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ABSTRACT

The present research reports chemical modification using 1.0 M NaOH as an economical, simple,
and yet effective way of enhancing the adsorption capacity of pomelo leaves (PL). The NaOH-PL was
then tested for its adsorption toward methyl violet 2B (MV) dye. Fast equilibrium of the adsorbate—
adsorbent system was achieved within 30 min. Further, the modified adsorbent also adsorbed well
under varying environment conditions. Fitting of the kinetics and isotherm data were carried out
using both the linear and nonlinear regression analyses and comparisons were made between the
two methods. The adsorption obeyed the pseudo-second-order kinetics with rate constant (k,) of
5.679 g mmol™ min™'. Regeneration studies showed that NaOH-PL displayed the ability to be regen-
erated and reused multiple times, even without treatment. However, when treated with either acid
or base, its adsorption capacity was retained even at the fifth consecutive cycle of regeneration.
The Sips model fitted well to the experimental adsorption isotherm based on linearized analyses,
with maximum adsorption capacity (g, ) of 1,970 mg g™, a remarkably high value that surpasses
those of many reported adsorbents. Nonlinear regression pointed toward the Redlich-Peterson
and Langmuir models with g of 910.8 mg g™ based on the latter model. Thus, the above find-
ings indicate that NaOH-PL could find its application as a promising and an economical material
in wastewater treatment given that its preparation from PL is a simple one-step method.

Keywords: Chemical modification; Pomelo leaf adsorbent; Methyl violet 2B dye; Adsorption isotherm;

Regeneration; Kinetics

1. Introduction

Nowadays the use of synthetic dyes is indispensable
as such dyes are cheap, stable, and are readily available in
large quantities. Moreover, synthetic dyes provide a wide
range of vibrant colors and shades, surpassing those of nat-
ural dyes. Industries that are responsible for dye contami-
nated wastewater include textile, paper and pulp, tannery
and paint, dye manufacturer, dyeing industries, and many
others. Of these, the textile industry is the main contribu-
tor to more than 50% of the current dye effluents present
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in wastewater today [1]. Not only are dye contaminated
water an eye-sore due to strong colors, they also produce
an unpleasant odor, and deter sunlight penetration which
in turn disrupt photosynthesis of aquatic plants. Being
stable with complex structures, these dyes are not easily
degradable and are able to withstand various conditions,
such as heat, light, and oxidizing agents. Hence, once the
water bodies are being contaminated with persistent dyes,
the whole ecosystem will be very much affected. The con-
taminated dye wastewater spreads along the food chain and
being toxic and carcinogenic, humans are at risk of being
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affected by these harmful dyes [2]. Methyl violet 2B (MV)
dye, an organic compound of intense color belonging to the
triphenylmethane dyes, as shown in Fig. 1, is one example of
such harmful dyes being used in print inks and paints. MV is
also used in textiles in the dyeing of silk, cotton, and leather.
Apart from that, MV is used as classification of bacteria as it
has the ability to stain Grams bacteria. Despite many uses,
MV has been found to cause irritation when ingested or
inhaled.

Over the years, a number of methods have been used to
treat wastewater [1]. Of these, one of the simplest and direct
methods is via adsorption. Not only does it not require high
skills and complicated operation, adsorption is also supe-
rior in terms of its simplicity in design, economy, efficiency,
and flexibility. Many different types of adsorbents have
been successfully utilized to adsorb dyes and these include
minerals [3,4], industrial wastes [5-7], aquatic plants [8],
agricultural wastes [9-11], fruit wastes [12-17], and many
others [18-22]. Not all adsorbents are able to remove dyes
efficiently. Adsorption characteristics of an adsorbent
depends on various factors such as its surface area, porosity,
as well as its ability to retain its adsorption capacity when
there are changes in the environment, for example, under
varying conditions of pH and ionic strength, etc. Hence,
there is a need to discover and develop better and more
effective adsorbents. As such, the emergence of adsorbents
including modified adsorbents [23-27] and synthetic mate-
rials [28,29] to cater for these needs has been observed in
the recent past. Surface modification by chemical means
using acids, bases, surfactants, etc., has gain popularity
owing to its simplicity which usually involves single-step
process and does not require high temperature. Chemical
modification offers a wide range of advantages such as the
enhancement of porosity of the adsorbent’s surface together
with increased active binding sites, possibility of introduc-
ing more functional groups, and altering the surface charge,
all of which would improve the extent of adsorption of the
adsorbent [30].

