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The continuous degradation of surface water quality by dye materials is of concern globally. Agricultural waste Litchi chinensis
(LC) peel in its raw (RL) and modified (CL) forms was used as potential sorbents for sequestration of Congo red (CR) dye
from an aqueous solution. The sorbents were characterized before and after sorption with Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Brunauer, Emmett,
and Teller (BET) surface area analysis, and X-ray diffraction (XRD). Determination of the point of zero charge (PZC)
suggested CR dye sorption from an aqueous solution would be best in acidic pH. Batch experimental drivers such as the effects
of time, dosage, initial concentration, pH, and temperature were optimized and used. Results from the study showed that
modification with citric acid (CA) reduced the equilibration time from 90 to 15min. Change in water chemistry did not
significantly affect the removal efficiency of the sorbent but rather slightly improved it for both sorbent types. The smaller
particle size of <125 ym recorded higher removal efficiency than the larger one (>125 ym). The effect of temperature affects the
sorption differently. For the RL system, it decreases with an increase in the temperature, while for the CL system it increases
with an increase in temperature. The Langmuir isotherm best described the equilibrium data obtained based on the linearized
coefficients with maximum sorption capacities (g,,,,) of 55.56 mg/g (RL) and 58.48 mg/g (CL). The pseudo-second-order
model also best described the kinetic data. The thermodynamics study showed that the reaction is both feasible and
spontaneous. Both sorbents recorded high removal efficiency for other dyes such as rhodamine B, methylene blue, methyl
orange, malachite green, and erythrosin B. The five cycled regeneration/sorption experiments with 0.1 M NaOH as the
desorbing agent showed that the regenerated sorbents efficiently removed CR dye from an aqueous solution close to their
virgin samples for the first three cycles. This research, therefore, establishes LC peel as a potential eco-friendly, readily
available, and effective sorbent for sequestration of hazardous dyes from wastewater.

1. Introduction

Water scarcity and water pollution are major environmen-
tal challenges of the 21 century. Clean water is a scarce
commodity in most communities of developing countries
due to continuous pollution of the limited water resources
available by domestic and industrial human activities, a
development that may have adverse effect on rural dwellers
[1, 2]. Industrial activity is usually accompanied by utiliza-
tion of large volume of fresh water and generation of large
amount of wastewater [3]. Industrial effluent consists of
organic and inorganic pollutants such as dyestuft, pesticide

residues, solvents and cleaning fluids, dissolved residue
from fruit and vegetables, lignin from pulp and paper,
brine, and metals [4, 5]. Dyestuff which is one of the major
contaminants gets released to the environment through its
ever-increasing use by industries such as textile, pulp and
paper, leather, tannery, paints, food, pharmaceutical, and
electroplating industries [6, 7]. World Bank specifically
labelled textile industries as the major consumers of world
production of synthetic dyes, also as being responsible for
20% of water pollution globally due to their continuous
discharge of coloured wastewater into the environmental
media [8].
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The discharge of untreated dye effluent into various
environment media is a threat on the ecosystem as synthetic
dye may be degraded to highly lethal, mutagenic, and carci-
nogenic products [9, 10]. Human exposure to such water has
led to an increase in potential cancer risk, skin irritation, eye
inflammation [11], and severe damage to the brain, kidney,
liver, reproductive system, and central nervous system [12].
Surface water colouration, which is a resultant effect of dye
effluent, reduces aesthetic value of water, thus making it
unsuitable for recreation, irrigation, and domestic use. Fur-
thermore, light penetration is significantly reduced thereby
hindering photosynthetic activity. This eventually affects
growth or brings about death of aquatic lives [10, 13, 14].

There are discharge standards for industrial effluent
globally, but unfortunately, the level of compliance is low
because existing treatment methods for wastewater are
highly expensive and often cause secondary contamination
of the environment. Also, these coloured effluents contain
mainly azo dyes. This class of dyes is difficult to sequester
from wastewater due to their extreme solubility in water
and complicated aromatic structure which make them stable
and non-biodegradable [15, 16]. Sorption process is consid-
ered as a very effective method compared to other available
methods of wastewater treatment because it is cost-effective,
simply designed, easily operated, and sensitive to targeted
contaminant [7, 17, 18]. Commercial activated carbon has
been widely used as sorbent for effluent treatment. However,
despite its generous use in wastewater treatment, commer-
cial activated carbon remains an expensive material [7, 19,
20]. This has led to the search for low-cost agricultural
waste/plant material with similar potential properties to
replace commercial activated carbons.

Recent research interests are focusing on the use of var-
ious agricultural wastes as sorbent for removal of hazardous
dye from industrial effluent. These biowastes are biodegrad-
able and readily available in large amount with little or no
value and often cause a disposal problem [10, 21]. Some of
the agricultural wastes that have been used in previous stud-
ies for sequestration of dyes from aqueous media are corn
husk [22], coffee waste [23], banana peel [24], marula seed
husk [25], macadamia seed husk [26], and litchi seed [27].

These plant materials sometimes are chemically modi-
fied to increase their sorption efficiency, also to reduce the
amount of time required for sorption process [28, 29]. Citric
acid (CA) has been employed in this study as modifier for
Litchi chinensis (LC) peels. CA is an example of a non-
toxic organic acid that is cheap and naturally abundant in
biomass. Structurally, CA contains ~-OH and ~-COOH link-
ing groups which are not only effective for loading CA on
sorbent but also good chelating groups for removal of pollut-
ants like organic dyes and heavy metals from wastewater
[30]. This explains why CA will moderately modify any
material without causing secondary pollution [31]. Recent
research has reported modification of sorbents with CA for
sorption of various dyes [30, 32-35].

CR belongs to the class of azo dyes and is widely used by
industries because of its unique effectiveness, but its toxic
effect on the environment is of great concern [8, 15]. Find-
ings have shown that it undergoes degradation to form car-
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cinogenic aromatic amines, a product which is highly lethal
to the environment and has carcinogenic and mutagenic
effect in humans [8]. The aim of this study is to explore
the potential of the use of agricultural waste (LC) to seques-
ter hazardous dyes from aqueous solution. Also, we develop
a novel sorbent by modifying LC with citric acid. Further-
more, a comprehensive characterization of the sorbents
was reported. Various experimental drivers for the sorption
of dyes were optimized and employed in this study. The
effects of change in water chemistry were also investigated.
Various sorption equilibrium and kinetic models were
employed to evaluate the sorption traits of the sorbent.

