional groups, whereas when
solution pH < pH_, the surface of the adsorbent is pre-
dominately positive [12]. In general, the negatively charged
surface will attract positively charged molecules or ions and
the reverse is true that is, a positively charged surface will
attract negatively charged molecules or ions through elec-
trostatic interactions. As shown in Fig. 3, pH  (the point
intercepting the x-axis) for MKL was found to be at pH
4.69, a value lower than Nephelium mutabile leaf (5.29) [33],
tea waste (6.6) [34], Cinnamomum camphora leaves (5.9) [35],
pomelo leaf (5.02) [24], Artocarpus odoratissimus leaf (6.2)
[22], except for Nepenthes leaf (3.9) [36] and Gliricidia sepium
leaf (2.0) [37].

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

It is important to have information on the contact time
in an adsorption process as the data obtained will be use-
ful in determining the length of time required for the adsor-
bate-adsorbent system to achieve the state of equilibrium.
Fig. 4 shows the effect of contact time on the removal of BG
dye by MKL. The rate of the removal of BG dye increased
sharply during the initial 30 min and equilibrated within
half an hour of contact time. The rapid increase in the per-
centage of the removal of BG observed in the first 30 min
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Fig. 1. FTIR spectra of MKL before (red) and after (black) adsorption of BG.
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Fig. 2. SEM images of MKL before and after adsorption of BG at 2,000x magnification.

is due to the abundance of active vacant sites on the sur-
face of MKL, which allow BG dye molecules to be quickly
adsorbed. As these vacant sites are being filled, the adsorbed
dyes result in the sites becoming more and more saturated.
Hence, the adsorption process slows down and finally levels
off to a plateau upon reaching equilibrium. A short period
of time for an adsorbent-adsorbate system to reach equilib-
rium is an attractive feature in designing wastewater treat-
ment via the adsorption method. This will help save cost and
time, which are crucial in any operation of a treatment plant.
Based on the results obtained, half an hour of contact time
was sufficient for the MKL-BG system to reach equilibrium.

Hence, all subsequent reactions, except for kinetics study,
were carried out by shaking the adsorbent-adsorbate system
for half an hour.

3.2.2. Effect of pH on MKL’s adsorption of BG

The effect of pH is an important parameter in adsorp-
tion study because the pH of wastewater will not be neu-
tral nor constant at all times due to the presence of many
different pollutants and electrolytes. Further, many dyes
are sensitive to pH and the presence of acids or bases can
result in protonation or deprotonation of the functional
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Fig. 4. Effect of contact time on the removal of 100 mg L' BG dye
by MKL.

groups present in both the dyes and adsorbent. In this study,
the investigation of the effect of pH on MKL’s adsorption
toward BG was kept in the range of pH 4 to 10 to avoid any
changes that may cause fading of the intensity of the dye
color thereby resulting in inaccuracy of the results [12]. As
shown in Fig. 5, the adsorption of BG dye onto MKL was
not affected much by the change of pH when compared to
the untreated (natural) pH for BG dye at pH 3.8. The highest
adsorption was at pH 4, with 86% removal, and the lowest
at pH 10 (66%). The adsorption of BG dye at natural pH was
78%. For an adsorbent to be applicable in wastewater treat-
ment, it has to remain stable and show resilience toward pH
changes by still being able to remove the dye. Many adsor-
bents have been reported to show a drastic reduction in their
ability to remove dyes when the pH is being altered. Hence,
in this aspect, it can be concluded that MKL is a relatively
good adsorbent given its ability to remove BG under varying
pH changes. Even though the removal of BG was the high-
est at pH 4, however when compared to removal of BG at
the natural pH it only differed by 8%. Hence, all subsequent
experiments were carried out without any pH adjustments.

3.2.3. Effect of ionic strength

The presence of ions in wastewater can affect the process
of adsorption of adsorbates such as dye molecules. This is

because electrostatic and hydrophobic-hydrophobic interac-
tions can be affected by ionic strength [38]. Non-polar groups
such as —CH, group of the dye can react with aromatic ring
present on the surface of the adsorbent in an interaction
called hydrophobic-hydrophobic interaction. The electro-
static attraction mechanism of cationic dyes in high ionic
strength solutions can be repressed because of the metal ions
competing with it for the active sites on the surface of the
adsorbent, leading to electrostatic repulsion.