Leaf-based adsorbents have gained popularity in recent
years due to being easily available and abundant through-
out the year. The presence of a variety of compounds, such
as cellulose, lignin, and pectin, can also aid in the adsorp-
tion process [19]. To date, the use of pomelo as an adsorbent
is largely from utilizing the skin [31-33], whilst limited
reports were based on its leaves to remove adsorbates
[34,35]. This work aims to prepare NaOH modified pomelo
leaves (NaOH-PL) as the adsorbent in order to evaluate if
simple chemical modification could enhance its adsorption
toward MV dye (Fig. 1). Investigation into the adsorption
characteristics of NaOH-PL will be presented, which include
isotherm and kinetics of the adsorption process. The influ-
ence of pH and salt concentration on the adsorption of
MYV by NaOH-PL as well as the ability to regenerate and
reuse the spent adsorbent will also be studied.

2. Methods and materials
2.1. Preparation of modified adsorbent and chemical reagents

Dried pomelo leaves (PL) collected from the ground
of backyard home garden were washed with distilled
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Fig. 1. Chemical structure of methyl violet 2B dye.

water several times, allowed to air-dry under sunlight,
and placed in an oven at 65°C until a constant mass was
obtained. Dried PL samples were blended using a house-
hold blender and sieved using a stainless steel sieves appa-
ratus in order to acquire particles of diameter <355 um.
For chemical modification, PL powder (50.0 g) was soaked
in 1.0 M NaOH (1,000 mL) solution for 2.0 h with con-
stant stirring to mix well. After stirring, base-modified
adsorbents (NaOH-PL) were washed with distilled water
until neutral pH was obtained, and dried in an oven at
65°C to a constant mass. NaOH-PL powder was then
stored in an airtight plastic bag until ready to be used.
Methyl violet 2B (MV) dye was selected as an adsorbate
to be removed by NaOH-PL adsorbent in adsorption stud-
ies. MV 2B dye (purity 80%) with the molecular weight of
393.96 g mol? and molecular formula of C, H, N.Cl was

2377260 3
purchased from Sigma-Aldrich Corporation, (Germany).

2.2. Adsorption experiment methods

In this research, the extent of removal of MV dye via
NaOH-PL was determined by investigating the effects of
contact time [0-150 min; at every 30 min interval], medium
pH [2-12], ionic strength [0-1 M NaCl] as well as batch
adsorption isotherm [0-1,000 mg L] following the meth-
ods reported by Lim et al. [36]. Adsorption kinetics exper-
iments using 100 mg L dye were carried out at 1 min
interval for the first 10 min; thereafter at 3 min intervals
up to 30 min followed by 10 min intervals up to 60 min,
and finally at 30 min intervals from 60 to 150 min. In addi-
tion, regeneration study for NaOH-PL was carried out for
five consecutive cycles, using 0.1 M HC], 0.1 M NaOH, and
distilled water treatment for the desorption of MV dye,
and also a control experiment for comparison, following
the procedure as described by Lim et al. [37]. Briefly, dried
NaOH-PL loaded with MV dye (spent adsorbent) was
divided into four portions, to be treated with acid, base,
and distilled water with the last portion as the control.
After treatment, the samples were filtered and dried over-
night in an oven at 65°C and then shaken with MV dye for
the desired contact time. This is considered as one cycle
and the process was repeated for five consecutive cycles.
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2.3. Instrumentation

The adsorbate-MV mixtures were agitated using the
Stuart SSL1 orbital shaker, UK, set to 250 rpm. The Thermo
Scientific Genesys 20 UV-Visible spectrophotometer, USA,
was used to measure the absorbance of MV dye at the wave-
length of 584 nm. Infrared spectra of NaOH-PL, before and
after adsorption of MV dye, were recorded using Fourier
transform infrared spectroscopy (FTIR, Model: Agilent
Cary 630 FTIR spectrometer, USA). Surface morphology
images were taken using the Quanta 400, FEI, scanning
electron microscopy (SEM, Czech Republic). Solution pH
was measured using the EDT instruments GP353 ATC pH
meter, UK.

3. Results and discussion
3.1. Surface characterization using scanning electron microscopy

Scanning electron microscopic (SEM) imaging of
untreated PL, shown in Fig. 2a, appears relatively flat, with-
out many pores on the surface. However, the SEM image
after base treatment of PL, illustrated in Fig. 2b, shows a
very distinct change to the surface morphology. The sto-
mata on the surface are clearly visible, shown by the red
circles in Fig. 2b, and the surface is more undulating with
more folds. This is probably due to NaOH having the abil-
ity to strip off the surface fats and waxes, thereby exposing
functional groups such as hydroxyl and amino groups in
the underlying surface of PL where mesophyll cells contain-
ing chloroplasts are present. Upon adsorption of MV dye,
Fig. 2c shows that these stomata are no longer visible and
the surface of MV loaded NaOH-PL is altered, showing a
much rougher and more irregular surface.