2. Materials and Methods

2.1. Sample Collection, Preparation, and Modification. LC
peels were gathered from litchi fruits purchased at Tsha-
kuma fruit market in Vhembe district, South Africa. The
peels were washed several times with distilled water to
remove adhering impurities and dried in the oven at con-
stant temperature of 50°C for 3 days. The dried peels
(Figure 1) were thereafter grinded using Retsch RS 200 pul-
veriser. The pulverised litchi peels were sieved with King-test
VB 200/300 sieve shaker to obtain fine particulate powder of
sizes <125 um and >125 ym. The powdered litchi peels were
then stored in airtight containers and termed as raw litchi
peel powder (RL).

RL were modified with CA similar to methods described
by Yan et al. [34] and Zhang et al. [30]. 10g of RL was dis-
pensed into 250 mL shaker bottle containing 100mL of
0.5M CA. The mixture was agitated at 200 rpm in a water
bath shaker at room temperature for 90 min. Thereafter, the
slurry was poured into a stainless-steel tray and dried at
50°C in an oven for 24 hours. Afterwards, the temperature
of the oven was raised to 120°C for 90 min to allow for ther-
mochemical reaction between the acid and plant material
(RL). The dried material was soaked and washed several
times with distilled water to remove excess CA. The presence
of acid was confirmed by testing the filtrate with 0.1 M lead
(ii) nitrate until no turbidity was observed. Lastly, the mate-
rial was dried in an oven at 50°C for 48 h. The plant material
was thereafter allowed to cool, grinded, and sieved again to
obtain fine particulate powder of sizes <125um and
>125 um. These were then stored in an airtight container.
This modified plant waste material is termed as CA-
modified litchi peel powder (CL).

2.2. Preparation and Calibration of Dye Solution. Analytical
grade of CR dye was purchased from Fisher Scientific,
USA. The structural formula of CR is shown in Figure 2,
and its physicochemical properties as presented by Ojo
et al. [36] is shown in Table 1. Stock solution of CR dye
was prepared by dissolving 1g of CR dye with deionized
water in 1000 mL volumetric flasks. Various test solutions
of desired concentrations were prepared by dilution of a
known volume of stock solution with appropriate volume
of deionized water. The wavelength for maximum CR
absorption (A,,,,) of 496 nm was predetermined by running
a scan on CR solution between 400 and 1000 nm, using a



Adsorption Science & Technology

(a)
FiGure 1: Images of (a) litchi peels, (b) pulverised litchi peel (RL), and (c) modified litchi peel (CL).

FiGure 2: Chemical structure of CR.

TaBLE 1: Physicochemical properties of CR dye.

CAS no.
CA index name

Molecular formula
Molecular weight
Molecular surface area
Physical form

573-58-0

1-Naphthalenesulfonic acid, 3,30-[(1,10-biphenyl)-4,40-diylbis (2,1-diazenediyl)] bis [4-amino-, sodium salt

(1:2)]
C5,H,,NgNa,O4S,
696.66 gmol™!
557.6 A

Brownish-red powder

Solubility Soluble in water, ethanol; very slightly soluble in acetone; practically insoluble in ether, xylene
Density 0.995 gem™ at 25°C

Dye class Azo

Melting point >360°C

pH range 3.0-5.0

Colour Blue (pH 3.0) to red (pH 5.0)

pKa 4.1; 3.0

8k:i§ption wavelength 497 nm; 488 nm

UV-Vis spectrophotometer (Orion AquaMate 7000, Thermo
Scientific).

2.3. Characterization of RL and CL

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR). The
PerkinElmer 100 FTIR spectrophotometer (Waltham, MA,
USA) with accessories was utilized to investigate the func-
tional groups responsible for the properties of raw and mod-
ified sorbents before and after CR dye sorption. This FTIR
spectrophotometer is equipped with Alpha’s Platinum ATR
(attenuated total reflection) single reflection diamond ATR

module with spectral range 7500-375 cm™ and spectral reso-
lution of <2cm™. The spectroscopy spectra were scanned
over the wavelength range of 4000-500cm™ to capture
bands applicable to the sample [37, 38].

2.3.2. Scanning Electron Microscopy and Energy-Dispersive
X-Ray Spectroscopy (SEM-EDS). Surface morphology and
elemental composition of the raw and modified sorbents
before and after CR dye sorption were analyzed using a scan-
ning electron microscope (TESCAN, VEGA 3 SBU, Brno,
Czech) coupled with an energy-dispersive X-ray spectrome-
try (EDS) system. This is important in order to understand



the morphology of the surface and to observe any changes in
the sorbent brought about by modification and sorption of
CR dye. Following the procedure described by Edokpayi
et al. [39], powdered sample of sorbents was oven dried at
105°C for 6h. The samples were sputtered with thin layer
of carbon to form a conductive layer around the nonmetallic
sample and to prevent accumulation of electron beams.
Prior to analysis, the samples were mounted on a metallic
stub with a conductive carbon tape. Micrograph of the sam-
ples was obtained after irradiation with 20kV beam of elec-
trons under a vacuum. Analyses of elemental composition of
the sorbents were carried out using energy-dispersive X-ray
spectroscopy (EDS). Line spectra (peaks) were obtained,
each corresponding to an element. The intensity of the char-
acteristic lines is proportionate to the concentration of the
element.

2.3.3. Brunauer, Emmett, and Teller (BET) Technique. Tex-
tural characteristics of powdered sorbents were determined
with BET technique using a TriStar II Micromeritics
(USA) analyser. Samples were degassed under vacuum at
50°C overnight. Surface area, total pore volume, and average
pore diameter were measured using nitrogen gas (N,) at
77 K. Distribution of the pore size and pore volume was
determined using the Barrett-Joyner-Halenda (BJH) model
[40] and t-plot, respectively [41]. Nitrogen molecule cross-
sectional area is assumed to be 0.162nm* The micropore
corresponds to volume sorbed in the pore less than 2nm,
mesopore corresponds to volume sorbed in pores between
2 and 50 nm and, macropore corresponds to volume sorbed
in the pore greater than 50 nm.

2.3.4. X-Ray Diffraction. PANalytical XPERT-PRO diftrac-
tometer (USA) was used for XRD analyses of raw and mod-
ified samples of the sorbent before and after CR dye
sorption. The samples were grinded into fine particulate
powder (<90 ym) after which they were loaded on the glass
sample holder using razor slide to remove any excess and
the shutters were closed. Precautions were taken to ensure
a tight packing on the glass slit and to avoid manual contam-
ination of the samples [42]. The X-ray diffraction was
scanned with the goniometer using the Ni filtered CuKa«
radiation (A = 1.5406 A) source at an accelerated voltage of
45kV and a current of 40 mA.

