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ABSTRACT

The excessive presence of boron in the environment due to extensive industrial use can severely
affect the ecosystem and human health, leading to health problems associated with skin and eye
irritation, respiratory issues, and gastrointestinal disorders in humans. Therefore, this study inves-
tigated the potential of jering seed peels as an adsorbent for removing boron from aqueous solu-
tions. The batch system was used to evaluate the efficiency of raw jering adsorbent (RJA), modified
jering adsorbent by FeCl, (MJA1), and modified jering adsorbent by NaOH (MJA2) under varying
conditions, including pH, initial concentration, adsorbent dose, contact time, and temperature.
Analysis using Fourier-transform infrared spectroscopy, field emission scanning electron micros-
copy, and energy-dispersive X-ray spectroscopy was conducted to characterize the adsorbents, con-
firming the changes of jering adsorbents before and after the adsorption process. The optimal pH
of boron removal efficiency was 6.5 for MJA1 and 7 for RJA and MJA2. The efficiency decreased
with increasing initial concentration and temperature but increased with increasing adsorbent
amount and contact time. The Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich models
were applied to study adsorption isotherm, the Langmuir isotherm model for RJA (R* = 0.99) and
MJA1 (R? = 0.92) and Freundlich isotherm model for MJA2 (R? = 0.91) represented the measured
sorption data well. Pseudo-first-order, pseudo-second-order, intraparticle diffusion, and Elovich
models were applied to study adsorption kinetics that fitted best to the pseudo-second-order kinetic
model for RJA (R?=1.00) and MJA1 (R? = 0.99) and fitted best to the Elovich kinetic model for MJA2
(R* = 0.99). Thermodynamics was investigated, and the negative values of AH° and AS°® showed
that the boron adsorption is favourable, spontaneous, and exothermic and reduces system entropy
as the adsorbate organizes at the solid-solute interface during the adsorption process. The jering
adsorbents also showed good reusability during the initial and subsequent adsorption-desorption
cycles, indicating potential recyclable adsorbents. Hence, utilizing jering adsorbents to eliminate
boron from water resources can be feasible, cost-effective, and eco-friendly.
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1. Introduction

Boron, a naturally occurring element found in water,
rocks, and soil, plays a crucial role in plant growth in small
quantities, but excessive levels can harm plants and ani-
mals [1,2]. Elevated boron concentrations in drinking water
have been associated with skin irritation, gastrointestinal
disorders, and reproductive issues in prolonged exposures
[3]. While boron pollution originates from natural sources
such as volcanic ash leaching and erosion of boron-con-
taining rocks, human activities, including agriculture and
industrial processes like mining and waste disposal, con-
tribute significantly [4-6]. The World Health Organization
(WHO) guidelines for drinking water quality recommend a
provisional threshold of 2.4 mg/L for boron concentration,
considering its impact on health and the viability of removal
strategies [7]. Although most freshwater sources maintain
lower boron levels, ranging from 0.003 to 0.337 mg/L, sea-
water contains notably higher concentrations of around
4-5 mg/L, surpassing WHO limits [8]. Consequently, sea-
water desalination necessitates additional measures to align
boron levels with accepted standards [9]. The complexity
of addressing boron in desalination arises from the prev-
alence of stable boric acid, which poses challenges to the
efficacy of separation methods, including reverse osmosis
membranes [10]. This intricate issue encompasses health
concerns, resistance to conventional removal techniques,
and ecological implications [11].

In a study conducted by Guan et al. [11], it was found
that standard treatment plant systems are not successful in
eliminating boron from water due to the presence of boric
acid in its protonated form at low pH. This form of boron
is uncharged, allowing it to permeate through reverse
osmosis membranes. Multiple techniques have been iden-
tified as effective for removing boron from contaminated
water and aqueous solutions. These methods include floc-
culation—precipitation, reverse osmosis, electrodialysis,
extraction of dissolved compounds, membrane filtering,
adsorption, and electrocoagulation [1,5,11,12]. Adsorption
is considered a highly cost-effective approach for removing
low boron concentrations, as supported by several stud-
ies [2,13-16]. Using affordable agricultural biomass, such
as jering peels, as adsorbents for adsorption processes is a
highly economical approach for removing boron concentra-
tions from water due to the comparatively low cost of the
adsorbents and their ability to be conveniently regenerated
for further usage [17-19]. The adsorption process operates
through attracting and binding boron molecules to the sur-
face of the adsorbent material [17]. The choice of adsorbent
depends on the water source’s properties and the concen-
tration of boron [6]. Several studies have demonstrated the
efficacy of adsorbents such as activated carbon, zeolites, and
clay minerals in removing boron from aqueous solutions.
As Kluczka et al. [20] demonstrated, activated carbon exhib-
ited significant efficacy in removing boron from water with
elevated levels. Kavak [21] found comparable results, indi-
cating that using calcined alunite was influential in remov-
ing boron from water, even at elevated quantities of up to
20 mg/L. Adsorption is easily integrated into existing water
treatment systems. Additionally, this technology is charac-
terized by its low energy consumption, rendering it more
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cost-effective compared to alternative methods of boron
removal, such as reverse osmosis [22,23].

The potential of jering seed peels (Archidendron pauci-
florum) as an adsorbent material for removing diverse con-
taminants from water has been documented in previous
studies [24,25]. Jering seed peels possess characteristics that
make them valuable and sustainable adsorbents, such as the
significant concentration of polyphenolic chemicals, tan-
nins, and flavonoids, which are well-documented for their
adsorption capabilities [26,27]. The chemical constituents
included in jering peels are accountable for the significant
adsorption capability exhibited towards chemical contami-
nants found in water. The utilization of jering seed peels as
an adsorbent material has been highly successful in remov-
ing various chemical contaminants present in water, includ-
ing metal ions and dyes [24,27]. Natural, renewable, and
cost-effective adsorbents can effectively eliminate substan-
tial amounts of chemical contaminants from water, even in
low quantities [27,28]. The jering seed peels exhibit prom-
ising potential as a very effective bio-adsorbent material for
the removal of various pollutants from water sources that
have been contaminated. This efficacy can be attributed to
the significant carbon content in these peels, as supported
by several studies [25,27,29,30]. Hence, it can be inferred
that using adsorbent materials, such as jering seed peels,
offers numerous benefits compared to conventional alter-
natives. These advantages encompass cost-effectiveness,
enhanced efficacy, minimal chemical or biological sludge
presence, and environmental sustainability adherence [30].
Boron, a naturally occurring element in water from indus-
trial and agricultural activities, threatens human health and
the environment, mainly aquatic life, due to its high-wa-
ter solubility. Conventional treatment techniques, such as
physical and chemical processes, often struggle to remove
the element from water effectively. Consequently, the study
intends to evaluate a potent alternative treatment approach,
the adsorption method, for removing boron from syn-
thetic wastewater using jering seed peels as an adsorbent.

2. Materials and methods
2.1. Materials

The chemicals used in this study were of analytical grade
and purchased from Sigma-Aldrich in Malaysia, including
sodium hydroxide (NaOH), ferric chloride (FeCl,), hydrochlo-
ric acid (HCI), sulfuric acid (H,SO,), and boric acid (H,BO,).

2.2. Collection and preparation of the adsorbent

The current study examined the efficacy of jering seed
peels as adsorbents. The jering fruits were obtained at the
Central Fruit and Vegetable Market in Kajang, Malaysia.
The peels underwent multiple washing cycles using dis-
tilled water to remove contaminants and were dried in an
oven at 60°C for 48 h. Subsequently, the desiccated peels
were pulverized utilizing a crusher. The obtained powder
was subjected to sieving using a British Standard Sieve.
Particles smaller than 300 pm were gathered in a plastic
container. These particles were used in their original form
as raw jering adsorbent (RJA) and were also subjected to
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treatment to modify their properties for use in the adsorp-
tion experiments [27-29].

