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Harnessing de-oiled Glycine max seed-anchored-
CuO nanoparticles for adsorptive removal of crystal
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A novel solution is introduced by harnessing the power of de-oiled Glycine max L. seeds (DO/S) and
enhancing them with copper oxide-loaded nanoparticles (DO/S NPs) to effectively eradicate the toxic
dye crystal violet (triarylmethane dye) from aqueous solutions. The presence of peaks at 653.87 cm™*
and 567.07 cm™! in FTIR spectra confirmed the presence of CuO NP loading on G. max L. seeds.
Furthermore, the smooth spherical cavities facilitated crystal violet adsorption, as revealed by SEM
analysis. PZC results revealed that adsorption is more efficient under neutral and basic conditions (pH 7,
9, and 11) for DO/S, whereas DO/S NPs as an adsorbent facilitate excellent crystal violet removal in basic
media (pH 9 and 11). Thermogravimetric analysis showed that major weight loss occurs at 21.49 min,
446 °C (DO/S), and at 22.64 min, 467.47 °C (DO/S NPs). Thermodynamics studies revealed less
randomness, spontaneity, and favorable adsorption reactions by the copper-loaded adsorbent. Kinetics
studies showed that the employment of a pseudo-second-order kinetic model efficiently fitted the
obtained experimental data (R> = 0.99). A batch experiment was performed by applying varying
adsorption parameters. In comparison to DO/S, DO/S NPs exhibited an improved maximum removal

Received 12th April 2025 rate, i.e. a rate of 95% at a dye concentration of 80 ppm, a contact time of 90 minutes, 293.15 K, pH 9,

Open Access Article. Published on 11 July 2025. Downloaded on 4/3/2026 6:34:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Accepted 27th June 2025

and an adsorbent dose of 1 g. Since de-oiled G. max L. is an industrial byproduct, its potential as an
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Introduction

One of the noteworthy challenges of today's world is to eradicate
the hazardous impacts of pollutants and prevent the degrada-
tion of natural resources. Globalization has left an imprint of
instability on the earth, especially regarding water pollution.
Harmful pollutants do not just affect water bodies but can also
have an impact on various human activities such as public
health. Water contamination can be due to physical, chemical,
or biological pollutants.*

Escalating industrialization has jeopardized terrestrial and
aquatic biota through the most common pollutant, i.e., dyes.
The textile industry releases 10% of its annual dye production
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adsorbent for textile dye removal is an effective approach toward a clean environment for future

(700 000 tons) as waste. Many industries, such as the paper,
tanning, pharmaceutical, and cosmetic industries, consume
over 10 000 dyes.” Owing to molecular solid formation, dyes act
as carcinogenic or mutagenic agents.’

In recent decades, pharmaceuticals have also contributed to
environmental contaminants that resist traditional treatment
methods. Studies have shown that there is an urgent need for
innovative, efficient treatment strategies to safeguard water
resources and public health.* Similarly, the removal of high
concentrations of heavy metals, such as Ni** and Co**, from
electroplating wastewater is another challenge. Recent studies
have highlighted the surface functionalization of materials such
as layered double hydroxides (LDHs) as an effective approach
for enhancing adsorption capacities and improving the effi-
ciency of wastewater remediation.” Wastewater treatment has
attracted much research interest as pollutant dyes in water
bodies do not allow sunlight penetration and ceases the
photosynthetic activity in water bodies. Dyes pollution may also
pose skin irritation problems, mutation in humans, or skin
allergies in humans. Cationic dyes are widely used as a coloring
or staining agent in the pharmaceutical, cosmetic, and textile
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industries.® Thus, the increased utilization of these dyes has led
to an increase in water pollution.