3.2. Functional group characterization

Chemical modification of PL with NaOH showed dis-
tinct shifts in some of the peaks, as shown in Fig. 3a. Prior
to base treatment, C-H stretching present in aromatic
methoxy group and the methyl and methylene groups of
side chains appeared at 2,918 and 2,850 cm™ [38]. Upon
treatment of PL with NaOH, major changes were observed
for peaks in the region of 2,500 to 3,600 cm™ with a prom-
inent broad O-H peak at 3,346 cm™. Similarly, the C=O
and C=C peaks of PL at 1,781 and 1,619 cm™ were shifted

to 1,800 and 1,631 cm™, respectively. Such observation is in
line with the fact that base modification can remove some
of the surface waxes and fats, and at the same time, depro-
tonate some functional groups on the surface of the adsor-
bent. Adsorption of MV dye on NaOH-PL also caused the
relevant functional groups involved to be shifted, as shown
in Fig. 3b, especially within the region of 3,000-3,600 cm™
indicating the involvement of O-H and N-H in the adsorp-
tion process. Also involved was the C=O functional group
which upon adsorption of MV was shifted to 1,787 cm™.

3.3. Effect of contact time on MV adsorption

One important parameter in adsorption studies is the
time required for the adsorbent-adsorbate system to reach
equilibrium. With this information, it enables proper plan-
ning and design of the adsorption system. Investigation of
the contact time, shown in Fig. 4, shows that the uptake of
MYV dye by NaOH-PL was fast, reaching >80% within the
first 30 min. Thereafter, the percentage removal of dye did
not show a large variation over the 4-h period of contact
time studied. The data observed can be explained by the
initial availability of vacant sites on the adsorbent’s surface
which allows fast adsorption of MV dye molecules to take
place. As more of these sites are being filled, less dye mol-
ecules are able to get adsorbed, and hence, the observed
levelling to a plateau. A fast contact time for the adsor-
bent-adsorbate system to reach equilibrium is a desirable
factor in an adsorption process. Not only does it indicate the
trait of a potentially good adsorbent, the short time period
of adsorption will also be more cost effective in terms of
design and application of wastewater treatment.

3.4. Kinetics of adsorption of MV on NaOH-PL

Kinetics study was carried out to help provide infor-
mation and more clearly understand from the adsorption
mechanistic point of view. The experimental data were
therefore fitted using two models, namely the Lagergren
pseudo-first-order [39] and the pseudo-second-order [40]
models, whose nonlinear and linearized equations are
shown in Table 1. Both these models have been widely used
in adsorption kinetics studies [41]. Error analyses were
also carried out using four error functions, shown in

Eqs. (1)-(4).

Fig. 2. SEM images of (a) untreated PL, (b) NaOH-PL, and (c) NaOH-PL after adsorption of MV dye (x850 magnifications).
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Fig. 3. Infrared spectra of (a) PL (Blue) and NaOH PL (Orange) and (b) NaOH PL (Orange) and NaOH PLMV (Purple).

Table 1

Comparison of nonlinear and linear analyses of the Lagergren pseudo-first-order and pseudo-second-order kinetic models and their

error values

Kinetics model Nonlinear Linear

Pseudo-first-order q, =4, (1 - e’k“) log (qﬁ - El:) =log (% )- 2‘];103 t

g1 (mmol g™) 0.099 0.032

k, (min™) 0.410 0.023

R? 0.9540 0.7881

ARE 6.980 87.091

SSE 0.001 0.132

EABS 0.120 1.689

X2 0.012 1.463

Peeud dord __ge t_ 1.1,
seudo-second-order =17 ( ko, t) o kit

g1 (mmol g™) 0.106 0.111

k, (g mmol™ min™) 5.679 2.844

R? 0.9995 0.9967

ARE 2.816 12.020

SSE 0.0002 0.003

EABS 0.051 0.235

e 0.002 0.037

(e (Mmol g7) 0.103

k, and k, are the rate constants of the pseudo-first-order and pseudo-second-order kinetics, respectively; ¢ is reaction time; g, and g, represent
the adsorption capacity at equilibrium and at time f, respectively.