2.3. Modification of raw jering peels adsorbent

The chemical alteration was used to create the modi-
fied jering peel powder material. Modified jering adsor-
bent by FeCl, (MJA1) was created by combining 10 g of raw
peel powder with 100 mL of a 0.1 M iron chloride (FeCl,)
solution. The modified jering adsorbent by NaOH (MJA2)
was also prepared by combining 10 g of raw peel powder
with 100 mL of a 0.1 M sodium hydroxide (NaOH) solu-
tion. Each of the mixtures was subjected to agitation using
a magnetic stirrer for 24 h. Subsequently, the powders were
filtered and thoroughly washed with distilled water before
being oven-dried at 50°C for an extended period. The
resultant material was then utilized as adsorbents [31,32].

2.4. Preparation and determination of adsorbate

The adsorbate used in this study was boric acid that
was prepared by dissolving 5.716 g of anhydrous boric acid
(H,BO,) from Merck Chemical Company (Supplier of Merck
Chemical Company, Malaysia; Manufacturer is Germany) in
deionized water, resulting in a stock solution that was then
diluted to a final volume of 1,000 mL. Synthetic wastewa-
ter was prepared by diluting the stock solution to obtain
the desired concentrations [1,12,33]. The Carmine method,
described in the DR 2700 Spectrophotometer (HACH
Company, Germany) user manual, was used to determine
the boron concentration [21]. Firstly, the procedure involved
the addition of 75 mL of sulfuric acid (H,SO,) solution to a
250 mL conical flask, followed by the addition of the Boro
ver 3 boron reagent powder pillows and thorough mixing.
Then, the solution was allowed to stand for 5 min to ensure
the complete dissolution of the reagent powder. The exper-
iment was conducted in a well-ventilated room using vol-
atile, concentrated chemicals such as HSO,. Then, 2 mL
of the sample was transferred to a 125 mL conical flask
and mixed with 35 mL of the H,SO, reagent. Next, the
solution was allowed to react for 25 min. Finally, at least
10 mL of the sample was transferred to a cell holder, and
the boron concentration was measured using the DR 2700
Spectrophotometer (HACH Company, Germany).

2.5. Characterization of adsorbent

A Thermo Scientific Nicolet 6700-FTIR 12 Spectrometer
(United States) was employed to conduct an Fourier-
transform infrared spectroscopy (FTIR) analysis to deter-
mine the exterior functional groups and chemical bonds of
the synthesized RJA, MJA1, and MJA2 adsorbents [20,27].
A Gemini Model 18 SUPRA 55VP-ZEISS Oberkochen
(Germany) field emission scanning electron microscopy
(FESEM), equipped with energy-dispersive X-ray spectros-
copy (EDX), was utilized to carry out morphological surface
mapping of the RJA, MJA1, and MJA2 adsorbents [28,34].

2.6. Adsorption study

The efficacy of jering peel powder as adsorbents for
boron removal was assessed in a batch screening [31,33,35].

To achieve the experiment, 1 g of the adsorbent was added to
100 mL of boron solution with an initial concentration (C,) of
15 mg/L in 250 mL Erlenmeyer flasks. The pH of the boron
solution was not adjusted as it was already at the desired
level, and the samples were placed in an orbital shaking
incubator at 220 rpm and a temperature of 303 K. After 2 h,
the samples were removed from the incubator, and filtered
using 0.45 pum filter paper. The remaining boron concen-
tration was measured at 605 nm using 2 mL of the filtered
sample in a new 250 mL conical flask with the Carmine
method. The adsorption capacity (g,) and efficiency (R%)
of the adsorbent were determined using Eqgs. (1) and (2),
respectively.
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where g, is the boron distributed on the adsorbent surface,
or g, (mg/g), and C, and C, were the adsorbate’s initial and
final concentrations (mg/L), respectively. W and V are the
adsorbent (g) mass and solution (L) volume, respectively.
Both adsorption capacity (q,) and efficiency (R%) are
crucial factors for evaluating and comparing the effective-
ness of different adsorbents [19,36]. The experimental study
involved conducting adsorption experiments to investigate
the effects of various factors on the adsorption process.
These factors included the initial solution pH (ranging from
2 to 12.5), adsorbent dose (ranging from 0.2 to 1.5 g), con-
tact time (ranging from 10 to 120 min), initial boron con-
centration (ranging from 2 to 20 mg/L), and temperature
(ranging from 25°C to 50°C). The study aimed to analyze
the process’s adsorption kinetics, adsorption isotherm, and
thermodynamic aspects. The impact of operational and
environmental factors on the adsorbent’s batch removal
capacity was investigated up to the point of equilibrium,
which was determined for each specific adsorbent.

2.7. Isotherm model analysis

Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich isotherm models were used in this investi-
gation. The isotherm quantifies the creation of a monolayer
adsorbate on the adsorbent’s outer surface, after which no
additional adsorption occurs [31,37]. The model assumes
homogeneous surface adsorption energies and no adsor-
bate transmigration [38]. By linearly graphing 1/g, vs. 1/C,
Eq. (3) determined the Langmuir model.
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The equilibrium adsorbate concentration in solution is
denoted by g, the maximum adsorption capacity is denoted
by g,, and the Langmuir constant, K, is denoted by L/mg.

The Freundlich adsorption isotherm model is widely
used in adsorption, particularly for adsorbent materials
with highly irregular surfaces. This model considers mul-
tilayer growth occurring on the surface [38]. In order to
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Fig. 1. Effect of pH (a,b), initial concentration (c,d), adsorbent dose (e,f), contact time (g,h), and temperature (i,j) on boron adsorption

efficiency (g, and R%) by RJA, MJA1, and MJA2. The conditions were pH 6.5, concentration of 15 mg/L, dose of 1 g, 120-min time,
and temperature of 30°C.
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illustrate the Freundlich model, it is necessary to create a
linear plot by plotting the logarithm of g, against the loga-
rithm of C, utilizing Eq. (4).

logg, =logK, +110gC[ (4)
n

where 1/n represents the intensity of adsorption, and Kf rep-
resents adsorption capacity. The Freundlich expression’s
constants, K. and 1/n, were obtained from its linear version.

The Temkin isotherm incorporates a component that
accounts for the interaction between the adsorbent and
the adsorbate. The model postulates that the reduction in
adsorption heat, dependent on temperature, of all mole-
cules in the layer will follow a linear trend rather than a
logarithmic trend with increasing coverage [37]. The con-
stants were determined by plotting the slope and intercept
against the natural logarithm of C,. The equation suggests a
uniform binding energy distribution up to a specific maxi-
mum binding energy. Eq. (5) represents this approach:

q, :ElnAT +(RT]1nCC 5)
BT BT
where T is the temperature, R is the universal gas constant
(8.314 J/mol-K) (K), A, (L/g) is the equilibrium binding con-
stant, which represents the maximal bonding energy, and
B, (kJ/mol) is the heat of adsorption constant calculated
from the plot of g, in the InC, present.
Dubinin-Radushkevich commonly expresses the adsorp-
tion mechanism with a Gaussian energy distribution onto
a heterogeneous surface [34,37]. This model has succeeded
in accurately summarising data for high solute activity
and intermediate concentration ranges [38]. The Dubinin—
Radushkevich isotherm model uses two constants, g,
which represents the theoretical ability of the adsorbent
to adsorb a single layer of sorbate in mg/g and represents
the adsorption energy in mol?/kJ>. The Polanyi potential,
expressed as J/mol, is also included, as seen in Eq. (6).