The cationic crystal violet is extremely toxic due to its carci-
nogenic nature, even at 1 milligram per liter.” Scientific research
has explored various methods for dye removal, including floc-
culation, coagulation, ion exchange method, adsorption on
active carbon and oxidation.® Out of all these methods, the
adsorption method is the optimal choice because of its cost-
effective and eco-friendly properties.” These methodologies
come with certain protocols, such as the requirement of quali-
fied staff, processing machines, and a wide variety of chemicals.
Thus, they seem incompatible for decontamination purposes
compared to the adsorption method. Therefore, the adsorption
method is the prime choice due to its versatility and cost-
effectiveness. The adsorbent materials help hold and remove
the dye particles. Moreover, these adsorbents are not limited to
one dye, but are usable for a wide range of industrial dye
effluents. The regeneration and reuse of many adsorbents have
targeted economic viability."® Furthermore, the easy integration
of adsorption into other technologies makes it more beneficial.
In conclusion, an eco-friendly, sustainable water treatment and
economically viable method is present in adsorption.

In this context, agro-waste is an effective adsorbent that
elevates and enhances the dye-removal process. Glycine max L.
(commonly known as the soybean), a member of the Legumi-
nosae family, is considered a nutritional and medicinal ingre-
dient." Isoflavonoids, flavonoids, phenolics, tannins,
proanthocyanidins, and phenolics are the key constitutional
functional groups of Glycine max L. 70% of the world's soy
production comes from China, Brazil, and the U.S. Moreover,
extracted soy oil and protein are processed food ingredients.'*
Therefore, the de-oiled soybean seeds play a role as an effective,
eco-friendly adsorbent for the decontamination of crystal violet
dye.

Conventional adsorbents such as activated carbon, natural
clay, zeolites, limestone, agro, and industrial waste have
become barriers to decontamination."® The significant limita-
tions of conventional adsorbents include their complex, multi-
step synthesis process, removal of garbage at ppb levels, and
separation from the treated water."* Therefore, nanoparticles
have revolutionized water treatment by overcoming these
hurdles. Research has shown that nanoparticles, having a high
surface area and reactive sites, are efficient in dye removal.
Moreover, the coat's effectiveness and ease of disposal pave the
way for its feasibility in environmental application. CuO-NPs
have been primarily used for dye removal due to their unique
adsorption properties, which include many active sites and
affordability.*

The absorptive potential of de-oiled soybean and the nano-
particles comprise the excellent adsorbent. The copper oxide
CuO-NPs are loaded onto the surface of de-oiled soya beans to
form a superb sorbent. Copper nanoparticles were prepared and
loaded on the surface of DO/S to enhance its absorptive power.
This sorbent is a cost-effective and sustainable approach for
removing cationic crystal violet. Thus, comparing the adsorp-
tion potential of DO/S and the DO/S-NPs seems clear. Further-
more, adsorption parameters such as concentration, time,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

amount of adsorbent, temperature, and pH were varied to
optimize this study. The DO/S showed the maximum adsorption
of 90% with 1 g of adsorbent. Meanwhile, the DO/S-NPs showed
a 95% maximum removal of crystal violet dye with 1 g of
adsorbent dose. Adsorption kinetics and isotherms were also
performed to more accurately evaluate the results.

This revolutionary approach to water treatment has been
developed with the creation of a groundbreaking modified
adsorbent, setting a new benchmark in eco-friendly innovation.
Using precisely optimized DO/S-NPs, this method has success-
fully targeted and removed the cationic crystal violet with
unparalleled efficiency. The effectiveness of this study is further
validated by comparative analysis and robust experimental
results, solidifying its position as a game-changing break-
through in enhancing sustainable environmental remediation.
In summary, the de-oiled soybean seeds loaded with copper
nanoparticles have amplified the potential decontamination of
water from hazardous dyes. Moreover, this method finds
application on an industrial scale due to its wide accessibility
and cost-efficiency.

Material and methods
Material and equipment

All the materials, chemicals, and apparatus used in this
research were of analytical grade with high quality and purity.
The chemicals that were used in this study included copper(n)
nitrate trihydrate (Cu(NOj),-3H,0), citric acid (C¢HgO-),
(NaOH) with 98% purity, and conc. HCl. The distilled water
used in this study was from the Khushab plant at the University
of Sargodha. DO/S and DO/S NPs were synthesized from the
Glycine max L. seeds. Glycine max L. seeds were obtained from
Sargodha.

