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Abstract

Human and aquatic health is frequently at risk due to dye pollution in aquatic environments. In order to remediate
water contaminated with cationic dye namely brilliant green (BG) dye, a chemically modified almond shell
adsorbent was developed in the present study. The physico-chemical characteristics of modified almond shell
(MAS) were investigated using a variety of characterization techniques, including pHpzc, FTIR, FE-SEM, and
EDS. Studies have been conducted on the impacts of different adsorption parameters, including the pH, dye
concentrations, adsorbent dose, contact time and temperature. The optimized conditions were pH-8, 0.8 g/L of
adsorbent dose, 120 minutes of contact time and temperature 50° C. The BG uptake by modified almond shell
was explained by the monolayer adsorption onto energetically equivalent sorption sites. The Langmuir model
yielded a maximal adsorptive capacity of 121.73 mg BG per g MAS. The kinetic models also showed that the
rate depends on the adsorbent’s adsorptive capacity. The pseudo-second-order model fits BG adsorption well,
with R2 > 0.99. Thermodynamic studies indicated that adsorption is feasible, spontaneous, and endothermic.
This work suggests that MAS warrants further investigation as a potential adsorbent for removing BG dye.

Keywords: Almond shell, Adsorption, Cationic dye, Isotherm studies

Introduction

Water contamination is mostly caused by
industrial dye effluents from plastics, textiles,
leather, and cosmetics. In addition to having an
adverse effect on aquatic ecosystems, dye-polluted
water is a major cause of respiratory infections,
skin irritation, mental illness, and numerous other
public health issues (Jadhav et al., 2010). The
textile sector alone accounts for two-thirds of the
world’s dyestuff production (Sahu and Poler,
2024). Brilliant green is a common dye used in
the pulp, paper, and dyeing industries to provide
intense green hues. It is also used as an
antibacterial and antiseptic (Nandi ez al., 2009).
Brilliant Green is a cationic dye that is far more
toxic than other anionic dyes due to the presence
of azo and amine compounds, which can result
in hazardous breakdown products and pose a
health risk to humans when consumed or come
into contact with them (Nhat Ngo ez al.,2026). BG
irritates the skin, respiratory system, and
gastrointestinal tract, resulting in symptoms
including diarrhea, nausea and stomach pain (Roy

etal., 2018). Conventionally employed techniques
for eliminating inorganic and organic
contaminants from water include chemical
precipitation, ion exchange, membrane filtration,
coagulation and adsorption (Zhao et al., 2020).
Adsorption techniques offer the benefits of
adaptability in application and simplicity in design
that prevents the formation of hazardous
intermediates (Manzoor et al., 2024). Numerous
types of forestry and agricultural waste, including
lignin, rice husk, pine core, chestnut shell etc., have
reportedly been employed as environmentally
beneficial adsorbents (Xu ez al., 2017). Of these,
almond shell powder (ASP) has drawn the most
attention lately because of its outstanding
adsorption capability for the removal of colours
and its widespread availability (Lima ez al., 2019).
The production of almonds generates a lot of
waste, which is typically burned or dumped in
landfills because of almonds’ widespread use as
food. Because buried almond shells are so hard
and take so long to break down, they create an
environmental hazard (Miyah ez al., 2018).
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Here, alkali-gluteraldehyde-treated almond
shell, an appropriate adsorbent, was prepared for
BG adsorption from aqueous solutions. The
adsorption mechanism and kinetics of BG were
also investigated in this work, and several
physicochemical parameters that influence the
adsorption rate and the amount adsorbed were
identified. Adsorption was investigated in relation
to solution pH, initial dye concentration,
adsorbent dose, contact time, and temperature.
This research was conducted in Department of
Chemistry & Soil sciences, C.C.S.H.A.U. Hisar,
Haryana.