Ing, =Ingp, - pe’ (6)

2.8. Kinetic models analysis

Adsorption kinetics are determined by the rate of equi-
librium attainment, which is restricted by the mass transport
mechanism and influenced by the adsorbent’s and adsor-
bate’s properties [31]. Assessing adsorption kinetics is cru-
cial to determine the efficacy of the adsorption process [30].
The pseudo-first-order kinetic model, which is commonly
used for forecasting boron adsorption kinetics [21], was
presented in a linear form Eq. (7):

kt
log (g, —q,) =logg, (2'3103] @)

The adsorption capacity at equilibrium is denoted by
g, (mg/g), while the adsorption capacity at time ¢ is repre-
sented by g, (mg/g). The rate constant is denoted by k, (min™).

The pseudo-second-order model is utilized to evaluate
chemisorption kinetics from liquid solutions through solid
phase sorption [11] and is represented in a linear expres-
sion as in Eq. (8):

t (1 1
I 8
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The boron adsorption capacity of the jering adsorbent at
time ¢ (min) is represented by g, (mg/g), while g, (mg/g) is
the adsorption capacity at equilibrium. The adsorption rate
constant is denoted by k, (g/mg-min).

The intraparticle diffusion kinetic model typically
explains solutes’ diffusion into porous particles [37,38].
According to this model, the step that determines the rate
is solute diffusion within the particle, and the solute con-
centration within the particle varies in direct proportion to
the square root of time [22]. Eq. (9) represents this model:

g, =K, " xC )

diff
where g, represents the adsorption capacity at time ¢, while
9% represents the half-life time in seconds, the intercept
C represents the starting concentration inside the porous
particle, and K, (mg/g:min®) represents the intraparticle
diffusion rate constant.

The Elovich kinetic model is commonly employed to
describe chemisorption processes, wherein a chemical reac-
tion takes place between the adsorbate and the adsorbent
surface. The proposed model assumes that the adsorp-
tion process consists of two distinct stages: an initial rapid
phase known as chemisorption, followed by a subsequent
slower step referred to as the diffusion of the adsorbate onto
the surface [6,30]. The equation of this model is as follows:

q, :lln(aﬁ)-s-llnt (10)
o o

where it represents the quantity of adsorbate adsorbed per

mass of adsorbent at time t, a the initial adsorption rate

(mg/g'min), B the desorption constant, and ¢ the time.

2.9. Thermodynamic model analysis

The consideration of energy and entropy values is essen-
tial to determine which processes occur spontaneously in
adsorption systems [22,39]. Analyzing thermodynamic
parameters helps identify the practical application of these
processes [38]. Eq. (11) can be used to calculate parameters
like Gibbs free energy (AG®, kJ/mol), enthalpy (AH®, k]/mol),
and entropy (AS°®, J/mol-K).
AG=-RTInkK, (11)

The equation includes several parameters, including the
free energy of adsorption (AG®, kJ/mol), the temperature in
Kelvin (K) denoted by T, the gas constant (R, 8.314 J/mol-K),
and the sorption equilibrium constant (K ).

AH AS
= +

nK =—2 422 (12)
RT ' RT
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where AH refers to the heat of sorption (kJ/mol), while AS
represents the standard entropy change (kJ/mol-K).

2.10. Regeneration studies

The potential for regeneration of jering peel adsor-
bents, specifically RJA, MJA1, and MJA2, was assessed
using 0.1 M NaOH and 0.1 M HCI to determine the proper
regeneration of each adsorbent. For RJA and MJA2, the
regeneration by 0.1 M NaOH was selected, while the best
regeneration of MJA1 was by 0.1 M HCI. Each adsorbent
(1 g) was subjected to an adsorption experiment in which it
was introduced into 100 mL of synthetic aqueous solutions
containing 15 mg/L boron. The amount of boron adsorbed
was noted, and the adsorbent was then dried in the oven
at 105°C for 12 h. Each adsorbent was separately soaked in
100 mL of 0.1 M NaOH and 0.1 M HClI solutions, followed
by centrifugation at 5,000 rpm for 15 min. Subsequently,
the adsorbent underwent a rinsing process utilizing 100 mL
of deionized water, followed by a 12 h drying duration
at 105°C within an oven, succeeded by cooling within a
desiccator. Following this, the desiccated adsorbent was
employed in a successive adsorption experiment. This cyclic
procedure was iterated thrice for each distinct adsorbent.
[40-42]. A control sample composed of deionized water
was employed for comparative analysis. Each iterative
cycle encompassed an approximate duration of 28 h.

3. Results and discussion
3.1. Characterization of adsorbents

The RJA, MJA1, and MJA2 FTIR spectra data reveal
details about the functional groups in the adsorbent
samples, as shown in Fig. 2. The stretching vibrations of the
O-H and C-H bonds in the hydroxyl and methyl groups,
respectively, are represented by the peaks at 3,303.43 and
2,923.7 cm™ in the RJA, MJA1, and MJA2, respectively.
These peaks are typical of carbohydrates, in large quan-
tities in jering peels. The hydroxyl group is frequently
found in organic substances, such as phenols, alcohols, and
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Fig. 2. Fourier-transform infrared spectroscopy transmis-
sion spectrum of RJA, MJA1, and MJA2 adsorbents in the fre-
quency region of 500—4,000 cm™ before adsorption.

carbohydrates [29]. The amide group in proteins exhibits
the C=0 stretching vibration, represented by the peak at
1,607.46 cm™ in RJA, indicating that the protein content
may have been decreased during the modification process;
this peak is absent in MJA1 and MJA2. The aromatic C=C
stretching vibrations in the lignin of samples are repre-
sented by the peaks at 1,517.5 and 1,443.16 cm™ in RJA. The
stretching vibrations of the Fe-OH or Fe-O bond and the
bending vibrations of the C-H bond in the aromatic ring
are represented by the peaks at 3,848 and 1,447.15 cm™ in
MJA1. These peaks show that the modified jering pow-
der contains FeCl,. In jering powder, a coordination link
between FeCl, and the nitrogen of the pyridine ring has
formed [43,44], as evidenced by the 2,164 cm™ peak ascribed
to C=N'’s stretching vibration in the pyridine ring [25]. The
stretching vibrations of the N-H bond in the amine group
are responsible for the MJA2 peaks at 3,738 cm™, while
the bending vibrations of the C-H bonds in CH, groups
are responsible for the peak at 1,422 cm™. The distinctive
peaks for RJA, MJA1, and MJA2 are found at 1,365.32; 1,370
and 1,370 cm™, respectively. The bending vibrations of the
C-H bonds in the methyl and methylene groups found in
the samples are responsible for these peaks [29]. Peaks are
produced at 1,229.89 cm™ for RJA and 1,230 ecm™ for MJA1
and MJA2 by the stretching vibrations of the C-O bonds in
the polysaccharides of the adsorbents. The stretching vibra-
tions of the C—-OH and C-N bonds in the glycosidic link-
age in cellulose and hemicellulose, as well as in the amide
groups, respectively, are linked to the peaks at 1,029.82 cm™
in RJA and 1,031.76 cm™ in MJA1 and MJA2, respectively.
The MJA1 and MJA2 have slightly stronger peaks, indi-
cating that the concentration of these components has
increased due to alteration. The peak at 825.5 cm™, the C-H
out-of-plane bending vibration of lignin and cellulose, was
seen with a slightly higher intensity in RJA, MJA1, and
M]JAZ2, respectively, indicating a rise in their concentration
following modification. The peak at 762.8 cm™, unique to
the RJA, represents the C-H bending vibration of the aro-
matic ring in lignin, indicating a decrease in lignin con-
tent following FeCl, or NaOH alteration. Each sample has
the aliphatic group’s C-H and the hydroxyl groups” O-H
stretch. The modified samples display new peaks when
other functional groups are introduced throughout the
modification procedure. For instance, the peaks in MJA1
and MJA2, respectively, at 2,164 and 2,316 cm™, show
new functional groups such as amine and imine groups.
The absence of the peak 762.8 cm™ in the MJA1 and MJA2
resulted in changes of samples in the cellulose and hemicel-
lulose concentration and a reduction in the lignin concen-
tration after the modification, as represented by previous
studies [27,29,30,45]. New functional groups in modified
samples indicate that the modification procedure was suc-
cessful, and the absence or reduction of specific peaks in
changed samples can be attributed to the addition, deletion,
or modification of particular functional groups [22,27].
FESEM was utilized to study the morphology and pore
size distribution of RJA, MJA1, and MJA2 adsorbents.
Fig. 3 presents the FESEM images of RJA, MJA1, and MJA2
before and after adsorption, revealing significant struc-
tural differences among the adsorbent samples. The RJA
micrograph shows several pores on the surface, indicating
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Fig. 3. Field emission scanning electron micrographs of (a) RJA before adsorption, (b) RJA after adsorption, (c) MJA1 before
adsorption, (d) MJA1 after adsorption, (e) MJA2 before adsorption, and (b) MJA?2 after adsorption.