2.4. Determination of Point of Zero Charge (PZC). To under-
stand the sorption mechanism, it is necessary to determine
the point of zero charge of the sorbent. PZC indicates the
pH at which the sorbent is neutral. However, beyond this
pH, the sorbent becomes either positively or negatively
charged [43]. The PZC of the sorbents were analysed accord-
ing to the method explained by Ojo et al. [36] and Edokpayi
et al. [25]. Set up of 7 shaker bottles was made, each contain-
ing 40 mL of 0.01 M NaCl. The pH of NaCl solution in each
bottle was adjusted to initial pH (pH,) 2,4, 6, 7, 8, 10, and 12
using 0.1 M HCl and 0.1 M NaOH solutions. The pH of solu-
tion was measured using pH meter (Thermo Orion Versa
Star). 0.15 g of sorbent was added to each bottle and agitated
in water bath shaker at 30°C for 24 hours. After 24 hours, the
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samples were centrifuged at 2800 rpm for 10 min. The final
pH (pHy) of the supernatant was measured. The PZC was
estimated by plotting a graph of change in pH (ApH= p
H, - pHy) against initial pH (pH,). The pHp,- of the
sorbent is the point of intersection on the x-axis where
pH; = pHy.

2.4.1. Sorption Study on Effects of Experimental Parameters
on the Sorption of CR. Effect of agitation time was studied
from 5 to 180min to determine the equilibrium time for
optimum sorption. Effect of temperature was examined by
varying the temperature in the range of 30° to 80°C of each
experiment. Different masses of sorbent in the range of 0.02
to 0.20 g were applied on 40 mL of 40, 60, and 80 mg/L con-
centrations of CR dye solution at optimum time and temper-
ature to investigate the effect of sorbent dose and sorbate
concentration. The pH effect was studied to determine the
pH condition that favours removal of CR dye from aqueous
solution. Seven shaker bottles containing 40 mL of 40 mg/L
CR dye solution were set up. The pH of each bottle was
adjusted in the range of 2-10 using 0.1M HCI and 0.1M
NaOH solutions. Sorbent masses in batch of 0.05, 0.10,
and 0.15g were dispensed into each bottle and agitated at
optimum time and temperature. Sorbent sizes of <125um
and >125 ym were utilized to investigate the effect of particle
size of sorbents on the sorption of CR dye from aqueous
solution. All experiments were carried out in triplicate.
Consistent trend of the repeat evaluation of sorption
parameters observed shows good repeatability of the anal-
yses performed.

2.4.2. Effect of Matrix. Water collected from Mutale River
(Limpopo province, South Africa) was used to prepare
40 mg/L CR dye solution for batch experiment instead of
deionized water used for other experiments. Dye removal
efficiencies of experiments conducted using surface water
were compared to those of deionized water. This is impor-
tant to examine the effect of change in water chemistry on
the sequestration of CR dye from aqueous solution [25].

2.5. Removal Efficiency of Other Dyes. Efficiency of novel sor-
bents was also tested on the removal of other dyes such as
rhodamine B, methylene blue, methylene orange, erythrosin
B, and malachite green from aqueous solution. 0.15 g of the
sorbent was agitated with 40 mL of 40 mg/L of each dye solu-
tion for 180 min. The temperature of the water bath shaker
was controlled at 30°C and agitation speed of 200 rpm. Each
batch of samples was withdrawn from the shaker at 15 min
interval and centrifuged to separate the sorbate from sor-
bent. Final concentrations of sorbates were determined.

The quantity of dye sorbed g, (mg/g) was calculated
using expression (1), and the removal efficiency of dye
sorbed was calculated using expression (2) [38, 44]:

(Co B Ce) x
m

e

v, (1)

C -C
%of dye removal = (ocif) x 100, (2)

o
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where C, (mg/L) is the initial concentration of the dye solu-
tion, C, (mg/L) is the equilibrium liquid phase concentration
of dye, C; (mg/L) is the final liquid phase concentration of
dye, V (L) is the volume of the solution, and m (g) is the
mass of the sorbent.

2.6. Sorption Kinetics. The mechanism and the rate at which
CR dye is sorbed on the surfaces of the sorbents were inves-
tigated by applying the Lagergren pseudo-first-order,
pseudo-second-order, and intraparticle kinetic models to
data generated on sorption study for the effect of time. The lin-
earized expressions for the pseudo-first-order and pseudo-
second-order kinetics are presented in equations (3) and (4),
respectively [45, 46]:

kit
1 —g,)=1 (),
og (q,-q,) =log q, (2‘303> (3)
t 1 t
— =t —, 4
a9, ka’ q, )

where g, and g, are the amounts of dye sorbed at equilibrium
and at a given time t and k; and k, are the rate constants of
pseudo-first-order and pseudo-second-order models. The
pseudo-first-order kinetic model was used to treat the experi-
mental data obtained by plotting log (g, —¢,) against time.
The values of k; and g, were determined from slope and inter-
cept of the plot. Similarly, pseudo-second-order kinetic model
was applied to the experimental data by plotting t/q, against
time . The values of g, and k, were calculated from the slope
and intercept the plot, respectively. The linearity coefficients of
the plots obtained were compared in order to determine the
best fit kinetic model for the sorption process [39].
Intraparticle diffusion model is linearly expressed as

q,=k,i** + C, (5)

where g, is the amount of dye sorbed (mg/g) at time ¢ (min),
k, is the intraparticle diffusion rate constant (mg/g min), and
C is the intercept (mg/L) [47]. This model is further used to
treat experimental data obtained by a plot of g, against °-.
The values of k, and C can be determined from the slope
and intercept of the plot. If the line of the curve passes
through the origin and the value of C =0, it is assumed that
intraparticle diffusion is the only rate-controlling step of the
reaction [48]. The intercept gave an idea about the thickness
of the boundary layer. The higher the value of C, the greater
is the thickness [49]. The calculated value of the slope of the
linear plot is the intraparticle rate constant.