Average relative error (ARE):

n iz

qe,meas i

Sum square error (SSE):

i 2

(9o coe = Do mes)

i=1

i

@™

@)

n

i=1

n

i=1

Sum of absolute error (EABS):

qe,meas - qe,calc

Non-linear chi-square test (y?):

qe,meas

®)

4)



Y.C. Lu et al. / Desalination and Water Treatment 197 (2020) 379-391

Linear plots of the Lagergren pseudo-first-order and
the pseudo-second-order, as shown by Figs. 5a and b,
respectively indicated that the former model gave much
lower R? whilst the R? of the pseudo-second-order is higher
and very close to unity, as seen from Table 1. Further, the
Lagergren pseudo-first-order has much higher overall
error values. This can be further confirmed by the plots in
Fig. 5c in which the pseudo-first-order deviated from the
experiment data obtained, while the pseudo-second-order
kinetics, on the other hand, shows a much better fit and its
q.... Was also very close to the g_,_value.

In this study, the nonlinear regression of the kinetics
models was also analyzed using the Microsoft Excel with
solver add-in, whilst minimizing error function. Although

100
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Fig. 4. Effect of shaking time for the removal of MV by
NaOH-modified PL (mass of adsorbent = 0.020 g; volume of MV
solution = 10.0 mL; concentration of MV =100 mg L™).
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from Fig. 5d, both kinetics models were close to the exper-
imental data, the pseudo-second-order appeared closer to
the experimental data. The error values also indicated that
the Lagergren pseudo-first-model has much higher over-
all errors. The g, and g, values of pseudo-second-order,
as shown in Table 1, matched very well but this is not the
case for Lagergren pseudo-first-order kinetics. The lower
R? obtained from nonlinear regression fitting further con-
firms that the Lagergren pseudo-first-order is not the correct
model to describe the adsorption kinetics of this system.

Validity of pseudo-second-order kinetics for adsorption
of MV on NaOH-PL suggests that the adsorption process
would involve electrostatic forces between dye molecules
and adsorbent’s functional groups, and that the adsorption
could be chemisorption. It is interesting to note that overall,
the nonlinear regression is better than the linear analyses
for adsorption kinetics since the former gave significantly
lower error values. The rate constant k, for NaOH-PL,
based on non-linear regression fitting, was found to be
5.679 g mmol™ min™, which is faster than that was reported
for the unmodified PL where k, was 4.258 g mmol™ min™
[34], showing NaOH-PL to be more efficient in the
removal of MV dye.

Adsorption of adsorbate on surface-active sites of an
adsorbent is usually a complex process where more than
one mechanism may be involved. First, the adsorbate mole-
cules have to overcome the boundary layer effect, followed
by diffusion from the boundary layer film on the active sites
on the surface of the adsorbent. Thereafter, diffusion into
the pores of the adsorbent can occur, and eventually final
equilibrium is reached. Since both the Lagergren pseudo-
first-order and the pseudo-second-order kinetics models do
not give insight into diffusion, kinetics data obtained were
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Fig. 5. Adsorption kinetics of NaOH-PL for MV removal (a) linear plot of pseudo-first-order, (b) linear plot of pseudo-second-order,
(c) comparison of simulation plots based on linear, and (d) non-linear regression of pseudo-first-order (®) pseudo-second-order
(m) and experiment data (#) (mass of adsorbent =0.020 g, volume of MV solution =10.0 mL, and concentration of MV =100 mg L).
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fitted to the Weber—Morris intraparticle diffusion model
[42], represented in Eq. (5). It is assumed in this model that if
the plot passes through the origin, intraparticle diffusion is
the only rate-controlling step; otherwise there will be some
degree of contribution from the boundary layer diffusion.

1
g, =kt? +C (5)

where k, is the intraparticle diffusion constant (mg g™ min™)
and C depicts the boundary layer effect (mg g™).

As observed from Fig. 6a, the adsorption takes place
in different stages, suggesting that different mechanisms
be involved and that intraparticle diffusion may not be
the only rate controlling step. At the onset of the adsorp-
tion, the boundary layer diffusion of adsorbates onto active
sites on the surface of the adsorbent was fast, as shown by
the steepest slope. Thereafter, intraparticle diffusion into
the mesopores of the adsorbent takes place and finally
into the micropores until equilibrium is reached [43].
The non-linear regression fitting, as shown in Fig. 6b, does
not show a very good fit of this model.