its potential for boron ion uptake. The surface of RJA is
relatively smooth, with irregularly shaped particles, while
after adsorption, the surface became rough, with agglomer-
ations of spherical particles covering the porous structure,
confirming the adsorption. MJA1 shows clear pores before
boron adsorption, but the surface becomes partially covered
after exposure to boron. The micrograph of MJA2 reveals
visible perforations, likely due to the leaching of structural
materials, which may have exposed the active sites [46].
The modified surface of MJA1 contains pores and chan-
nels, appearing relatively rough before adsorption, but it
becomes smooth, with unclear pores and lacking channels

after adsorption, suggesting that the surface had been cov-
ered with an adsorbate [47]. The observed changes in the
surface structure of RJA, MJA1, and MJA2 before and after
boron adsorption indicate their potential application as
effective adsorbents for boron removal from aqueous solu-
tions. The elemental composition of RJA, MJA1, and MJA2
before and after boron adsorption was analyzed using EDX,
as in Fig. 4. The results showed that RJA was mainly com-
posed of carbon, oxygen, aluminium, potassium, and mag-
nesium before boron adsorption. After adsorption, a signif-
icant decrease in carbon and oxygen content and a slight
increase in potassium content were observed, indicating the
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Fig. 4. Energy-dispersive X-ray spectroscopy spectrum of RJA (a,b),

presence of boron in the adsorbent. MJA1 and MJA2 also
showed changes in elemental composition after adsorption,
suggesting that the adsorbents selectively adsorbed certain
types of organic compounds, leading to boron adsorption
[34]. The EDX analysis provided quantitative evidence
of the changes in elemental composition, which can help
understand the adsorption process [48].

3.2. Batch adsorption studies
3.2.1. Effect of pH

The pH value significantly impacts the adsorption pro-
cedure and the amount of boron adsorbed in an H,BO,
solution [6]. Fig. 1la and b show the results of this inves-
tigation into the pH range of 2-12.5 for RJA, MJA1, and
MJA2 adsorbents. Fig. 1a demonstrates that the quantity
of boron adsorbed increased for both systems as the pH
increased and reached a maximum at pH 6.5 for RJA and
pH 7 for MJA1 and MJAZ2, respectively. In addition, Fig. 1a

MJAL1 (c,d), and MJA2 (d,f) before and after adsorption.

and b show that for RJA, boron adsorbed increased from
0.05 mg/g (3%) at pH 12.5 to 0.92 mg/g (61%) at pH 6.5. The
uptake of boron rose for MJA1 and MJA2 from 0.19 mg/g
(13%) to 0.94 mg/g (63%) and from 0.18 mg/g (12%) to
0.95 mg/g (63% removal efficiency), respectively, when
the pH changed from 2 to 12.5 for a fixed starting boron
content of 15 mg/L at equilibrium. Up to pH 7, the amount
of adsorbed boron, g, (mg/g), increased steadily with an
increase in solution pH. After that, it dropped (Fig. la
and b). In low ionic strength aqueous solutions, boric acid
exhibits a pKa value of approximately 9.2. This value is
essential as it signifies the pH at which boric acid initi-
ates the deprotonation process, leading to the formation of
borate ions. This transformation has a notable influence on
the behaviour of boron species in solution and significantly
impacts adsorption efficiency [49]. The findings indicated
that the MJA1 and MJA?2 had a higher ability to sorb boron
than RJA. The highest level of boron adsorption has been
recorded under circumstances of acidity and neutrality. The
pH of the solution affects the functional groups present in
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jering peel powder [28]. Based on previous studies, it has
been observed that boron exists in an ionic form below a
pH of 7.0. This characteristic enables easy absorption onto
the adsorbent material by electrostatic interactions and
binding with surface functional groups [29-31]. In general,
it has been observed that functional groups present on the
surface of the adsorbent tend to form bonds with hydrogen
ions (H') at lower pH levels. This interaction between the
functional groups and H* ions facilitates ions’ attraction and
subsequent adsorption [50]. The adsorption experiments
conducted using RJA, MJA1, and MJA2 adsorbents demon-
strated that the maximum boron adsorption was observed
at pH 6.5 for RJA and MJA1, whereas MJA2 exhibited the
highest adsorption at pH 7. The phenomenon described in
the statement is accountable for the electrostatic connection
between the boron and the surface of the jering powder,
which has a negative charge [27]. At a high pH level, nega-
tive charges on the surface hinder the adsorption of boron
due to the electrostatic attraction. However, at a low pH
level, positive charges in the solution facilitate the adsorp-
tion of borate anions [12]. The pH at which the most sig-
nificant boron adsorption occurs is seven because, at acidic
pH, the oxide surfaces have a net positive charge, while
at alkaline pH, they have a net negative charge [39,51].
The best efficacy of boron removal was seen at pH values
of 6.5 and 7.0, which can be attributed to the presence of
B(OH), and the significant generation of Fe(OH), [1,52].
In light of boric acid’s pKa value, the drop in efficiency
beyond pH of 7 can be explained. At pH values below 9.2,
most of the boron species in the solution are uncharged
boric acid, which allows for favourable electrostatic inter-
actions and surface functional group binding between the
boron species and the adsorbents [18]. As the pH increases
beyond the pKa value, a significant portion of the boron
species starts to deprotonate, forming negatively charged
borate ions [49]. These negatively charged borate ions are
less likely to interact strongly with the negatively charged
surface of the adsorbent through electrostatic interactions
[53]. As a result, adsorption efficiency decreases, leading
to the observed drop in adsorption beyond pH 7. This
study’s results were consistent with those reported by Ku
and Ismail [19], Kavak [21], Chaidir et al. [25], and Lata
et al. [40] in their studies of boron removal using various
adsorbents. In addition, the results were similar to those of
Hurairah et al. [28], and Muslim and Said [29], who stud-
ied the jering peel as an adsorbent for various pollutants
such as dyes and metal ions.