Material and Methods

The BG dye removal tests and the almond shell
modifications were carried out using analytical-
grade chemicals from Hi-media Laboratory Pvt.
Ltd. The biomass made from almond shells (AS)
was purchased from the local market in Hisar,
Haryana, India. To obtain the required particle
size, the dry almond shells were crushed and
sieved through a 40—60-mesh screen. 50 mL of 2
M NaOH and 10g of AS were mixed, and the
mixture was stirred for 24 h at 30 °C. After adding
2.5g of ferrous sulphate (additive agent), mixture
was stirred for 4 h. Following this, 10 mL of 10%
gluteraldehyde (crosslinking agent) was added to
the mixture and stirred for 30 min at room
temperature. The filtered residue was washed with
double-distilled water. The process was repeated
until the filtrate’s pH was close to neutral followed
by oven drying for 12 h at 80 °C and named as
MAS (modified almond shell ). The FT-IR spectra
as well as surface morphology of MAS was
acquired both before and after adsorption. A
digital pH meter was used for all pH
measurements. A 100 ppm stock solution of the
BG dye was prepared using deionised water. The
Shimadzu 26001 spectrophotometer was used to
detect the amounts of residual BG dye at 625 nm.
Using BG solution at different concentrations (10,
20, 30, 40, 50, and 60 mg/L), a calibration curve
was calculated. The effectiveness of MAS in
adsorbing BG dye was investigated using batch
studies. To optimize the pH, BG solutions (20
ppm, 20 mL) with varying pH values from 2 to 10
were prepared. BG solutions with several
concentrations (20, 30, 40, 50, and 60 ppm) were

prepared in order to optimize the initial
concentration. Different adsorbent doses (0.2, 0.4,
0.6,0.8,1.0,1.2,and 1.4 g) were added to the BG
solution to optimise the adsorbent dose. For the
optimisation of contact time and temperature,
adsorption studies were carried out at different
temperatures (20°C, 25°C, 30°C, 35°C, 40°C, 45
°C, 50 °C) for different contact times (30, 60, 90,
120, 150, 180 and 210 min). By conducting batch
studies, the reaction parameters pH, dye solution
concentration, amount of adsorbent, contact
time, and temperature were optimised. As
recommended by Kayan and Kayan (2007), the
removal efficiency (%) and adsorptive capacity (qt)
were determined using equation (1) and (2),
respectively.

Removal efficiency (%) =

Initial concentration — Final concentration

x 100
Initial concentration

Eq. (1)
Adsorptive capacity =
Initial concentration — Final concentration

X Volume
Initial concentration
Eq. (2)

The experimental data were fitted into the
Freundlich and Langmuir adsorption isotherms
to ascertain whether the adsorption is physical or
chemical. Kinetic modelling was performed by
fitting the experimental data into the pseudo-first-
order and pseudo-second-order kinetics.

Results and Discussion

FTIR (Fourier-transform-infrared) and FESEM
(Field Emission Scanning Electron Microscopy)
with EDS (EDAX-make)

The FTIR spectra of AS and MAS before and
after dye adsorption are shown in figurel. The
prominent hydroxyl group in AS, MAS, and BG
loaded MAS has been ascribed to O-H and N-H
stretching vibrations and is located between 3400
and 3457 cm. Furthermore, peaks located
between 2925, 2928 and 2936 cm! show that
methyl and methylene groups exhibit C—H
stretching vibrations (Ovchinnikov et al., 2016)



72 Manju et al.

110

105

/2850

100 - 2912

_' N\
05 = A 3435
90

1 / 08
85 - \

80 -

Transmittance (%)

75 =

70 1 3425

~N
1627\1381 \1031

1042

65

BG loaded AS
Anionic almond shell powder
Raw AS

60 ——————————

T
4000 3500 3000

2500

v 1 v L] h 1 v Ll

2000 1500 1000 500

Wavenumber (cm™)

Fig. 1 FTIR spectra of (a) raw almond shell (WS); (b) chemically modified almond shell (MAS); (c) BG-loaded MAS