In Fig. 6 it can be seen how different concentrations of
NaCl affect the adsorption of the BG dye by MKL. A gradual
decreasing trend was observed as the concentration of the
NaCl increases, with a reduction of 20% in MKL's adsorption
capability toward BG in 1.0 M NaCl. This can be attributed
to the presence of high Na* ions which not only can cause
electrostatic repulsion with the cationic BG dye but also
compete for the available vacant active sites on the surface
of MKL. Such behavior is quite common for the removal
of the basic dye and has been reported in many studies
[39,40]. Unlike many adsorbents whose adsorption capacity
is drastically affected by ionic strength [32,41], the results
obtained from this study suggest MKL to be relatively resil-
ient to an increase in salt concentration. Hence, MKL could
be a possible candidate to be used in real wastewater as the
industrial effluents usually have high salt content.

3.2.4. Adsorption kinetics of BG onto MKL

The study of the kinetics of adsorption of the BG dye
by the MKL was investigated to gain insight into the mech-
anism’s process. Two kinetics models were applied to the
experimental data namely, the Lagergren pseudo-first-
order [42] and pseudo-second-order [43]. Their linearized
equations are represented by Egs. (9) and (10), respectively.

t

1 —q) = logq ———k 9
08 (q,-4,) = logg, ~===k, ©)
t 1 t
= +— (10
9 4k 4,

where g, is the amount of the adsorbed by the adsorbate
per gram of adsorbent (mmol g™) at time t, k, is the
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Fig. 6. Adsorption of BG dye onto MKL in different concentrations
of NaCl.

Lagergren-first-order rate constant (min™), f is the time of
shaking (min) and k, is a pseudo-second-order rate constant
(g mmol™ min™).

It can be observed from Table 1 that of the two models
employed, the pseudo-second-order kinetics is a better fit in
terms of its higher R? (0.9996), compared to the Lagergren
pseudo-first (R* = 0.3265). Analyses of these models using
six different error functions also confirmed that the adsorp-
tion of BG by MKL followed the pseudo-second-order kinet-
ics as indicated by its overall small error values (Table 1).
The experiment adsorption capacity (qcxp) was determined to
be 0.088 mmol g which supported the calculated adsorp-
tion capacity (q_,) for pseudo-second-order but not for the
Lagergren pseudo-first-order. Comparison of the experi-
ment kinetics data with the two simulated kinetics models,
as depicted in Fig. 7, once again point to the pseudo-second-
order kinetics being the better fit model for the adsorption of
BG onto MKL.

Table 1
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Fig. 7. Comparison of experiment data (#) with simulated plots
of pseudo-first-order (M) and pseudo-second-order (A).

The adsorbate transfer of the solid-liquid sorption
process is frequently categorized by the external diffusion
(which is also known as film diffusion), surface diffusion,
and pore diffusion or joint surface and pore diffusion.
Unfortunately, the Lagergren pseudo-first-order and the
pseudo-second-order kinetics models do not give any infor-
mation on the diffusion process. Hence, the Weber—Morris
intra-particle model [44] was deployed and its equation is
shown below in Eq. (11).

q,=kt"*+C (11)

where k, is the intra-particle diffusion rate constant
(mg g™ min?) and C is the intercept.

The intra-particle diffusion model is beneficial in calculat-
ing the rate-controlling step and recognizing the mechanism
of the adsorption and the pathways of the reaction. If the plot
of g, against t*° passes through the origin and is linear, it is
acknowledged that the adsorption is ruled by intra-particle
diffusion wholly. The adsorption process can be governed by
amultistep mechanism if multiple linear regions are obtained
from the intra-particle diffusion plot. The multistep mecha-
nisms can be broken down into four steps related to the
processes of the transport during adsorption by porous adsor-
bents. The first stage is the solution phase’s transport which
is known as bulk transport and it can happen immediately
after the transfer process of the adsorbent into the solution of

Kinetics parameters and error values of Lagergren pseudo-first-order and pseudo-second-order models

Model ARE EERSQ HYBRID EABS MPSD %2
Pseudo-first-order 100.82 0.16 10.40 1.75 106.59 1.77
k, (min™") -0.03

g, (mmol g™) 0.001

R? 0.3265

Pseudo-second-order 1.90 0.00 0.01 0.03 3.73 0.00
k, (g mmol™ min™) 1102.62

q.,,. (mmol g™) 0.090

R? 0.9996
Torp (mmol g™) 0.088




434

the adsorbate and hence the control engineering design is not
controlled by it. This stage happens too sudden and its contri-
bution is considered insignificant. The second stage, known
as film diffusion (occurs slowly). Through a hydrodynamic
boundary layer or film, the molecules of the adsorbate are
transported to the external surface of the adsorbent from the
bulk liquid phase that occurs in this stage. The third stage
includes the diffusion of the molecules of the adsorbate into
the pores of the adsorbent from the adsorbent’s exterior, along
the pore-wall surfaces, or both (which is known as intra-par-
ticle diffusion, meaning it happens slowly). The fourth stage
is the attachment of the adsorptive, which always happens
rapidly; hence, it is negligible for the design also.