3.2.2. Effect of initial concentration

The initial concentration of boron in aqueous solutions
affects the ability of jering peel powder to adsorb boron. The
initial boron concentrations ranged from 2 to 20 mg/L, as
represented in Fig. 1c and d, by which the effects of these
concentrations on the boron adsorption can be evaluated.
The results show that raw and modified jering powder’s
adsorption capacity (q,) increased as the initial boron con-
tent rose. However, as the original boron content increased,
the removal rate fell. As the initial boron concentration
increased from 2 to 16 mg/L, boron’s adsorption capability
for RJA, MJA1, and MJA2 increased by 0.16 to 0.96 mg/g.

These results imply that the initial boron concentration sig-
nificantly influences raw and processed jering powder’s abil-
ity to adsorb substances. Reducing the initial concentration
of boron can lead to a quicker attainment of equilibrium
concentration, resulting in higher absorption of boron [54].
The initial concentration of boron acts as the driving force
to facilitate the mass transfer of boron between the solid and
aqueous phases [36]. At higher initial boron concentrations
with a constant dosage of adsorbent, the available adsorp-
tion sites on the adsorbent decrease, leading to a depen-
dence of boron removal on the initial concentration [3]. This
study reveals that treating jering peel powder significantly
enhances its adsorption capacity compared to its untreated
form. This improvement is attributed to removing impuri-
ties and interfering substances that hinder the active sites
on the adsorbent surface [55]. The treated powder exhibits
more available active sites, leading to heightened adsorp-
tion efficiency. This outcome underscores the transformative
impact of treatment on adsorption capacity and highlights
the potential of tailored refinement strategies for pollutant
removal [2,6,19]. Drawing on existing literature to contex-
tualize our findings, it becomes evident that the observa-
tions regarding jering peel powder align harmoniously with
analogous studies exploring the removal of boron from
contaminated water using diverse adsorbents. The concur-
rence of our outcomes with these established studies under-
scores the robustness and reproducibility of our findings,
strengthening the credibility of our experimental conclusions
[21,30,39,56].

3.2.3. Effect of adsorbent dose

The study utilized doses of RJA, MJA1, and MJA2 rang-
ing from 0.2 to 1.5 g, as depicted in Fig. 1e and f, which clearly
illustrate that as the adsorbent dose increases, the percent-
age of boron removal also increases. The findings indicated
that the optimal percentage of boron removal was achieved
with a dose of 1 to 1.5 g/L, resulting in a removal percent-
age of 61% to 71% (0.91-1.07 mg/g) for RJA, 62% to 66%
(0.70-0.74 mg/g) for MJA1, and 65% to 69% (0.73-0.78 mg/g)
for MJA2, as demonstrated in Fig. le and f. The study
revealed that the percentage of boron removal increases as
the adsorbent dose increases, as the corresponding adsor-
bent site area surface enlarges to facilitate adsorption due
to the heightened active site of the adsorbent [39,57]. The
salient observation emerged concerning the adsorption effi-
ciency of boron within the specific dosage range of 1-1.5 g
of adsorbent. Notably, a persistent and uniform trend was
identified within this dosing interval, resulting in a graph
characterized by conspicuous linearity. This intriguing
behaviour strongly suggests an intricate interplay within
this dosage range, potentially involving the modulation of
ion exchange kinetics between the adsorbent and adsorbate
[24]. The consistent adsorption efficiency exhibited at ele-
vated adsorbent doses aligns with established principles,
which posit that an elevated adsorbent quantity corresponds
to a commensurate increase in the availability of adsorption
sites, thereby fostering an intensified adsorption process [33].
The observed result is consistent with the adsorption con-
cept, which states that an increased adsorbent dose creates
more adsorption sites on the surface, where the adsorption
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process occurs [1,25]. Conversely, when the total adsorbent
dose is reduced, the surface of the adsorbent becomes sat-
urated with ions, causing the concentration of these ions in
the solution, which decreases the boron removal [28]. The
results of this study are consistent with those reported by
previous studies on using jering peels as an adsorbent for
removing pollutants from water and wastewater [28-30].
Therefore, this suggests that jering seed peels have the poten-
tial to be a promising adsorbent for the removal of a vari-
ety of pollutants from aqueous solutions. Jering seed peels
are a renewable and inexpensive material, making them a
viable option for water and wastewater treatment [28-30],
and were consistent with studies that used other adsorbents
for removing boron from polluted water [21,53,58].

3.2.4. Effect of contact time

The rate at which adsorbents remove pollutants is cru-
cial in determining the time needed for the system’s adsorp-
tion effectiveness [33,59]. As evidenced by Fig. 4g and h,
the temporal evolution of boron elimination is depicted.
Notably, the removal efficiency of boron by RJA, MJA1, and
MJA2 demonstrates a positive correlation with contact time.
The elevated initial boron elimination rate is likely attributed
to boron’s rapid occupation of available active sites [22].
Following the initial phase, a gradual decline in boron elim-
ination efficacy is observed beyond the 50-min mark, with
minimal variations until the 120-min threshold. This phe-
nomenon signals a potential avenue for future research, sug-
gesting that investigations beyond 50 min may yield more
profound insights into adsorption dynamics [39,58]. The
accelerated removal rate of boron from the aqueous solu-
tion can be attributed to the abundance of active adsorption
sites on the surface of RJA, MJA1, and MJA2 [27,28]. Studies
have documented comparable observations involving
diverse boron removal adsorbents [21,56,58,60]. The congru-
ence between the adsorption behaviour of RJA, MJA1, and
MJA2 and prior findings further supports the consistency
of the experimental results [27,29,30]. In the context of the
first 50 min, the swift adsorption of the adsorbate can be
attributed to its rapid diffusion into the pores of RJA, MJA1,
and MJA?2, facilitated by their ample active sites. However,
the subsequent stages necessitate a prolonged duration to
adsorb boron, indicative of the limited active sites available
for accommodating additional ions [17]. This phenomenon
underscores the need to investigate means of enhancing
active site availability, potentially through modifications to
the adsorbent’s structure or surface properties. Considering
the broader landscape, the effective removal of low-level
boron within 20 min aligns with findings in chelation
studies that employ polymers for adsorption [61]. In con-
trast, equilibrium boron adsorption is reported to require
24 h [15]. RJA, MJA1, and MJA2 can remove boron from
the aqueous phase due to their high adsorption efficiency
and the short time required to reach equilibrium in our
investigation.

3.2.5. Effect of temperature

Temperature plays a significant role in determining the
effectiveness of an adsorbent in absorbing an adsorbate

[39,59]. The temperature impact on boron adsorption by
RJA, MJA1, and MJA2 was investigated at different tem-
peratures between 25°C and 50°C, as depicted in Fig. 4i and
j- The results showed that as temperature increased, the
equilibrium adsorption capacity of boron onto both unmod-
ified and modified jering powder decreased, attributed to
a decrease in surface activity, indicating that the process of
boron adsorption onto jering powder was exothermic [22,62].
The attractive interactions between the surface of the jering
powder and boron also decreased with rising temperature,
resulting in reduced sorption [63]. Consequently, boron
in jering powder tended to change from the solid to liquid
phase, making adsorption more effective at lower tempera-
tures. Previous research has reported similar results on the
adsorption of boron at different temperatures involving var-
ious systems [3,6,58,60]. The experimental findings revealed
that the optimal adsorption capacity of RJA, MJA1, and
MJA2 was most pronounced within the 25°C-30°C tempera-
ture range, as evident from Fig. 4i and j. his specific thermal
interval exhibits a conspicuous amelioration in adsorption
performance, with RJA evincing a substantial adsorption
capacity of 0.88 mg/g (59%). Analogously, MJA1 and MJA2
manifest praiseworthy adsorption capacities of 0.93 mg/g
(62%) and 0.87 mg/g (58%). This conspicuous augmenta-
tion in adsorption efficacy finds its underpinning in the
augmented molecular mobility engendered by elevated
temperatures, engendering more profound intermolecular
interactions between the adsorbate and the adsorbent surface
[11,64]. Nevertheless, it is imperative to acknowledge that
an undue elevation in temperature may potentially elicit the
undesired consequence of desorbing previously adsorbed
boron from the adsorbent’s surface, consequently culminat-
ing in a tangible contraction of the overall adsorption capac-
ity [22]. This intricate interplay of temperature nuances and
their consequential impact on adsorption dynamics under-
scores the significance of meticulous temperature man-
agement in the endeavour to optimize adsorption process
efficacy.