2.7. Sorption Isotherms. Sorption isotherm describes the per-
formance and interaction of the sorbate with the sorbent [3].
Equilibrium data obtained from the sorption study at differ-
ent concentrations and temperature were analyzed using
Langmuir, Freundlich, and Temkin sorption isotherm
models to understand the type of sorption taking place on
the surface of the sorbents. The Langmuir model assumes
that the sorption of sorbate on an ideal sorbent’s surface

occurs only at fixed number of sites and each site can only
hold one (monolayer) sorbate molecule [50]. It also assumes
that all available sites are equivalent and there is no interaction
between sorbed molecules on adjacent sites [39]. The linear-
ized expression for the Langmuir model is represented by [51]

1 1 1 1
Pl e
9. Dimax KLqmax Ce
where C, is the equilibrium concentration of the dye (CR)
(mg/L), gq, is the quantity of CR dye sorbed at equilibrium
(mg/g), g, is the maximum amount sorbed (mg/g), and
K, is the Langmuir sorption constant (L/mg). The plot of 1/
q, against 1/C, was made, and the values of maximum amount
of CR dye sorbed (q,,,,) and the Langmuir sorption constant
(K} ) were calculated from the intercept and slope of the plot,

respectively. The conformity of the sorption process to Lang-
muir model was determined using

Ri= g )
b (1 + KLCO) ’

where R, is the separation factor, C, is the initial dye concen-
tration (mg/L), and K; is the Langmuir constant (L/mg). R;
> 1 indicates unfavourable, R; =1 indicates linear, 0 < R, <
1 indicates favourable, and R; = 0 indicates irreversible mono-
layer sorption process [39, 52].

The Freundlich isotherm model describes a multisite
sorption for heterogeneous surfaces and can be represented
by [53]

1
log q, =log Ky + - log C, (8)

where g, is the quantity of dye sorbed at equilibrium (mg/g),
C, is the equilibrium concentration of dye in solution (mg/
L), K is the sorption capacity (L/mg), and 1/n is the inten-
sity of the sorption showing the heterogeneity of the sorbent
site and the energy of distribution [39, 54]. A linear graph of
log g, against log C, was plotted and the constants » and
K were determined from the slope and intercept of the plot,
respectively. The value of n>1 also indicates favourable
sorption process.

Temkin isotherm assumes a linear decrease in the heat of
sorption of dye molecules on the sorbent’s surface and that
this decrease is not logarithmic as stated in Freundlich expres-
sion [55]. The linear form of Temkin isotherm is expressed in

Q,=B,InK;+B;InC, 9)

K is the equilibrium binding constant (Lmg"), and B, is
the Temkin constant related to the heat of sorption. Temkin
constants B; and K were calculated from the slope an inter-
ceptof g, vs.In C,.

2.8. Sorption Thermodynamics. Thermodynamic study
reveals energy changes that occur during sorption process
[56]. Data obtained under effect of temperature were
employed for thermodynamic study. Spontaneity and



feasibility of the sorption process were determined by ther-
modynamic parameters such as Gibb’s free energy change
(AG®), enthalpy change (AH®), and entropy change (AS").
These thermodynamic parameters were calculated based on

A AHP
InK =2 27 10
M= R T RT (10)
AG® = —RTINK,, (11)

where K, is the equilibrium constant, R is the universal gas
constant (8.314 J/mol/K), and T is the temperature (K) [57].

Equilibrium constant K, has been expressed in literature
as K, =q,/C, [32, 44, 52, 58]. However, it is highly impor-
tant to note that K, determined through this expression is
in the unit of L/g. This must be recalculated as dimensionless
to make it fit for thermodynamic equilibrium constant to be
used in Van’t Hoff plot. It is recalculated by multiplying with
molecular weight of sorbate (696.66 g/mol) and concentra-
tion of water (55.5mol/L) [59]. The Van’t Hoft plot of In
K, against 1/T should give a linear relationship with the
slope of AH’/R and an intercept of AS’/R. Basically, a posi-
tive AH® value specifies endothermic nature of a sorption
process while a negative value implies exothermic reaction.
A positive value of AS® indicates an increase in randomness
at the solid/solution interface that occurs in the sorption
process besides reflecting the affinity of the sorbent towards
the sorbate. Furthermore, a negative AG® value indicates a
feasible and spontaneous sorption process at the study tem-
peratures and vice versa.

2.9. Desorption Study/Regeneration. Desorption study is
highly important especially when considering reusability of
the sorbent and safe disposal of spent sorbent into the envi-
ronment. This brings about practical economics of the waste-
water treatment, prevents accumulation of sludge, and
alleviates secondary dye contamination of the environment.
Desorption experiment was conducted as illustrated by Edok-
payi et al. [39]; 0.15g of the sorbent was dispensed into three
100 mL shaker bottles containing 40 mL of 40 mg/L CR dye
solution. These were agitated in an eco-bath shaker controlled
at 30°C and agitation speed of 200 rpm for 90 min. After time
expiration, the sorbents were recovered and washed with dis-
tilled water to remove the residual dye on the surface of the
spent sorbent. Deionized water, 0.1 M HCl, and 0.1 M NaOH
were utilized as potential desorbing solutions. 40 mL of the
desorbing solutions was measured into each 100 mL shaker
bottle containing the spent sorbent and agitated for 90 min
at a speed of 200 rpm and 30°C. The mixtures were afterward
centrifuged, and the supernatant was analysed to determine
the final concentration after desorption. The percentage
desorption was calculated using expression (12). Regeneration
of the sorbents was thereafter investigated by repeating
sorption-desorption experiment for 5 cycles to explore the
reusability of the sorbents [23].

Desorbed dye concentration

Desorption% = x 100 (12)

Initial sorbed dye concentration

Adsorption Science & Technology

3. Results and Discussion
3.1. Characterization of Sorbents

3.1.1. Fourier Transform Infrared Spectroscopy (FTIR). The
FTIR spectra of RL and CL before and after CR dye sorption
are shown in Figure 3. The spectral lines obtained at differ-
ent band areas indicate that there are various functional
groups on the surface of the sorbents. The FTIR spectra of
RL and CL as shown in Figure 3(a) show broad band which
peaks at 3270 cm’' and represents O-H stretch of the alcohol
group [60]. The medium peaks at 2911 and 2841 cm ™" repre-
sent C-H stretch of the aliphatic group [61]. A strong medium
peak at 1603cm™" characterizes C=C stretch of the aromatic
group [56]. Short peaks at 1425 and 1362 cm™ represent the
presence of C-H groups. Peaks at 1311 and 1230 (cm™') and
sharp peak at 1007 cm-' correspond to C-O stretching [62].
CL spectra show new band at 1491cm™ assigned to C=0O
stretching, which implies that carboxyl groups of CA have
been introduced to the surface of the sorbent due to modifica-
tion [30]. Decrease in the intensity of peaks was also observed
for CL because the spectra moved to lower absorbance level.
This observation reveals the effect of the acid modification at
high temperature which brought about intermolecular bond
breakage and linkage, thereby capable of enhancing dye sorp-
tion [63, 64]. Various functional groups such as hydroxyl, car-
bonyl, ether, and carboxyl groups available on the surface of
the sorbents as revealed by FTIR have been reported to be
appropriate for removal of dye [52, 63].