3.5. Adsorption isotherms

An important study in any adsorption process involves
the investigation of adsorption isotherms by fitting experi-
mental data to different models which will help to provide
understanding into the surface properties of the adsorbent
and its relation to the adsorbate. The maximum adsorp-
tion capacity (g, ) obtained through such models would
help shed light on the performance of the adsorbent being
investigated, that is, its applicability in real wastewater
treatment. In this study, five adsorption isotherm models
were employed, namely Langmuir [44], Freundlich [45],
Temkin [46], Redlich-Peterson (R-P) [47], and Sips [48]
models (Table 2).

In order to select which of these five isotherm models
best fit the adsorption of MV onto NaOH-PL, both linear and
nonlinear regression fittings of the models were employed
and the results were compared. To date, many adsorption
studies have widely utilized the linear regression analysis
since this method is relatively simple and straight forward
when compared to the nonlinear regression analysis [16,26].
However, in an attempt to narrow the experimental and
predicted data and owing to its better fit, the use of non-
linear regression analysis is becoming increasingly popu-
lar [49]. In this study, selections of the best isotherm model
were based on three selection criteria: highest R? value,
lowest error values using four different error functions, and
comparison of experiment data with simulation plots of
the five isotherm models.

3.5.1. Linear regression analyses of isotherm models

Despite its reasonable R? value, the Temkin model has
the highest overall error values and Fig. 7a also indicated
that this model far deviated from the experiment data.
Hence, the Temkin model was ruled out. Although the
error values of the Langmuir and Redlich-Peterson models
were reasonable, they have the lowest R? < 0.66 (Table 3).
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Fig. 6. (a) The Webber-Morris intraparticle diffusion model plot
(mass of adsorbent = 0.020 g; volume of MV solution = 10.0 mL)
and (b) comparison of the experiment data (¢) and non-linear
regression fitting of the Webber-Morris intraparticle diffusion

(=).

Hence, both models are not the best fit models to describe
the adsorption process.

Both the Freundlich and Sips models have high
R? > 0.977. The Freundlich model is indicative of a multi-
layer adsorption on heterogeneous surface of the adsor-
bent. The value 7 in the Freundlich model is the adsorption
constant that could provide information on the strength
of adsorption. The adsorption process is considered
unfavourable if 1/n > 1, favourable when 0 < 1/n < 1 and
irreversible if 1/n is zero. In this study, the value of 1/n is
0.82, indicating a favourable adsorption process. Between
the Freundlich and Sips models, the latter has lower overall
error values. In fact, the Sips model is sometimes known as
the Langmuir—Freundlich model, showing characteristics of
the Freundlich at low adsorbate concentration. Comparison
of these two models with the experiment data, as shown
in Fig. 7a, also indicates that the Sips model is more suitable.

3.5.2. Nonlinear regression analyses of isotherm models

As with the nonlinear regression, the Temkin model
can be ruled out based on its lowest R? highest error val-
ues (Table 3), and further, Fig. 7b clearly shows that this
model deviated from the experiment isotherm data. Unlike
the linearized isotherm results where the Sips was the best
model, the nonlinear regression analysis showed that even
though the Sips has good R? close to unity, its overall error
values, presented in Table 3, were the second highest after



Y.C. Lu et al. / Desalination and Water Treatment 197 (2020) 379-391

Table 2

385

Nonlinear and linearized equations of the five adsorption isotherm models used in this study

Non-Linearized Equation Linearized equation Plot
Langmuir
K.C C C C
qe:Qm — L 1 s —vs.C,
1+ KLCe q/: KLqmax qmax qt’

C, and g, are the concentration and adsorption capacity at equilibrium, respectively; K| is the Langmuir constant and gq__ is the

maximum adsorption capacity
Freundlich

1
qrz = KFCHn

logg, = llogCe +logK,
n

logg, vs.logC,

K, is the Freundlich constant indicative of adsorption capacity; n is related to the adsorption intensity

Temkin

RTIn(K,C,)
qt’ =

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

g, vs.InC,

K, is the Temkin constant; b, is related to the heat of adsorption; R is the gas constant while T is the absolute temperature at 298 K

Redlich—-Peterson
q.= Kl

K
- | KeCe
1+a,C 9.

1] =nInC, +Ina,

In( KeC. 1J vs.InC,
q!.’