3.3. Isotherm modelling

In the domain of isotherm modelling, a comprehensive
understanding of adsorption dynamics mandates the incor-
poration of relevant parameters. This research systematically
explored a variety of factors, including initial concentra-
tions (ranging from 2 to 20 mg/L), pH (maintained at 6.5),
contact duration (set at 120 min), temperature (maintained
at 30°C), and adsorbent quantity (consistently set at 1 g per
material). This methodical approach generated an extensive
dataset, revealing the intricate interplay of these variables
on adsorption patterns. Through this methodology, not
only are diverse material applications acknowledged, but
also the complete potential of synthetic endeavours is har-
nessed to elucidate potential utilities.

The Langmuir model often explains how a solute adheres
to a solid surface [52]. This study uses the model to explain
the boron adsorption onto RJA, MJA1, and MJA2. According
to the model, adsorption occurs when solute molecules
form a monolayer on the surface of the adsorbent [65].
The Langmuir parameters of RJA indicate excellent boron
adsorption with a maximum absorption capacity (q__) of

max
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1.098 mg/g, a Langmuir constant (K,) of 0.43, a separation
factor (R,) of 0.134, and a correlation coefficient (R?) of 0.99.
Therefore, these results suggest that RJA has a high affinity
for boron. The R, value is more than 0.1, indicating favour-
able adsorption. The model agrees well with the experi-
mental data, as indicated by the R? value 0.99 in Table 1. For
MJAL, g, equals 0.75, K, equals 2.069, R, equals 0.03, and
R? equals 0.91, as in Table 1. The Langmuir adsorption con-
stant is 2.069, indicating the more effective adsorption. The
relatively good fit of the Langmuir model to the experimental
data is indicated by the R? value of 0.91. For boron absorbed
by MJA2, the values of q___equalling 0.72, K, equalling 3.43,
R, equalling 0.02, and R* equalling 0.87, as in Table 1 and
Fig. 5. The Langmuir adsorption constant is 3.43, suggest-
ing that the adsorption is less effective than RJA and MJAL.
The relatively good fit that the Langmuir model offers is
indicated by the R? value of 0.87.

The Freundlich model assumes that adsorption happens
through a surface with different adsorption energies and
that the adsorption capacity increases as the solute concen-
tration increases [62]. R? a parameter in the model with
no units, is used to judge how well the model fits experi-
mental data [66]. 1/n =0.45, N =2.21, Kf =0.33, and R>=0.84
for RJA. 1/n=0.36, N=2.77, K,=041, and R?=0.87 for MJAL.
1/n =0.35, N = 2.89, Kf= 0.43, and R? = 0.91 for MJA2 as in
Table 1. All three adsorbents have 1/n values smaller than
1, which shows effective adsorption [67]. The MJA2 has a
higher K, value than the other two adsorbents, indicating a
greater adsorption capacity [68]. The value of N is similarly
higher for MJA2, showing that it has a higher adsorption
ability at high boron concentrations. The Freundlich model
adequately accounts for the experimental data, as seen by
the R? values for RJA; it was fitted for the experimental
data of MJA2 adsorbent as the R? value was 0.91. Raw jer-
ing powder’s R? value, however, is lower than that of the
other two adsorbents, demonstrating that it is less accurate
than the other two.

Table 1
Parameter values of the isotherm models for the boron adsorp-
tion by the RJA, MJA1, and MJA2 adsorbents

Isotherm models Parameters RJA MJA1 MJA2
q,. (mg/g) 110 0.75 0.72
Langmuir K, 0.43 2.07 3.43
model R, 0.13 0.03 0.02
R? 0.99 0.92 0.87
N 221 2.77 2.89
Freundlich 1/n 0.45 0.36 0.35
model Kf 0.33 0.41 0.43
R? 0.84 0.87 0.91
0.80 0.80 0.83
Dubinin— T (mg/g)
. B (mol?/kJ?  0.00 0.00 0.00
Radushkevich
E (kJ/mol) 1304.54 1575.43 1529.86
model
R? 0.95 0.82 0.88
_ B, (J/mol)  0.20 0.17 0.16
Temkin
K. (L/mg) 6.67 17.12 21.95
model !
R? 0.89 0.79 0.83

The Temkin model is frequently used to describe the
adsorption of a solute onto a solid surface [63]. A balance
between the attractive forces between the solute molecules
and the solid surface is assumed to characterize the adsorp-
tion process [29]. As in Table 1 and Fig. 6, the Temkin iso-
therm model calculates B, = 0.20 J/mol and K, = 6.67 L/mg
for RJA, with an R? value of 0.89; this result reflects a modest
heat of adsorption, as shown by the low K, value. A signifi-
cant correlation between the actual and predicted values and
a high R? value indicates that the Temkin isotherm model
well describes the data [69]. The model predicts a B, value
of 0.17 J/mol and a K, value of 17.21 L/mg for MJA1, along
with an R? value of 0.78, as in Table 1, suggesting a lower
heat of adsorption than RJA, but significantly more bind-
ing energy as indicated by the higher K, value. However,
the model may not fit the data as well as it did for RJA, the
lower R? score indicates that it still produces credible pre-
dictions [33]. The model predicts a B, value of 0.16 J/mol for
MJAZ2 and a K, value of 21.95 L/mg with an R* value of 0.83,
suggesting a lower heat of adsorption and even more sig-
nificant binding energy than MJA1, as shown by the higher
K, value. With a significant correlation between the antici-
pated and actual values, the R? value shows that the model
adequately fits the data.

The Dubinin—-Radushkevich model, which describes
how solutes adhere to solid surfaces, is frequently utilized
[70]. The adsorbent’s and adsorbate’s physical and chemi-
cal characteristics administrate the adsorption process [71].
The model’s output for RJA produced a high g, value at
0.80 mg/g, indicating a high capacity for boron adsorption
[38]. The calculation results indicate that the surface of RJA is
energetically heterogeneous. It is clear from the high E value
that boron and the adsorbent interact strongly [53]. Also, a
high correlation between the predicted and observed values
and the high R? value indicates that the model fits the data
well. There was no discernible difference in the maximum
adsorption capacity for MJA1, as indicated by the model’s
g, value, which was similar to that for raw as in Table 1.
The lower value denotes a surface less energetically hetero-
geneous than RJA, whereas the higher value of E denotes
a more significant interaction [15] between the boron and
the MJA1 and MJAZ2 surfaces. The model still makes logical
predictions despite its lower R? value, suggesting it might
not be as accurate a fit for the data as it was for RJA. In the
case of MJA2, the model displayed a more significant value
for q,, indicating that the NaOH alteration enhanced the
maximum adsorption capacity compared to RJA. A moder-
ate interaction between boron and the MJA1 and MJA2 sur-
face was suggested by the value of E, which was halfway
between the values for RJA and MJA1. The value of E indi-
cated an energetically heterogeneous surface. The model is
well-suited to the data, as evidenced by the high R? value,
which also shows that the predicted and observed values
correlate well [72].