But compared with AS, the peak intensity was
lower in MAS and BG-loaded MAS. Our results
are consistent with the cited literature (Sudarsan
et al., 2025). FESEM and EDS scans are often
employed to investigate the morphological
properties of the adsorbent. Using a FESEM, the
surface properties of WS, MAS, and BG dye-

loaded MAS were studied (Figure 2a-b). The holes
and irregularities on the MAS surface may have
served as binding sites for BG dye during
adsorption (Almeelbi, 2025). The adsorbent-
absorbate interaction is confirmed by the surface
alteration following modification (pretreatment)
and dye adsorption process. After BG dye loading,

Il Map Sum Spectrum

Weight %

Fig. 2 FE-SEM micrograph of MAS (a) before (b) after BG dye adsorption
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MAS'’s surface morphology significantly changes,
with holes filled and covered as well as the shiny
and appearance of a smooth surface becoming
rough as in Fig. 2b (Muskan ez al., 2025). EDS
provides evidence of the chemical change
happened on adsorbent surface both before and
after dye absorption.

Influence of pH

The impact of pH is a crucial parameter to analyse
the surface interaction between the dye and the
adsorbent. Figure 3a displays the BG adsorption
efficiency of MAS at pH values ranging from 2 to
10. The optimal pH for BG dye removal was 8.
After the BG dye solution reached its optimum
pH, the removal efficiency stabilised because fewer
adsorbent sites were available for adsorption.
Nothing significantly changed after the pH was
raised (Padidar and Mohammad, 2024). The
functional groups become protonated and
deprotonated by changes in solution pH, resulting
in a charge on the biosorbent’s surface (Kerrou et
al., 2023). Based on the adsorbent’s point of zero
charge (pH,,; Figure 3f), which was 7.0, the
adsorbent surface carried a positive charge as the
pH increased above pH,,,., thereby decreasing the
removal effectiveness of BG.

Effect of various initial dye concentrations

The concentration of dye plays a significant role
in adsorption experiments, as it directly influences
the adsorbent’s adsorption capacity and efficiency.
The removal efficacy of MAS was shown to
decline steadily as BG dye concentration increased
from 10 mg L' to 50 mg L', at optimum pH and
constant temperature and adsorbent dosage
(Figure 3b). The maximum removal efficiency (%)
of BG on MAS was observed at 30 mg L' of
84.4%. The removal efficiency increases up to a
particular concentration; after that, the
concentration increases and the dye adsorption
decreases. At higher dye concentrations, the finite
number of sites available for dye adsorption on
the biosorbent surface (Nagpal et al., 2025). The
effect of BG dye concentration on activated
carbon was investigated by Kumaravel et al.
(2024), who found that when the dye
concentration rises throughout the adsorption
process, the amount of BG dye removed decreases.

Effect of adsorbent dose

The adsorbent dose plays a crucial role in the
efficiency of adsorption processes, significantly
influencing the removal capacity of contaminants
from aqueous solution. At the initial dye
concentration: (30 mg L), pH: (8) at room
temperature, the impact of adsorbent dosage on
the removal efficiency of BG was investigated
using varying amounts of adsorbents in the range
of 0.2-1.0 g L. The optimum adsorbent doses of
BG was found to be 0.8 g L' with removal
efficiencies of 81.2% (Figure 3c). The reason for
the decline in removal effectiveness as the
concentration of the adsorbent increases is the
agglomeration of adsorbent particles, which
reduces the active sites accessible for adsorption,
as reported by Ojo et al. (2019). The saturation of
adsorption at increasing adsorbent dosages is due
to competition among dye molecules for available
adsorption sites (Dovi ef al., 2021).