K, and a, are the R-P constants and 7 is the empirical parameter related to the adsorption intensity

Sips
1
KC,"
. :q”’i“el ln[q“ :llnC€+anS ln{ B va.lnCe
1+K5Cf Inax 9. ) 1 Tmax ~ e
K is the Sips constant; 7 is the Sips exponent
1.6

0.0 T T T

0 100 200

C, (mg L)

300 400

0.0 T T T

0 100 300 400

200
C, (mg L")

Fig. 7. (a) Linear and (b) nonlinear regression plots of different adsorption isotherm models compared with the experiment data

obtained (experiment (®), Langmuir (

), Freundlich (ss==), Temkin (sss==), R—P (sm===), and Sips (

) (mass of adsorbent=0.020 g;

volume of MV solution = 10.0 mL; concentration of MV = 0-1,000 mg L™).

the Temkin model. Of the three models left, the Freundlich
isotherm has the lowest R*> and overall higher error values.
This is further confirmed from Fig. 7b, where deviation from
the experiment data can be seen. Between the Langmuir and
Redlich-Peterson models, the latter is the best owing to its
slightly higher R* and lower error values.

The Redlich-Peterson model, like the Sips model, is a
three-parameter isotherm model having features of both

the Langmuir and Freundlich isotherms. At high adsor-
bate concentrations, the Redlich-Peterson reduces to the
Freundlich, whilst at low adsorbate concentrations it will
tend toward the Langmuir isotherm. This model is versatile
in that it can be applied to both homogeneous and heteroge-
neous adsorbents.

However, it must be highlighted that unlike the kinet-
ics where there was a clear cut that the nonlinear regression
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Table 3
Comparison of linear and nonlinear adsorption parameters and
error values of the five isotherm models used

Isotherm model and parameters Nonlinear Linear
Langmuir
4. (mmol g™) 2.312 2.290
K, (L mmol™) 0.004 0.004
R? 0.9617 0.6559
ARE 17.01 17.67
SSE 0.06 0.07
EABS 0.68 0.72
v 0.17 0.16
Freundlich
K, (mmol g (L mmol™)"") 0.026 0.013
n 1.461 1.224
R? 0.8983 0.9774
ARE 30.96 17.01
SSE 0.12 0.17
EABS 1.08 1.04
v 0.31 0.22
Temkin
K, (L mmol™) 0.288 0.165
b, (k] mol™) 12.31 9.734
R? 0.7709 0.8587
ARE 71.67 96.12
SSE 0.48 0.37
EABS 2.18 2.07
x> 1.85 2.27
Redlich-Peterson
K. (Lg" 0.008 0.040
o 1.549 0.225
a, (L mmol™) 0.0001 2.137
R? 0.9760 0.6851
ARE 15.90 17.12
SSE 0.04 0.16
EABS 0.56 1.02
x 0.14 0.21
Sips

e (mmol g™) 1.412 5.000
K (L mmol™) 0.0005 0.002
n 0.611 1.144
R? 0.9986 0.9773
ARE 35.59 16.89
SSE 0.05 0.10
EABS 0.72 0.90
xr 0.30 0.17

method gave lower overall errors compared to the linearized
models, this is not so for all the isotherm models. For exam-
ple, ARE and y? for the Sips model showed smaller errors for

linearized analyses. Further, its simulation plot, as shown in
Fig. 7b, also indicated its closeness to the actual experiment
isotherm data. Therefore, it could still be a valid model.

Maximum adsorption capacity (g, ) of NaOH-PL,
according to the linear regression, based on the Sips model
is 1.970 x 10° mg g (5.00 mmol g7), while the monolayer
adsorption based on the Langmuir model in the non-
linear regression analysis has a value of 2.312 mmol g
(910.8 mg g™) (Table 3). The untreated PL was reported to
have g of 248.2 mg g™ [34]. Thus, base modification of
PL was able to successfully enhance its adsorption capac-
ity significantly. This is most likely due to base being able
to expose functional groups for better adsorption with the
dye molecules. Deprotonation of functional groups by base
treatment forming negatively charged surface moieties
would result in stronger electrostatic attractions toward
cationic MV dye making another contribution to enhanced
absorption characteristics.

Various adsorbents have emerged in recent years,
including natural, modified and synthesized adsorbents,
in the hope to enhance and improve the performance of the
adsorbents [50-52]. However, not all adsorbents, be it syn-
thesized or modified, showed good adsorption capacity.
For example, palm kernel, almond shell, and mangrove leaf
upon modification showed <30% improvement in its adsorp-
tion capacity (Table 4). When compared to many synthesized
and modified adsorbents, NaOH-PL is much superior as an
adsorbent toward MV dye.