After CR dye sorption, the spectra of spent raw litchi
(SRL) reveal a decrease in absorbance values of bands and
peaks when compared to RL as presented in Figure 3(b).
The reduction of absorbance values suggested that the avail-
able sites of the sorbent had been occupied by CR dye. Slight
change was observed for CL and its spent form SCL as
shown in Figure 3(c). The slight changes indicate that
removal of CR dye by RL and CL was more of physisorp-
tion than chemisorption. Comparable result was reported
by Elavarasan et al. [65].

3.1.2. Scanning Electron Micrograph (SEM). The micro-
graphs of both RL and CL before and after sorption of CR
dye are shown in Figure 4. The micrographs of RL reveal a
faded, free, and less flaky structured surface comparative to
that of CL which appeared sharp and more definite, flakier
structured surface. The changes observed in the morphology
of CL can be attributed to the effect of thermochemical reac-
tion between the modifying agent and plant material,
thereby giving it a definite flaky structure. In addition, the
surface of CL became sharper and more definite due to
removal of impurities such as pectin, lignin, and viscous
compounds from the plant material by CA treatment [24,
32]. This observation is relative to the effect of acid modifi-
cation on the sorbents as reported in the literatures [32, 52].

The SEM micrograph after sorption as shown in images
of SRL and SCL reveals more definite and occupied mor-
phology with flaky protuberances which can be attributed
to the sorption of CR dye molecule onto the sorbent’s active
surfaces.
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F1GURE 4: SEM of RL and CL before and after CR dye sorption (x10,000).



Full scale counts: 30815 RL (1)

3000
2000
1000
0 § | aBa Ba

kev

Full scale counts: 44218 SRL (2)
5000

4000
3000
2000

1000 o)
Mg
0 eNaASIPTI  KCaCa

0 1 2 3 4 5 6 7 8 9 10

kev

Adsorption Science & Technology

Full scale counts: 53671 CI (1)

7000
6000
5000
4000
3000
2000

1000
Mn Fe

kev

Full scale counts: 1453  SCL (1)

2000
1500
1000

500

FiGgure 5: EDX spectra of RL and CL before and after sorption.

3.1.3. Energy-Dispersive X-Ray Spectroscopy (EDS). Major
elements identified from EDS spectra as shown in Figure 5
were oxygen (O) and carbon (C). Other elements were in
minute percentage. The observed increase in atom percent-
age of carbon and decrease in that of oxygen in the quanti-
tative results of CL compared to that of RL as presented in
Table 2 could be due to the thermochemical effect of modi-
fication [56]. Modification of sorbents at high temperature
destabilised the volatile contents of the sorbent due to bond
breakage and linkages thereby resulting in increased per-
centage of active carbon [36]. As rightfully stated by Bello
et al. [66], “the higher the carbon content, the better the sor-
bent for sorption process.” Therefore, CL is capable to have
higher dye removal efficiency than RL. After sorption, there
is significant increase in atom percentage of carbon and sig-
nificant reduction in atom percentage of oxygen for the
spent sorbents (SRL and SCL). This change thereby confirms
that sorption of CR dye onto the sorbents had occured and
both RL and CL are suitable sorbent materials for the
removal of CR dye from aqueous solution.

3.1.4. Brunauer, Emmett, and Teller Technique (BET). Sur-
face area and pore size distribution were analysed by N,
sorption and desorption studies. As presented in Table 3,
BET surface area of RL and CL showed low values of
0.4465m?/g and 0.6278 m*/g, respectively. The low surface
area value is an indication that the sorbents are not micropo-
rous in nature; hence, sorption of CR dye may be through
the active surfaces, pores, and functional group interaction
which is more of physisorption [52]. Some previous research
on the sorption of dye from aqueous solution using plant-
based sorbents has also reported low surface area values
[48, 52, 67]. The observed higher surface area of CL can be
credited to acidic washing of the cell wall which eliminated

TaBLE 2: Elemental composition of RL and CL.

Biosorbent Atom % of C Atom % of O
RL 14.40 5591
SRL 83.06 15.52
CL 24.25 54.07
SCL 59.62 18.55

TaBLE 3: BET structure parameters of biosorbents before and after
dye sorption.

Biosorbents BET surzface Total pore Alverage pore
area (m°/g)  volume (cm’/g)  diameter (A”)
RL 0.4465 -0.000022 86.899
SRL 0.3497 0.000273 336.486
CL 0.6278 0.000236 845.690
SCL 0.4263 0.000186 1701.820

some polar compounds on the surface of the sorbent after
modification [52]. After sorption of CR dye, there is reduc-
tion in BET surface area values of the spent sorbents due
to the sorption of CR dye, which now occupy active surfaces
of the sorbents.

3.1.5. X-Ray Diffraction. The diffraction pattern of a crystal-
line material shows prominent or sharp peaks while that of
an amorphous material shows broad or irregular peaks.
The X-ray diffraction plots of RL and CL alongside their
respective spent forms (SRL and SCL) after sorption are pre-
sented in Figure 6. The diffraction plots of RL and CL dis-
played broad peaks at 2-thetha angles 13°, 22°, and 43°
which are associated with organic functional groups present
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FiGgure 6: XRD plots of (a) RL and SRL and (b) CL and SCL.

in the sorbents [48]. The diffraction pattern of RL revealed
amorphous nature of the sorbent as there were no promi-
nent peaks in the diffraction pattern. CL showed some level
of crystallinity due to short sharp peak displayed at 2-theta
angle 27° which could be attributed to impact of modifica-
tion at high temperature. This sharp peak was further inten-
sified/elongated as noticeable in the diffraction pattern of the
spent CL (SCL) after sorption of crystalline natured CR dye.
This could be attributed to the sorption of CR dye on the
upper layer of the sorbent’s surfaces [65]. Moreover, diftrac-
tion pattern of both spent sorbents (SRL and SCL) moved to
higher intensities. This result suggests that dye sorption
might induce bulk phase changes of the sorbents.

3.2. Point of Zero Charge (PZC). The plots of change in pH
against initial pH are shown in Figure 7. pHy, for RL and
CL were determined to be 5.8 and 4.1, respectively. The sor-
bent’s surface is positively charged (attracting anions) when
the pH of sorption process is below PZC value. Conversely,

above PZC value, the sorbents’ surface is negatively charged
(attracting cations/repelling anions). The determined PZC for
RL and CL are in the acidic region which means that the sor-
bents would strongly attract anions at acidic pH [68, 69].