Influence of contact time

The contact time is a crucial parameter in
adsorption experiments, as it determines the time
required to reach equilibrium between the
adsorbate and the adsorbent. The effect of contact
time on dye removal by MAS was investigated to
determine the equilibrium time. The impact of
contact time on the removal efficiency of BG dye
was investigated in the range of 20-120 min. The
maximum adsorption for BG removal was
observed at 120 min, with a maximum removal
efficiency of 91.3% (Figure 3d). After the optimal
time, equilibrium was attained, consistent with the
literature reported by El-Emam ez al. (2025) and
Magdy et al. (2025). The rate of adsorption was
initially fast because the dye ions were adsorbed
onto the external surface of the modified samples
(Kumari ez al., 2025).

Effect of temperature

Temperature plays a significant role in the
adsorption process, influencing both the rate and
capacity of adsorption. Five different
temperatures in the range of 10 to 50° C were
employed at the optimised parameters (Figure
3e).The maximum BG dye adsorption was found
at 50°C, with a removal efficiency of 84.20%. The
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point zero charge of MAS

adsorption efficiency increases with temperature
due to increased mobility of brilliant green dye
molecules (Aljeboree et al., 2024). Temperature
affects the adsorbent’s adsorption capacity. It was
found that an increase in temperature reduces the
resistance of aqueous-phase viscous forces,
thereby speeding up the diffusion of dye molecules
through internal pores and the external boundary
(Kali et al., 2022). At higher temperatures, a
decrease in removal efficiency was observed, as
the adsorptive forces between dye molecules and
biosorbents reduced adsorption capacity
(Kulkarni et al., 2023).

Adsorption isotherm models

The Freundlich and Langmuir isotherms are
useful for explaining adsorption by various
adsorbents (Langmuir, 1918; Freundlich, 1906).
The nonlinear forms of the Langmuir and

Freundlich equations are given in equations 3 &
4.

QmaxPCe
qQe= —— Eq. (3)
1+ bC,

Where, q,,,, (mg g") is the maximum monolayer
adsorption capacity, b (L g') is the Langmuir
constant

q. = kC'" Eq. (4)

The adsorbent’s adsorption capacity is
denoted by k;, its adsorption intensity is shown
by the Freundlich constant 1/n, and its
equilibrium concentration is represented by C,, q.
is the total amount of dye molecule adsorbed/
total weight of adsorbents (mg g'), k; (mg g!) is
the Freundlich constant, and n is the heterogeneity
factor that relates to the intensity of adsorption.
As represented in Fig. 1, increased correlation
coefficients (R?) for the Langmuir model indicated
that the adsorption data could be accurately
explained by the Langmuir isotherm model. In
the work of Agour et al. (2025), using
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Table 1. Adsorption isotherm parameters for BG dye on MAS

Isotherm models Parameters Values

Langmuir gmax (mg g") 121.73
b (L mg?) 0.15
R? 0.9963

Freundlich 1/n 0.5113
Kf (mg g*) 21.87
R? 0.9711

multifunctional copolymers for brilliant green dye
removal, adsorption isotherm analysis showed a
strong fit to the Langmuir model, with a maximum
adsorption capacity of 16.28 mg g'. Our results
are in agreement with that of the reported
literature (Mchich ez al., 2025; Fayad et al., 2025;
Kumar et al., 2025).

Kinetics Study

In this work, pseudo-1st- and pseudo-2nd-order
models were employed to elucidate the kinetic
behaviour of dye molecule adsorption onto MAS.
The pseudo-first order is expressed in linear form
in equation 5 (Samimi and Safari, 2022).

log (. - 4) = log . - ( 2_1;103) t Eq. (5)
Here, q. & q, (mg g?!) are the adsorption capacity
at equilibrium time and at time t(min),
respectively, k,(min) is the pseudo-first-order rate
constant, and the value of k;, q., and R? are
calculated from a linear plot between log(q.-q,) vs
t. Pseudo second order is in linear form is
represented in equation 6 (Staron et al., 2017).

t 1 t
4+ —

e

d:

Eq. (6)
k,q%

Here, k, (g mg! min) is rate constant of pseudo
second order. By plotting graph between t/q, vs t