3.6. Point of zero charge of NaOH-PL and the effect of pH on
adsorption of MV

Knowledge on the point of zero charge (pH,,) of an
adsorbent can provide useful information and help pre-
dict how the adsorbent behaves when placed in solutions
of different pH. The pH of a solution usually has a sig-
nificant influence on the adsorption process since pH can
alter the chemical characteristics of both the adsorbent and
adsorbate. The pH,  denotes the pH at which the surface
of an adsorbent has zero charge. Below this pH, protona-
tion of the functional groups on the surface of the adsorbent
can occur, resulting in the overall surface to be predomi-
nantly positively charged. When pH > pH, , the surface
would be expected to be predominantly negatively charged
as a result of deprotonation of these functional groups.
The pH,  of NaOH-PL was determined from the plot of
DpH vs. initial pH, as shown in Fig. 8a. Compared to PL,
whose pH, was reported to be at pH 5.02 [34], base mod-
ification has increased the pH,  of NaOH-PL to pH 7.18,
and therefore become more basic. Similar shifts were also
reported for the NaOH modified Cassava peel (pH , 7.02)
[74] and Artocarpus odoratissimus leaves (pHpZC 7.9) [75].

Maximum adsorption of MV was observed at pH 12,
as shown in Fig. 8b, attributing to the predominantly neg-
ative charged surface being attracted to the cationic MV dye
molecules. Under strong acid medium at pH 2 where high
concentration of H,O" ions are in competition with cationic
MYV dyes for active sites, adsorption was drastically reduced
by approximately 55%. Further, protonation of surface
functional groups at pH < pH, will cause repulsion with
the cationic MV dye. When pH > pH, , negatively charged

Pzd/
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Fig. 8. (a) Determination of pH,  of NaOH-PL and (b) effect of medium pH on adsorption of MV onto NaOH-PL (mass of
adsorbent = 0.020 g, volume of MV solution = 10.0 mL, and concentration of MV =100 mg L).

Table 4

List of selected adsorbents (natural, modified, or synthesized) and their g ___values

Adsorbent 9 (Mg g7 Reference
NaOH modified Pomelo leaf 910.8 This study
Pomelo leaf 248.2 [34]
Pomelo skin 468.3 [31]
Palm kernel activated carbon 83.9 [53]
Modified palm kernel 107.3 [53]
Almond shell 294 [54]
Magnetite impregnated almond shell 33.0 [54]
Sapindus mukorossi (reetha) pericarp 30.6 [55]
Mangrove leaf 78.0 [56]
Chemically modified mangrove leaf 98.5 [56]
Uncalcined Cu/Al layered double hydroxide 361.0 [57]
Halloysite-magnetite-based composite (HNT-Fe,O,) 20.0 [58]
Artocarpus odoratissimus leaves 139.7 [59]
NaOH modified Artocarpus odoratissimus leaves 1,004.3 [59]
C. camphora leaves powder 104.2 [60]
NaOH modified C. camphora leaves powder 206.6 [61]
Activated Phragmites karka 371.6 [62]
Granulated mesoporous carbon 202.8 [63]
Hyperbranched polyglycerol poly(acrylic acid) hydrogel 394.1 [64]
Lemna minor (Duckweed) 419.8 [65]
Acid modified Saccharum bengalense 7.3 [66]
Egg shell microparticles 83.1 [67]
Egg shell nanoparticles 123.5 [67]
Unmodified cellulose 43.7 [68]
Modified cellulose 106.4 [68]
Artocarpus odoratissimus stem axis 263.7 [69]
Cucumis melo var cantalupensis (rock melon) skin 224.6 [70]
NaOH modified rock melon skin 669.7 [70]
Modified nano-graphite/Fe, O, composites 144.7 [71]
Synthesized carbon nanospheres 395.0 [72]
Poly-melamine-formaldehyde 113.9 [73]

adsorbent surface would favor adsorption of the cationic
MYV dye. Apart from pH 2, all other medium pH values do
not seem to have much adverse effects on the adsorbent
toward its removal of MV. NaOH-PL is therefore relatively

unaffected by changes in pH, apart from pH 2 which is a
strong acidic medium which would not be used in practi-
cal situations. Since the removal of MV is good and com-
parable even under untreated (ambient) pH, no adjustment
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of pH was deemed necessary and all experiments in this
study were thus carried out under ambient pH.