The Weber-Morris plot for the BG onto MKL in Fig. 8
shows a single linear plot that does not involve a multistep
mechanism. The plot does not pass through the origin, indi-
cating that intra-particle diffusion may not be the rate-con-
trolling step in the adsorption process.

3.2.5. Adsorption isotherm
Adsorption isotherm provides insight into the adsorp-

tion’s mechanism and gives information on the partition

Table 2
Five isotherm models used in this study
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Fig. 8. Weber—Morris intra-particle diffusion plot for adsorption
of BG onto MKL.

quantitative assessment or solutes distribution of interest
at equilibrium between the fluid and solid phases. Accurate
interpretation and comprehension of the adsorption iso-
therm are crucial for the effective design of the adsorption
system and the complete improvement of the mechanism
pathways of the adsorption. Five adsorption isotherm
models (Table 2) were employed in this study to analyze
the experimental data obtained. Since the linearization of

Isotherm model Linearized equation Plot
Langmuir [46] I 1 I
= < < vsC,
e K  Tnae .

K, is the Langmuir constant

J—
T 1+K,G,

R, is the dimensionless constant
R, range =1.191 x 10" —9.978 x 107

Freundlich [47]

log g, = llogCS +logK,
n

log g, vslog C,

K, is the Freundlich constant indicative

of adsorption capacity, n is related to the

adsorption intensity

RT}nq

RT
=| — |[InK .+
o.~( 5T s

Temkin [48]

g, vsInC,

K, is the Temkin constant; b, is related to the

heat of adsorption; R is the gas constant and

T is the absolute temperature at 298 K

Redlich—-Peterson (R-P) [49]

lr{KRC"—ll =B InC, +1Ina,
9.

K, and a, are the R-P constants

Sips [50]

In [qﬁ’
qmax -

n

]—11nCe +InK,
q.

K, is the Sips constant and # is the Sips

exponent
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the isotherm models can result in inherent bias, the results
for each model were also analyzed with six error functions
(Table 3) [30]. Further confirmation of the best-fit isotherm
was concomitantly carried out with non-linear isotherm
plots (Fig. 9). Such plots are more relevant because the orig-
inal isotherm equations are being used and hence any prob-
lems arising from the violation using linearized equations
are taken care of [45].

Based on the regression coefficient R? values, the order
from the highest to lowest models is as follows: Sips > Tem
kin > Langmuir > Freundlich > Redlich-Peterson. The exclu-
sion of both the Freundlich and Redlich-Peterson can fur-
ther be confirmed by their high error values and deviation
from the experiment data (Fig. 9). Of the three models left,
the Langmuir, which depicts monolayer adsorption onto a
homogenous adsorbent surface, is less fitting than the Sips
and Temkin models based on its slightly higher error values
and lower R? value. It's dimensionless constant, otherwise
known as separation factor (R,), has values ranging from
between 0.12 to 0.99, indicating a favorable adsorption pro-
cess. Between the Sips and Temkin models, the former has
higher R? value and the simulation plot seemed better fit-
ted to the experiment data, even though the latter model’s
errors were slightly lower overall. The Temkin model takes
into consideration the indirect adsorbate-adsorbent interac-
tions during an adsorption process and thereby proposed a
linear decrease in the heat of adsorption of molecules with
an increase in coverage of the adsorbent’s surface. The heat
of adsorption b, is indicative of chemisorption.

Table 3

One of the factors in determining whether an adsorbent
will be suitable in its application in wastewater treatment is
its adsorption capability. Over the years, many adsorbents
have been tested out and not all adsorbents have the ability
to remove pollutants satisfactory. Our present study showed
that MKL when compared to many reported leaves, gave
excellent maximum adsorption capacity (g, ) as shown in
Table 4. Similarly, when compared to many natural adsor-
bents and even synthesized or chemically modified adsor-
bents, MKL also exhibited higher or comparable g__value.