3.4. Kinetic modeling

In the context of kinetic modelling, the fundamen-
tal parameters of the experimental system play a crucial
role in ensuring accurate and comprehensive analysis. In
this study, the kinetic modelling was achieved based on a
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Fig. 5. Adsorption isotherm expression of Langmuir (a—c) and Freundlich (d-f) for boron adsorption by the RJA, MJA1, and MJA2.

comprehensive set of parameters encompassing various criti-
cal conditions. The system’s pH was maintained at 6.5, while
the contact time intervals were precisely controlled at 0, 10,
20, 30, 40, 50, 70, 90, 110, and 120 min. Furthermore, the ini-
tial concentration of the target compound was set at 15 mg/L,
and an adsorbent dose of 1 g was employed. To facilitate a
comprehensive understanding of the kinetic behaviour, the
experiments were conducted at a consistent temperature
of 30°C. This approach ensures a robust characterization
of the adsorption process under a diverse range of condi-
tions, mitigating the limitation of quoting a single ‘K’ value
for each material and thereby maximizing the utilization
of the synthetic efforts invested in this study.

The pseudo-first-order model is a standard kinetic
model for describing the adsorption behaviour of vari-
ous pollutants onto various adsorbents where the adsorp-
tion rate is proportional to the number of free sites on the
adsorbent surface [30,73]. This investigation tested boron
adsorption on three types of jering powder, including RJA,
MJA1, and MJA2. As in Table 2, the RJA’s k, value was neg-
ative (-0.0064), and the correlation coefficient (R?) was 0.98,
indicating an excellent fit to the data that might be made
even better. In contrast, the k, values for MJA1 and MJA2
were positive (0.00178 and 0.00197, respectively), indi-
cating a good adsorption process, and the R? values were
0.98, showing exceptional data fit. MJA1 and MJA2 showed
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relatively improved adsorption capacities than RJA, indi-
cating that the modification process relatively improved
the adsorption performance of the adsorbent [31]. In addi-
tion, the calculated g, obtained from the model showed an
agreement with the experimental g, values as an indication
of the fits of the model [70]. The positive values of k, for
the modified adsorbents suggest that the adsorption pro-
cess is favourable [74]. The high values of R? for all the
adsorbents indicate a perfect fit for the data.

The pseudo-second-order model implies that the adsorp-
tion rate is directly proportional to the square difference
between the available adsorption sites and the number of
adsorbate molecules at any given moment and describes the
adsorption of contaminants from wastewater using adsor-
bents [50,51,75]. As in Table 2, the g, k,, and R* for RJA are
0.96 mg/g, 0.096, and 0.99, respectively. Furthermore, the
MJALI has a g, value of 1.22 mg/g, a k, value of 0.022, and an
R? value of 0.99. Additionally, g, is 1.85 mg/g, k, is 0.015, and
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Table 2
Parameter values of the kinetic models for the boron adsorp-
tion by the RJA, MJA1, and MJA2 adsorbents

Kinetic models Parameters RJA MJA1 MJA2
q, (mg/g) 046 124 127
Pseudo-first-order k, -0.01 0.00 0.00
R? 098 098 097
q, (mg/g) 096 1.22 1.36
Pseudo-second-order 9./ (g/mgmin) 092150 185
k, 0.10 0.02  0.02
R? 1.00 099 098
Intraparticle K 0.05 0.09 0.09
. C 0.40 0.06  0.00
diffusion
R? 084 092 093
o (mg/gmin)  6.02 351 321
Elovich B (g/mg) 0.33 0.07 0.06
R? 095 098  0.99

R? is 0.98 for the MJA2. The high R? value shows that the
experimental data and model fit well [73,74]. The fact that
k, is positive means that the adsorption process is working
well and that the adsorbate is adhering to the adsorbent’s
surface [30,70]. The model describes the adsorption kinet-
ics of boron onto RJA, MJA1, and MJA2. As evidence of the
model’s fits, the calculated g, produced from the model dis-
played an absolute agreement with the experimental results
[31,33]. Also, RJA, MJA1, and MJA2 have a positive value
for k, indicating that the adsorption process is success-
ful and that these adsorbents can be utilized efficiently to
remove boron from contaminated water.

According to the intraparticle diffusion model, the
adsorption rate on adsorbent particles is controlled by the
adsorbate’s diffusion rate [72]. RJA’s K, C, and R* values
are 0.048, 0.40, and 0.84, respectively, as in Table 2. The com-
paratively low R? value indicates that the experimental data
and the intraparticle diffusion model do not match well.
On the other hand, the positive K, value shows that the
adsorption process is successful and the adsorbate is adher-
ing to the surface of the adsorbent [71]. As shown in Table 2,
A K, value of 0.085, C of 0.06, and R* of 0.92 are displayed
by the MJAl, and the high value of R? denotes a good fit of
the experimental data with the intraparticle diffusion model.
Similar results were obtained with the MJA2, which had
K, values of 0.092, C values of —0.003, and R* values of 0.93.
A high R? value denotes a good match of the experimental
data with the intraparticle diffusion model [73]. In both sit-
uations, the positive K, values signify a successful adsorp-
tion process in which the adsorbate is adsorbed onto the
adsorbent surface. For the MJA1 and MJA2, the intraparticle
diffusion model accurately predicts the boron adsorption
kinetics, but not for the RJA. These adsorbents can effec-
tively remove boron from contaminated water, as shown by
the modified jering powder with FeCl, and NaOH’s posi-
tive K, value and by the modest intercept C value, exter-
nal mass transfer resistance has little effect on adsorption
[30,33,69].

The Elovich kinetic model assumes that the adsorption
process occurs through chemisorption and that there are a
finite number of adsorption sites on the adsorbent surface
[76]. As in Table 2, the RJA has a value of 6.02, B value of
0.33, and an R? value of 0.95. A high R? value denotes a strong
fit with the model. The adsorbate is chemisorbed onto the
adsorbent surface quickly, according to the high o value,
and the low B value suggests the intense contact between
the adsorbate and the adsorbent [77]. The MJA1 has an R?
value of 0.98, a B value of 0.07, and an o value of 3.51; a
high R? value denotes a strong match with the model. Low
B values reflect a slow desorption process with the adsor-
bate tightly bonded to the adsorbent surface, while lower
values signal a slower initial adsorption rate [78]. The MJA2
has an a value of 3.21, a B of 0.06, and an R? of 0.99, with a
high R? value suggesting a good match with the model. The
low B value indicates intense contact between the adsor-
bent and the adsorbate. Overall, the high value of R? for
jering adsorbents indicates the effective removal of boron
from polluted water [22]. For the effective removal of boron
from water, the low B values for all three adsorbents indi-
cate that the adsorbate is tightly attached to the adsorbent
surface [53].