3.7. Ionic strength effect on the adsorption of MV by NaOH-PL

A good adsorbent should be able to maintain its adsorp-
tion ability and withstand changes in the environment
conditions. One such condition is when the adsorbent
is present in solutions of different ionic concentrations
(strengths). This is because dye effluents usually contain
salts which may influence the adsorption process. For
example, the metal ions present may compete with cat-
ionic dye molecules for active sites. Further, NaCl is one
of the salts often used in dyeing process. Being economi-
cal and readily available, NaCl is often added to promote
fixation and affinity of dyestuff onto the fibre. Hence in
this study, NaCl was chosen as the selected salt to inves-
tigate ionic strength effect. NaOH-PL was investigated for
its adsorption ability when placed in various concentrations
of NaCl ranging from 0 to 1 mol dm™. Although there was
an observed decrease trend in the removal of MV (Fig. 9),
NaOH-PL was still able to remove approximately 70% MV
in the presence of 1.0 M NaCl, indicating that NaOH-PL
is relatively unaffected by ionic strength.

3.8. Regeneration of NaOH-PL

For an adsorbent to be considered applicable in waste-
water treatment, one important criterion that should be
met is its ability to be regenerated and reused. Otherwise,
inefficiency of the adsorbent will result in higher opera-
tion cost since the spent adsorbent has to be discarded
each time after being used. Reusability of NaOH-PL that
has been used for adsorption of MV dye, that is, spent
NaOH-PL was tested in this research with three treatment
methods (0.1 M HCI, 0.1 M NaOH, and distilled water)
together with a control. The spent NaOH-PL analysed for
its adsorption of MV over five consecutive cycles showed
very promising results, as presented in Fig. 10. NaOH-PL
demonstrated its ability to be reused and regenerated,
while maintaining excellent adsorption even at the fifth
cycle, with the order of base > acid > control > water. The
control experiment showed that the spent NaOH-PL could

100
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Average removal of MV (%)
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0 0.01 0.1 0.2 0.4 0.6 0.8 1.0
Concentration of NaCl (M)

Fig. 9. Effect of NaCl concentration for the removal of MV by
NaOH PL (mass of adsorbent = 0.020 g, volume of MV solu-
tion = 10.0 mL, and concentration of MV =100 mg L).
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still adsorb approximately 70% MV at the fifth cycle, whilst
base and acid treatment maintained adsorption of 85%
and 87%, respectively. Daneshvar et al. [76] tested out 17
different eluents in cationic dye desorption and of these,
HClI gave the highest desorption efficiency. They attributed
this to an increase in electrostatic repulsion between posi-
tively charged active sites on the adsorbent’s surface and
cationic dye molecules, as well as the possible increase of
adsorbed cationic dyes being replaced by H* ions. On the
other hand, washing with base has the ability to remove
surface waxes and fats thereby unveiling functional groups
for better adsorption [77]. The ability for NaOH-PL to be
regenerated and reused, with or without treatment meth-
ods, is favourable in terms of wastewater treatment appli-
cation. Many spent adsorbents have been reported to show
drastic decrease in their adsorption capacity when no
treatment methods were applied [78,79].

4. Conclusion

Pomelo leaves, a natural adsorbent which is readily
available in large quantity throughout the year, have been
successfully modified with NaOH. Through this simple
one-step modification process, which required no heat-
ing, the adsorption capacity of the modified adsorbent
was greatly enhanced by approximately eight times. When
compared to many reported adsorbents, including those
modified or synthesized adsorbents requiring complicated
processes, NaOH-PL illustrated much superior adsorption
ability toward MV dye. Another attractive feature of it being
a potential adsorbent in wastewater treatment is its ability to
regenerate and reuse, whilst maintaining high adsorption of
>85% even after five consecutive cycles under both acid and
base treatment. The spent NaOH-PL could also be reused
after the fifth cycle without any treatment, giving approxi-
mately 70% dye removal, indicating it is technically feasible
and economical in practical applications. NaOH-PL'’s abil-
ity to withstand various environment conditions such as
pH and ionic strength while maintaining good adsorption
capacity further supports its application as a promising low-
cost adsorbent in wastewater treatment. Fast adsorption
time is another desirable feature since if applied to waste-
water treatment, this will minimize cost with maximum
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Fig. 10. Regeneration of spent NaOH PL for the removal of
MV throughout five consecutive cycles using acid (=), base
(=), water (m), and control (1) (mass of adsorbent = 0.020 g;
concentration of MV =100 mg L™).
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profitability and output. Undoubtedly, the above findings
support NaOH-PL as a promising adsorbent in terms of
wastewater treatment and commercial application.
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