0.6

q. (mmol g*)

-0.2

C.(mgL7)

Fig. 9. Experiment isotherm data (®) with simulated plots of
Langmuir (=), Freundlich (===), Temkin (s==), R-P (=) and
Sips (===).

Parameter values and error analysis of the five adsorption isotherm models

Model Values ARE EERSQ HYBRID EABS MPSD 12
Langmuir 12.62 0.01 0.32 0.31 19.73 0.13
4, (mmol g™) 0.542

K, (L mmol™) 0.006

R? 0.9617

Freundlich 15.28 0.01 0.41 0.38 24.81 0.18
K, (mmol g (L mmol™)") 0.010

n 1.639

R? 0.9434

Temkin 11.21 0.01 0.33 0.32 16.81 0.09
K, (L mmol™) 0.127

b, (k] mol™) 26.09

R? 0.9654

Redlich—Peterson 15.26 0.01 0.44 0.38 24.78 0.19
K, (Lg" 0.300

B 0.384

a, (L mmol™) 31.996

R? 0.8815

Sips 11.87 0.01 0.26 0.22 2211 0.13
q,.. (mmol g™) 0.700

K, (L mmol™) 0.009

1/n 0.825

n 1.213

R? 0.9696
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Table 4

Comparison of g values of MKL with leaves and some selected natural and synthetic adsorbents

Adsorbent 9. (Mg g™ Reference
Dimocarpus longan ssp. malesianus leaves (MKL) 261.8 (Langmuir) 337.9 (Sips) This study
Leaves as adsorbents

Psidium guajava (Guava) leaves 1.2 [51]
Neem leaves 70.9 [52]
Azadirachta indica (Neem) leaves 133.7 [53]
Nephelium mutabile (Pulasan) leaves 130.3 [34]
Saraca asoca (Ashoka) leaves 125.0 [54]
Eugenia jambolana leaves 4.7 [55]
Base treated Eugenia jambolana leaves 5.2 [55]
Natural adsorbents

Rice husk ash 21.6 [56]
Pomelo skin 325.0 [57]
Bagasse fly ash 133.3 [58]
Kaolin 65.4 [59]
Red clay 125.0 [8]
Peat 265.4 [60]
Saklikent mud 9.2 [61]
Artocarpus odoratissimus peel 174.0 [62]
Watermelon rind 92.6 [63]
Cempedak durian peel 98.0 [12]
Modified or synthesized adsorbents

Mesoporous Ni-SBA-16 322.6 [64]
Magnetite composite Fe,O,@SDBS@LDHs 329.1 [65]
Oxalic acid modified Artocarpus odoratissimus peel 275.0 [62]
Acid modified watermelon rind 188.6 [63]
Metaphosphoric acid modified cellulose 150.0 [66]
NaOH treated sawdust of Indian Eucalyptus wood 58.5 [67]
ZnCl, activated carbon from jute stick 480.0 [68]
Activated carbon from Acorn 2.1 [69]
ZnO nanoparticles on activated carbon 142.9 [70]
ZnS nanoparticles on activated carbon 333.3 [71]
Poly(acrylic acid) hydrogel composite 24.9 [14]
Binary oxidized cactus fruit peel 166.7 [72]
Hydrolyzed rice straw biochar 1111 [73]
Phosphate cellulose with chloroethyl phosphate 149.9 [74]

It must also be emphasized that MKL in this study has not
undergone any modification, be it chemical or physical, but
was only oven-dried at 60°C to remove water. Hence, further
enhancement of its g__ is still possible. Therefore, based on
its high g value as well as the possibility of enhancing its
adsorption capacity, MKL poses a potential candidate as an
adsorbent in the wastewater treatment process.

3.2.6. Thermodynamics studies

Thermodynamics studies are vital in providing crucial
information which can aid in the design of wastewater treat-
ment plant. The thermodynamics data can help determine
if an adsorption takes place via an endothermic or exother-
mic process and whether it is spontaneous and favorable,

using the Gibbs free energy as shown in Eq. (12) where AG®,
AH®, and AS° are the Gibbs free energy, enthalpy change, and
the entropy change, respectively and T is the temperature in
Kelvin (K). Further, the data obtained give useful informa-
tion on the extensive property of the thermodynamics system
understudied.