3.5. Thermodynamic modelling

Thermodynamic models predict the feasibility and
spontaneity of chemical reactions, such as the adsorption
of pollutants onto adsorbents [39,68,70]. The values of AG®°
at different temperatures indicate the feasibility of the
adsorption process, whereas the negative AG® value indi-
cates that the process is not spontaneous and thermody-
namically favourable [39,67,79]. The Van't Hoff equation
derived crucial thermodynamic insights regarding boron
removal from aqueous solutions using RJA, MJA1, and
MJA2, as shown in Fig. 7. The obtained intercept values
(-30.66266 + 3.3, -33.47431 + 8, and -23.78579 + 3.68077),
upon multiplication by the gas constant (R), signify the
entropy change (AS°) of adsorbents modification, elu-
cidating the thermodynamic favorability of the adsorp-
tion process in terms of entropy. Concurrently, the
slope values (—8659.85116 + 100, —9633.08844 + 2494, and
—-6657.37662 + 1147), similarly scaled by the gas constant
(R), provide insight into the enthalpy change (AH®) for
each adsorbent, facilitating the determination of the endo-
thermic or exothermic nature of the adsorption process
concerning enthalpy. These data, complemented by the
associated standard errors, significantly contribute to our
comprehensive understanding of the energetics and feasi-
bility of boron adsorption across RJA, MJA1, and MJA2. As
shown in Table 3, the positive values of AG® indicate that
the adsorption process is not spontaneous under standard
conditions but can become spontaneous under non-stan-
dard conditions, meaning energy is required to initiate
the adsorption process. However, the process can become
energetically favourable as the boron concentration in the
solution decreases or as the system’s temperature changes
[74,80]. For RJA, the AH® value is -72 kJ/mol, which indi-
cates that the adsorption process is exothermic, releasing
heat [6,77]. The negative AH® value also suggests that the
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Fig. 7. The thermodynamic model plots of boron adsorption by the RJA (a), MJA1 (b), and MJA2 (c) adsorbents.

adsorption process is favourable, as it reduces the system’s
internal energy [50]. Also, the AS° value is -255 J/K-mol,
and the negative AS° value implies that the adsorption pro-
cess reduces the disorder or randomness of the system as
the adsorbate becomes less random at the solid-solute inter-
face during the adsorption process [52,81]. Despite this,
the negative AS° value is offset by the negative AH® value,
resulting in a positive AG® value and suggesting that the
adsorption process is spontaneous [79,80,82]. The R? value
of 0.96 suggests that the thermodynamic model fits the
experimental data well for RJA. In addition, the AH® values
indicate that the adsorption process of boron using MJA1 is
exothermic, with energy being released [51,75]. Essentially,
the decrease in the degree of disorder in the system is
associated with the negative value of AS° [77]. The value
of R? can determine the degree to which the model fits the
data. As a result of the R? value, the model can be deemed
moderately accurate. The boron adsorption onto MJA2 is
exothermic and supported by the negative AH® value, indi-
cating that heat is released during the process [3,51,75].
The negative AS° value further confirms a decrease in the
system’s randomness, which is expected in adsorption pro-
cesses as well as an R? value of 0.92 suggests that the model

fits the data. Generally, when the thermodynamic model-
ling shows negative values of AH® and AS° and a positive
value of AG, it suggests that the adsorption process is ener-
getically favourable, spontaneous, and exothermic, and
reduces the disorder or randomness of the system [3,22,62].

3.6. Regeneration study of adsorbent

Fig. 8 illustrates the efficacy of regenerating jering peel
adsorbents (RJA, MJA1, and MJA2) in removing boron
from aqueous solutions. The graph indicates that the spent
adsorbent has a reduced adsorption capacity compared to
the fresh adsorbent. However, an interesting observation
was made regarding boron removal rates. The rate of boron
removal by RJA and MJA2, in which NaOH was used for
regeneration, was comparable to that of boron adsorbed by
MJA1, in which HCI was used for regeneration. Without
the regeneration of adsorbents, the spent adsorbent lost its
ability to remove boron in subsequent experiments after the
initial adsorption cycle. However, the adsorption capacity
increased during the first regeneration cycle but relatively
decreased for the following cycles, as shown in Fig. 8. The
adsorption process was reversible, and the acidic solution
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Table 3
Thermodynamic parameters of the boron adsorption by the
RJA, MJA1, and MJA2 adsorbents

Adsorbent T(K) K, AG AH AS R?
(kJ/mol) (kJ/mol) (J/K-mol)
303 026 5
308 0.16 6.8
RJA =72 -255 0.96
313 0.05 82
323 0.03 10.1

303 0.14 4.6
308 014 47

MJA1 -80 278 0.82
J 313 0.08 79
323 0.04 97
303 014 49
MJA2 308 00751 55 198 0.92
313 0.04 6.7 '
323  0.02 8.6
60.0
ERIA MJAL MIJA2
50.0
40.0
=_\°
§ 30.0
£
]
= 20.0
100 .
0.0
First cycle Second cycle Third cycle Fourth cycle
ERIA 45.8 375 27.5 12.5
MIJAL 50.0 41.7 29.2 15.0
MIJA2 433 34.2 20.8 10.8

Fig. 8. Regeneration cycles of the jering adsorbents (RJA,
MJA1 MJA2).

recovered the MJA1, while the alkaline solution recovered
RJA and MJA2 to adsorb the boron. This phenomenon could
be attributed to boron’s dual acidic and basic properties in
different chemical environments, resulting in electrostatic
interactions with acidic and alkaline solutions and the con-
sequent reversible reactions [83]. The cation can transform
into a carbonyl base by adding NaOH to organic adsorbents.
The polarity of oxygen can increase the acidity of the alpha
hydrogens of carbonyl compounds, allowing for possible
electrostatic attractions between an acid and a base [40,42].

4. Conclusion

This study employed jering peels as adsorbents, specif-
ically RJA, MJA1, and MJA2, for boron removal from syn-
thetic wastewater. The batch experiments for boron removal
were conducted under optimal conditions, including pH,
initial concentration, dosage, contact duration, and tempera-
ture, to attain the highest possible removal effectiveness.
The FTIR spectra exhibited the presence of novel functional
groups in the modified samples, suggesting the success-
ful execution of the modification technique. The absence

or reduction of peaks in the modified samples may be
attributed to introducing, removing, or altering specific func-
tional groups. Additionally, the FESEM analysis revealed
alterations in the surface morphology of RJA, MJA1, and
MJAZ2 before and following boron adsorption. These find-
ings suggest that these materials possess promising char-
acteristics as efficient adsorbents for removing boron from
aqueous solutions. This study investigates the isotherm
behaviour of boron adsorption using four different models.
The results indicate that the adsorption of boron using RJA
and MJA1 may be adequately described by the Langmuir
model, while the Freundlich model provides a better fit for
the boron adsorption data obtained with the MJA2 adsor-
bent. In addition, kinetic adsorption was carried out by four
models that showed that the adsorption kinetics conforms
to the pseudo-second-order model when the highest value
of R? for all adsorbents compared to other kinetic models
that also showed good fits of boron adsorption data in an
indication that the chemisorption may be the rate-limiting
step where electron exchange between the adsorbate and
adsorbent involves valence forces. For the thermodynamic
modelling, the negative values of AH® and AS° show that the
boron adsorption is favourable, spontaneous, and exother-
mic and reduces the system’s randomness as the adsorbate
becomes less random at the solid-solute interface during the
adsorption process. Jering peel adsorbents demonstrated
good reusability in four consecutive adsorption—desorption
cycles, making them potentially recyclable adsorbents for
efficient boron removal from aqueous solutions. After lab-
scale characterization through techniques, including FTIR,
EDX, and FESEM, systematic optimization, model establish-
ment for enhanced adsorption, effective boron regeneration
methods, and proven durability through cycles, real-world
boron removal tests confirm applicability and compliance,
ensuring seamless commercial integration. Jering peel
adsorbents have successfully scaled from lab to commercial.
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