3.3. Effect of Experimental Parameters on Sorption of CR
Dye from Aqueous Solution

3.3.1. Effect of Contact Time. The removal efficiency of CR
dye by three masses of the sorbents increased rapidly with
increasing contact time before attaining equilibrium as
shown in Figure 8. It is noteworthy that CL attained equilib-
rium faster at 15min than RL with equilibrium time of
90 min. All the masses of the sorbents showed the same level
of consistency in attaining equilibrium and beyond equilib-
rium; there was no further considerable increase in the
removal of CR dye. However, RL recorded higher removal
efficiency with increasing sorbent dosage while CL removal
efficiency is constant irrespective of the increasing dosage.
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Ficure 8: Effect of time on sorption of CR dye onto RL and CL.

This suggests that CL would require less quantity of the sor-
bent for optimum removal of dye, and optimization of other
experimental parameters could help in achieving higher
removal efficiency. Faster equilibrium time of CL makes its
application more cost-effective than RL. The presence of vir-
gin active sites on the surfaces of the sorbents at the early
phase could be responsible for rapid removal efficiency of
CR. Stagnation of the sorption efficiency that was observed
after equilibrium was attained could be attributed to satura-
tion of the sorbent’s surfaces with CR molecules [70, 71]. A
similar trend has been observed in some other studies on
adsorptive removal of anionic dyes [5, 26, 27, 36]. However,
these comparable studies recorded longer equilibrium time.

3.3.2. Effect of Temperature. The relationship between the
sorption of CR dye from aqueous solution using RL and
CL with varying temperature is shown in Figure 9. The
results as displayed in the plots show that increase in tem-
perature did not favour sorption of CR dye unto RL, imply-
ing an exothermic process. On the contrary, the result for CL
shows that increased temperature favoured CR dye removal,
indicating an endothermic sorption process. This increase in
uptake of CR dye by CL at higher temperature could be
credited to increase in mobility of dye molecule and more
activation of the sorbent’s active sites. This finding agrees
with prediction under effect of time that minimal quantity
of CL is required for optimum removal of CR dye at high

temperature, as the least mass of 0.05g also achieved high
removal efficiency. This means that less sludge is generated
for CL system. Study conducted by Olakunle et al. [56] on
the sorption of CR by activated cocoa pod husk showed the
same trend with increasing temperature, but novel modified
sorbent in this study exhibited higher removal efficiency.

3.3.3. Effect of Dosage and Concentration. Sorbents’ dosage
in the range of 0.5g/L-5.0 g/L was used on different sorbate
concentrations of 40, 60, and 80 mg/L, and the plots of the
relationship are presented in Figure 10. In general, removal
efficiency of CR dye increased with increased sorbent
dosage. The lowest concentration of 40 mg/L recorded the
highest CR dye removal efficiency compared to other con-
centrations. It is important to note that RL reached the state
of equilibrium at sorbent dosage of 3.5g/L. However, this
state of equilibrium was reached much faster by the modi-
fied sorbent CL with lesser dosage of 1.5g/L. This finding
is also consistent with the fact that minimal dosage of CL
is required for optimum efliciency; thereby, less sludge is
generated. At equilibrium, similar removal efficiencies of
CR dye were recorded regardless of the varying sorbent’s
dosage. The initial increase in the removal efficiency with
increased sorbent dosage could be attributed to the corre-
sponding increase in active site available for sorption. The
successive supplementary CR removal recorded could result
from either aggregation or overlapping of the sorption sites
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[25]. Due to saturation of sorbent site, very little or no
removal was recorded after the state of equilibrium was

reached.

3.3.4. Effect of pH. The pH of aqueous solution has been
established as a significant parameter of a sorption process
because of its influence on the surface binding sites of the

11
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sorbent and the ionization process of the dye molecule [23,
72]. CR dye is very sensitive to pH change as it turns blue
at acidic pH and turns red at basic pH. This colour change
in acidic medium is due to protonation, i.e., there is 7 — 7
* transition of azo group to higher wavelength [23]. The
plots of the experimental results as presented in Figure 11
show that maximum CR dye removal percentage was
observed at pH 2. Further variation of pH above pH 2
resulted in drastic decline in the removal efliciency of CR
dye. This observation agrees with the result obtained for
PZC in Section 3.2, which suggested that CR dye removal
efficiency would be best in acidic medium.

CR is an anionic dye which dissociates into R-SO; in
acidic medium. The maximum sorption of CR dye at pH 2
could be attributed to the existence of strong electrostatic
force of attraction between CR in its dissociated state and
the positively charged surface of the sorbents [23]. Further
increase in pH of the aqueous solution led to increase in neg-
atively charged site and decrease in positively charged site of
the sorbents. This brings about electrostatic repulsion
between dye anions and negatively charged site of the sor-
bents, thereby causing a decline in sorption of CR dye [31,
56]. Furthermore, the drastic decrease in sorption of CR at

TaBLE 4: Characteristics of natural water from Mutale River.

Parameter Value
pH 6.9
Conductivity (uS/cm) 24
Turbidity (NTU) 14
Sodium (mg/L) 4.66
Calcium (mg/L) 2.15
Potassium (mg/L) 0.35
Magnesium (mg/L) 1.0
SO,* (mg/L) 3.35
Cl™ (mg/L) 36.99

higher pH could also be due to competition for sorption
sites between the increased negative ions (OH") in solution
and CR dye molecules [73]. Comparable trends of CR dye
sorption using other sorbents had been reported in litera-
ture [23, 26, 36, 74].

3.3.5. Effect of Sorbent Particle Size. Particle size of a sorbent
is an important controlling parameter in the sorption
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FiGure 15: Kinetic model plots of RL.

process because availability of surface area for sorption is
greatly influenced by particle size of the sorbent. It can be
deduced from the plots shown in Figure 12 that both RL
and CL displayed higher CR dye removal efficiencies with
particle size of <125 ym than >125 gm. This could be attrib-
uted to the fact that pulverisation of the sorbents to fine par-
ticulate powder provides larger surface area, thereby
increasing rate of sorption [75]. This observation is consis-

tent with studies conducted on the sorption of CR dye using
biowastes [44, 76].