Investigation into the thermodynamics of the adsorp-
tion of BG by MKL was carried out at five different tempera-
tures that is, 298, 313, 323, 333, and 343 K and the results
are presented in Fig. 10. The data obtained were then fitted
into the linear derivative of the Van't Hoff Eq. (14), which
is a combination of Eq. (12) and the Gibbs free energy iso-
therm Eq. (13), where K  is the adsorption distribution coef-
ficient, C_ is the dye concentration at equilibrium (mg L)
being adsorbed, C, is the remaining dye concentration in
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solution at equilibrium (mg L™), and R is the gas constant
(J mol 1 K.

AG°= AH°—TAS° (12)
o CS
AG°= -RTInK, where K, =—% (13)
Ct‘
250 —
E A
] @ H
200 . 1 B =
~ =
o 150 1
o g B
g
<100 I
=
N’
0 T T T T T
0 200 400 600 800 1000 1200
Concentration of BG dye (mg L)
8.4
*
8.2 () \\
t 8.0 1
78 1 y =-688.1x + 10.33
R?=0.956
7.6 T T T T T
0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
1T (K1)

Fig. 10. (a) Investigation of adsorption thermodynamics of
BG onto MKL at different temperatures [298 K (m), 313 K (),
323 K (m), 333 K (m) and 343 K (m)] and (b) van Hoff’s plot.

Table 5
Thermodynamics data for the adsorption of BG onto MKL
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_AS° AHP
R RT

Ink

(14)

The thermodynamics data from Fig. 10 show that the
adsorption of BG onto MKL was not affected much by the
change in temperature. This was further confirmed by the
q,... values, shown in Table 5, showing not more than 11 mg
g difference in their values over the range of temperature
analyzed. The adsorption is an endothermic process with
increased random disorder of the MKL-BG system based
on the positive AH® and AS® values, respectively. Increasing
temperature results in increasing negativity of the AG°
values which suggests a spontaneous adsorption process.

3.2.7. Regeneration and reusability of MKL

The investigation into the ability to regenerate and reuse
MKL was carried out by using acid, base and distilled water
treatments of the spent MKL together with a control for
comparison purposes. The results displayed in Fig. 11 for
both the control and washing with distilled water showed
a drastic reduction in the spent MKL’s adsorption capac-
ity toward BG even in the first cycle. By the fifth cycle, the
adsorbent practically could not adsorb anymore BG dye.
Acid treatment of the spent MKL, although better than the
control and washing with water, nevertheless showed more
than 50% reduction of adsorption ability toward BG by the
fifth cycle. Base treatment, on the other hand, showed prom-
ising results by maintaining high adsorption capacity even
in the fifth cycle. This could be due to the base being able
to remove surface fats and waxes on the adsorbent, thereby
allowing functional groups to be more exposed to the
adsorption of dye molecules. Further, the base can promote
deprotonation thereby making the surface of the adsorbent

Temperature (K) AG® (k] mol™) AS° (J mol™ K1) AH® (k] mol™) InK 1T (K™ 9o (Mg g7
298 -19.85 8.012 0.0034 261.8
313 -21.13 8.119 0.0032 2544
323 -22.13 85.89 5.72 8.242 0.0031 263.6
333 -22.89 8.268 0.0030 252.6
343 -23.67 8.302 0.0029 253.5

g 100

5 80 1

=2

S

S 60 A

<

>

g 40 -

2

& 20 4

g

Acid Base Water Control

Different treatment methods

Fig. 11. Regeneration of spent MKL for the adsorption of BG in five consecutive cycles [Cycles 0 (m), 1 (m),2 ( ), 3 (™), 4 (®)and 5 (' )].
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more negatively charged. BG being a cationic dye will, there-
fore, be more attracted to this negatively charged surface.

4. Conclusion

The results from this study indeed demonstrated that
MKL, a new adsorbent, has great potential in its application
for treating wastewater that contains BG dye. MKL exhibited
high adsorption capacity with g__of 337.9 mg g based on
the Sips isotherm model. The study also showed that the
adsorbent has high tolerance when subject to changes in pH
and salt solution. Thermodynamics data pointed to a sponta-
neous adsorption process and adsorption carried out at room
temperature was sufficient to give a good q__ value. MKL,
being always available in large quantities throughout the
year, is a great alternative low-cost adsorbent compared to
other reported natural adsorbents. Moreover, the adsorbent
showed great ability to be regenerated and reused especially
in acid and base conditions. The rate of BG adsorption was
also very fast, reaching equilibrium within half an hour. All
these features further support MKL as an attractive absorbent
to be applied in real-life wastewater treatment.
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