Table 2. Kinetics model parameters for BG dye on MAS

75

we can calculate k,, q., R? values. The q. (exp)
values from the adsorption experiment are
compared to the q. (cal) value calculated using
the kinetic models. Figure presents the validation
findings and the kinetics model parameters. The
pseudo-second order regression coefficient is
greater than the pseudo-first order regression
coefficient, according to experimental data.
Almond shell powder (ASP) as a natural low-cost
adsorbent was evaluated in the batch adsorption
kinetic study for the removal of brilliant green dye
by varying pH, temperature, initial concentration
of the dye, bioadsorbent dose, and contact time
and the adsorption kinetics follow a pseudo-
second-order model (Melhaoui ef al., 2025).
Kinetic studies showed rapid sorption, following
a second-order kinetic model, for the adsorption
of organic dyes onto almond shells in the study
by El-Khomri et al. (2022).

Thermodynamic studies

The thermodynamic parameters, including Gibbs
free energy (AGY), entropy change (AS°) and
enthalpy (AH?) for the adsorption of BG dye, have
been evaluated and verified using equations from
7 -9 (Umeh et al., 2024).

AG® = —RT In k; Eq. (7)
C.
k, = Eq. (8)
C.
AH® AS°
Inky =—-—— Eq. (9)
RT R

Here, k, is the equation constant, R is the gas
constant (8.314 J/mol/K), T is the temperature
in K, and Ca is the amount of adsorbate on the
adsorbent surface at equilibrium. AH® & AS° were
determined from a linear plot between Ink, vs

Kinetic models Parameter 10 mg L! 20 mg L 30 mg L 40 mg L! 50 mg L

PFO (linear) Qeca(mg g) 66.96 10.79 17.85 10.15 19.68
K, (min) 0.005 0.001 0.002 0.001 0.002
R? 0.5330 0.6674 0.8115 0.8966 0.9475

PSO (linear) Qeca(mg ) 23.22 42.10 60.56 74.01 10.30
K, (min) 0.003 0.004 0.003 0.004 0.001
R? 0.9907 0.9935 0.9989 0.9998 0.7619
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Table 3 Thermodynamic parameters for for BG dye on MAS

Temperature 1T! K. In K, AG® R? AH° AS?

(K) (KJmol™) (KJmol") (JK'mol")
AASP (FOR BG)

293 0.0034 4.6428 1.5353 -3.7098 0.9965 18.9657 0.0773

303 0.0033 5.8518 1.7667 -4.4838

313 0.0031 7.4469 2.0078 -5.2577

323 0.0030 9.5772 2.2593 -6.0316

1 T-'. The increased randomness at the solid- References

solution interface is confirmed by positive AS°
values, and the endothermic nature of the
adsorption process is demonstrated by positive
AH? values for the dye molecule via MAS (Muskan
etal., 2025). The feasibility and spontaneity of the
adsorption process are confirmed by negative AG®
values for the dye molecule at increasing
temperatures, indicating physical adsorption, as
shown in Table 3 (Saini et a/., 2025). Kali et al.
(2022) reported that methylene blue adsorbed onto
almond shells via an endothermic and
spontaneous reaction. Jasrotia et al. (2024) stated
that an endothermic, spontaneous reaction
resulted in the adsorption of cationic dyes on nano
ferrites modified with walnut shell.

Conclusions

The removal of BG from simulated water using
MAS has been investigated under various
experimental conditions in a batch. According to
SEM images, the MAS surface is rich in pore
structures, which facilitate the adsorption of BG
molecules. The adsorption of dye molecules was
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adsorbent dosage, temperature and contact time.
Based on adsorption studies, the dye molecule is
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followed pseudo-second order. The feasibility and
spontaneity of the adsorption process are
confirmed by the negative AG® values at increasing
temperatures, indicating physical adsorption. The
results of this study showed that Brilliant green
may be successfully removed from an aqueous
solution by using chemically modified almond
shell.
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