3.3.6. Effect of Matrix. Assessment of experiments conducted
with simulated wastewaters prepared from surface water and
that of deionized water was made to investigate the influence
of change in water chemistry on the sorption of CR dye from
aqueous solution. The results as illustrated in Figure 13
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TaBLE 5: Kinetic model parameters for RL and CL.
Pseudo-first-order Pseudo-second-order Intraparticle diffusion
Mass (g) Exp g, I.<171 R? Exp g, Cal q, K, . 2 Kp C R2
(mg/g) (min™) (mg/g) (mg/g) (mg/gmin™) (mg/g min®?)
RL
0.05 3.664 0.0180 04.575 17.168 17.889 0.0063 09.981 0.4608 11.042 07.806
0.10 2.073 0.0152 06.497 12.744 12.84 0.0213 09.995 0.1716 10.351 06.814
0.15 1.062 0.0150 05.691 9.339 9.515 0.0259 09.996 0.1427 7.457 07.348
CL
0.05 0.824 0.00069 00.094 19.704 19.802 0.0364 09.992 0.0127 19.918 00.156
0.10 0.375 0.00046 00.151 9.948 9.980 0.354 09.996 0.0007 9.998 00.004
0.15 6.445 0.00023 00.189 6.667 6.658 0.388 09.999 -0.0010 6.694 00.050

indicate that higher sorption efficiency of CR dye was
achieved in experiment conducted with surface water than
that of deionized water. This could be due to catalytic
effect of ions present in surface water (Table 4) [25].
These ions tend to speed up uptake of CR dye from the
aqueous solution onto the active sites of the sorbents. This
trend of higher removal efficiency in natural water agrees

with the study conducted by Edokpayi et al. [25], on the
influence of change in water chemistry on uptake of meth-
ylene blue dye onto macadamia nutshell. This therefore
ascertains that sorption process using these sorbents is fea-
sible for sequestration of dye from real wastewater and not
just limited to simulated dye solution prepared in the
laboratory.
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TaBLE 6: Isotherm model parameters for sorption of CR dye onto RL and CL.

Temp (K) Langmuir model , Freundlich model . Temkin model .
Imax (mg/g) K (L/mg) R R, K (L/mg) N R Ky (L/g) B (J/mol) R

RL

303 55.56 0.043 09.856 0.205 2.149 1.049 09.777 0.897 7.961 08.321

323 35.21 0.051 09.838 0.179 1.639 1.135 09.552 0.704 6.884 07.759

333 23.42 0.058 09.770 0.161 1.626 1.454 09.740 0.664 4.939 08.957

353 19.92 0.062 09.715 0.152 1.512 1.511 09.607 0.623 4.524 08.677

CL

303 15.67 0.127 09.567 0.081 1.998 1.653 09.529 0.886 4.312 08.436

323 21.37 0.156 09.595 0.067 2.845 1.454 09.464 1.303 5.600 08.032

333 52.08 0.159 09.864 0.065 6.866 1.149 09.835 2.897 8.167 09.175

353 58.48 0.163 09.903 0.064 7.921 1.189 09.773 3.467 8.037 09.372

3.3.7. Removal Efficiency of Sorbents on Selective Dyes. Effec-
tiveness of the sorbents on removal of other dyes from aque-
ous solution was explored, to investigate if the sorbents’
potency is not limited to CR (anionic) dye. Five dyes were
selected in the group of anionic dyes such as methyl orange
and erythrosin B and cationic group such as rhodamine B,
methylene blue, and malachite green. The results of the
experiment conducted on these selective dyes are presented
in Figure 14. It can be deduced from the plots that the sor-
bents are effective not only for removing CR dye but also
effective for the removal of other dyes. In consequence,
higher removal percentage was recorded for dyes in the cat-
ionic group. This finding confirms the practicability of these
novel sorbents for effective sequestration of any other dyes
from aqueous solution. CL maintained optimum time
(15min) and mass (0.05 g) for maximum dye removal while
RL was at 90min and 0.15g, respectively. This makes the
modified sorbent advantageous for cost-effective industrial
application.

3.4. Sorption Kinetics. The linearized plots of kinetic models
are presented in Figures 15 and 16, and the results of their
parameters are presented in Table 5. From the results
obtained, the sorption of CR dye onto the sorbents best fit
model is pseudo-second-order model based on its correlation
coefficients (R?) values. In addition, the experimental (Exp)
and calculated (Cal) values of pseudo-second-order g, are very
close. This shows accuracy of the experiments conducted and
further affirms that sorption of CR dye onto RL and CL is
pseudo-second-order fitted reactions. Similar outcome has
been reported in literature on sorption of CR and other dyes
onto various sorbents [5, 23, 26, 30, 31, 56, 76, 77].

In addition, Webber-Morris intraparticle diffusion
model was further used to test the sorption data to have
understanding about the mechanism and rate controlling
steps affecting the sorption kinetics. The fitting of this model
consists of various parts that have to do with migration of
CR dye from aqueous solution to the surface of the sorbent.
These parts are (i) diffusion of CR dye molecules from aque-
ous solution to the sorbent’s surface, i.e., boundary layer dif-
fusion, (ii) transport of CR dye molecules into the
intraparticle active sites, i.e., intraparticle diffusion, and

TaBLE 7: Maximum sorption capacity of CR dye onto various
biosorbents in literature.

Sorption
Sorbents capacity q,...  References
(mg/g)
Cashew nutshell 5.184 [83]
E. crassipes roots 1.580 [5]
Cocoa pod husk (acid activated) 43.67 [56]
Modified walnut shell 40 [36]
Pine bark 3.92 [79]
Cabbage waste powder 2.313 [76]
Modified coffee waste 34.36 [61]
Litchi seed powder 20.49 [27]
Raw litchi peel powder (RL) 55.56 This study
Modified litchi peel powder (CL) 58.48 This study

(iii) sorption of CR dye molecules to the sorbent’s active
sites, which is the equilibrium stage [78]. According to the
results obtained from the plot of g, against t*, the linearity
of the plots indicates that intraparticle diffusion is involved
in the rate controlling step. However, the fact that the linear
plot does not pass through the origin and Cvalue > 0 indi-
cate that intraparticle diffusion is not the only rate-
controlling step. This suggests that both surface sorption
and intraparticle diffusion are included in the sorption pro-
cess, therefore a complex sorption mechanism [44].

3.5. Sorption Isotherms. Various linearized plots of isotherm
models for raw and modified sorbents are shown in
Figures 17 and 18. Isotherm model parameters as presented
in Table 6 show that the three models to some extent
described the sorption process because they all showed cor-
relation coefficient (R?) values greater than 0.7. However, the
sorption data best fit into Langmuir model because it dis-
played the highest R* values. This assumes monolayer sorp-
tion occurred on a uniform and homogenous sorbent’s
surface. The conformity of the sorption process to the Lang-
muir model was further affirmed by a separation factor also
known as dimensionless constant (R;). R; values obtained
were between zero and one, which implies favourable
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Figure 19: Van’t Hoff plots of CR sorption onto RL and CL.

sorption process. In addition, Freundlich model’s sorption
intensity (n) displayed values greater than unity, which is
also an indication of favourable sorption process.

Temkin model plots of g, against In C, yielded linear
graphs and from the results of the parameters obtained;
K decreased with increase in temperature for RL and
increased with increase in temperature for CL. However,
the Temkin model displayed the lowest R* value of the three
models and does not provide best fit for the sorption data.

Comparable studies on the sequestration of CR dye from
aqueous solution using various plant-based sorbents also
showed conformity to the Langmuir model, and comparison
of their maximum sorption capacity (q,,,,) to this study is
presented in Table 7. It is noteworthy to emphasize that
modified sorbent achieved higher sorption capacity than
the raw sorbent which could be attributed to significant
effect of acid modification. Studies conducted by Yan et al.
[34] and Zhang et al. [30] also recorded higher sorption
capacity for CA-modified sorbents over raw sorbents.

3.6. Sorption Thermodynamics. The Van’t Hoff plot of In K,
against (1/T) gives linear graphs for the sorbents as shown in
Figure 19, and the values obtained for the parameters are
presented in Table 8. With regard to sorption of CR dye
from aqueous solution unto RL, negative AG® values were
obtained at all working temperatures. This is an indication
that the sorption process was spontaneous and feasible.
The negative AH" value confirmed that the sorption process
was exothermic. The positive value of AS® is an indication
that there is increased randomness at the sorbent-sorbate
interface during the sorption of CR dye molecules on the
active sites. Also, the positive value of AS’ infers good attrac-
tion of CR dye molecules towards the sorbents. Comparable
observations have been reported in literature for sorbents of
CR unto other sorbents like coffee waste powder [23] and
pine bark powder [79]. Furthermore, the sorption of CR
dye unto CL also showed negative values of AG" and positive
value for AS°. However, the sorption process was endother-
mic because of the positive AH® value obtained. Comparable
observations have also been reported in literature for sor-
bents of CR onto other sorbents like acid-modified crab shell
powder [80] and acid-modified walnut shell powder [36].

TaBLE 8: Thermodynamic parameters for CR dye sorption onto RL
and CL.

In K AG AH AS

Temp (K) K o (K/mol) (kJ/mol) (J/mol/K)

o

RL

303 7217398 11.18683 -28.18 -16.51 39.65
313 72042.21 11.18501 -29.11

323 63547.37 11.05954  -29.69

333 4716194 10.76134 -29.79

343 3724740 10.52534  -30.02

353 30620.63 10.32943  -30.32

CL

303 18349.802 9.817374 -24.73 41.86 218.19
313 23439.245 10.06217 -26.19

323 33893.368 10.43097 -28.01

333 73685913 11.20757 -31.03

343 93574.248 11.44651 -32.64

353 187969.59 12.14404 -35.64

3.7. Probable Sorption Mechanism. The sorption between the
sorbate and sorbent is believed to have occurred via electro-
static interactions and hydrogen bonding between the vari-
ous functional groups present in the surface of the sorbents
and CR. The point of zero charge recorded for the sorbents
used in this study is 5.8 (RL) and 4.1 (CL), respectively. This
implies that in acidic medium the surface of the sorbents is
practically positive and can attract the R-SO;™ group in
the CR molecule via electrostatic interaction. Also, the func-
tional groups recorded from the FTIR spectra of the sorbents
such as OH, C=0, and COOH can easily protonate at low
pH and attract the negative ions on the sorbate. However,
as pH increases, the functional groups in the sorbent sur-
faces are expected to ionize completely resulting in electro-
static repulsion between CR and the surface of RL and CL
which is now negative thus resulting to reduced sorption
capacity [23]. Also, the formation of hydrogen bond is more
likely as a secondary force of attraction in the sorption pro-
cess [17]. This is because of the presence of hydrogen and
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highly electronegative atoms such as oxygen and nitrogen on
the surface of the sorbent and sorbate.

Previous studies also agree with likelihood of three inter-
actions between the sorbent and dye molecule and which are
(i) hydrogen bonding between hydroxyl groups of sorbent
and electronegative groups of CR dye, (ii) ionic interactions
at pH values where surface charge is neutral and physisorp-
tion occurs, and (iii) 7z-electron resonance [30, 78].

3.8. Desorption/Regeneration Study. The plots of the data
obtained from desorption experiment of the spent sorbents
are presented in Figure 20. Among the three studied deso-
rbing agents, 0.1 M NaOH most effectively regenerated the
spent sorbents as it recorded the highest desorption efficien-
cies. This suggests that the sorption process is dominated by
electrostatic interaction and hydrogen bonding [17, 23]. The
solvating strength, concentration of the desorbing agent, and
agitation speed all contributed to the migration of CR dye
molecules from the solid to liquid phase [81].

Furthermore, regeneration and reuse experiment was
thereafter performed by repeated washing of the sorbents
with 0.1 M NaOH for five successive cycles. The sorbents
were able to sorb CR dye at an amount close to their virgin

samples (st cycle) at the 2™ and 3™ cycles as shown in
Figure 21. However, CL still maintained higher removal effi-
ciency over RL when reused for all cycles. Drastic decline is
noticeable in the sorption efficiencies of the 4™ and 5™
cycles. The decline could be attributed to difficulty in recov-
ering 100% mass of sorbent in solution and change in super-
ficial structures of sorbents by the alkaline solution [82].
This may subsequently lead to loss and damage/blockage
of sorption sites. Similar use of NaOH as effective desorbing
agent has been reported in literature by Lafi et al. [23] and
Lin et al. [48]. This finding affirms that the novel sorbents
can be regenerated and reused; hence, it is a cost-effective
technique for the sequestration of hazardous dyes from
aqueous solution. The spent sorbent can be safely disposed
in a regulated landfill that receives hazardous waste.

4. Conclusion

RL and CL were utilized for the sequestration of CR dye
from aqueous solution through batch experiment. Charac-
terization of the sorbents revealed the nature, active sites,
and functional groups present and elemental composition
of the sorbents. Carboxyl group was successfully introduced
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to the sorbent’s surface by CA modification as revealed by
the FTIR spectrum, thus making CL achieve higher sorption
capacity with minimal dosage of 1.5g/L, in 15 min. Sorption
process was favoured by acidic pH of 2 and particle size of
<125 ym. Pseudo-second-order kinetic model and Langmuir
isotherm model provided the best fit sorption process with
Gmax Of 58.48 mg/g for CL and 55.56 mg/g for RL. The sorp-
tion process was feasible, spontaneous, and exothermic for
RL while that of CL was an endothermic process. Change
in water chemistry did not hinder the sorption process.
Litchi chinensis peel may be considered a potential sorbent
for effective sequestration of dyes from wastewater because
it was efficient for several dyes.
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