Preparation of de-oiled Glycine max L. (DO/S)

Glycine max L. was washed 5-6 times with distilled water to
remove dust and impurities. After drying in an open space, they
passed through mild grinding using a mortar and a pestle.
Then, the ground seeds were soaked in n-hexane and heated at
75 °C. After half an hour of heating, the seeds were protected
with aluminum foil and left for 2 hours. A top yellow oily layer
can be observed in a beaker. The dried Glycine max L. seeds were
washed with distilled water 6-7 times to remove the n-hexane.
The obtained seeds were then dried in the sun for three days.
The dried seeds were ground into a fine powder and passed
through sieves to obtain finely divided de-oiled Glycine max L.

Synthesis of de-oiled Glycine max L. loaded with CuNPs (DO/S
NPs)

To synthesize DO/S NPs, copper(u) nitrate trihydrate was used as
the precursor salt and citric acid as the reducing agent. In the
first step, 1 mM (0.192 g in 1000 mL) citric acid solution was
prepared in distilled water. The pH of the citric acid solution
was approximately 6.5 to 7. DO/S (6 g) was added to the citric
acid solution with vigorous stirring for 2 hours. In the second
step, DO/S were filtered and oven-dried at 70 °C for 3 hours. The
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Fig. 1 Synthesis of de-oiled Glycine max L. loaded with copper nanoparticles (DO/S NPs).

seeds were taken out of the oven once they completely dried. In
the third step, 1 mM (0.188 g in 1000 mL) of copper(u) nitrate
trihydrate solution was prepared in distilled water. The pH of
this solution was approximately 6.5, which helped facilitate the
formation of CuO nanoparticles. The dried DO/S were soaked in
a salt solution for 2 hours. The treatment was then followed by
filtration and air drying. The resulting product is freshly
prepared de-oiled Glycine max L. loaded with CuO nanoparticles
(Fig. 1). The theoretical yield of CuO nanoparticles was calcu-
lated based on the following stoichiometric equation:

2Cu(NO3)23H20 + C6H807 — 2CuO + 4N02 + 3H20 + 6C02

Crystal violet was selected as a sorbent to evaluate the
adsorption capability of DO/S and DO/S Cu NPs. The theoretical
yield is based on 7.53 x 10~* mol of Cu(NO;),-3H,0O used,
which would produce 0.060 g of CuO. The actual yield of CuO
nanoparticles was measured as 0.050 g, and the reaction yield of
DO/S NPs was calculated at approximately 83.3% using the
following formula:

actual yield

—————x 100
theoretical yield x

Reaction yield(%) =

These adsorbents, i.e., DO/S and DO/S NPs, were stored in
airtight bottles or bags to avoid any contamination.

Characterization of the DO/S NPs

The synthesized adsorbents (DO/S and DO/S NPs) were analyzed
via energy-dispersive X-ray (EDX), scanning electron microscopy
(SEM), ultraviolet-visible spectrometer, and Fourier transform
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infrared spectroscopy (FT-IR). The structural characteristics and
chemical formulation of the DO/S NPs were analyzed and evalu-
ated by SEM-EDX. The samples were sheathed with a small layer
of gold to generate electrical conductivity on the powdery surface
of the DO/S NPs before being calcined at 250 °C. FTIR (Nicolet
6700, the mode Fisher, Waltham, MA, USA) was used to analyze
the chemical bonding in the synthesized materials. With a reso-
lution of 4 cm ™, the range covered by this instrument was 4000~
400 cm ™", Brunauer-Emmett-Teller (BET) analysis was performed
using a surface area analyzer (NOVA 2200e Quanta Chrome, USA)
for surface characterization of the sample using N, as a standard.

TGA analysis

TGA of de-oiled Glycine max L. (DO/S) and de-oiled Glycine max L.
loaded with CuO nanoparticles (DO/S NPs) was carried out by
employing an SDT650 thermal analyzer. A sample weighing
8.188 mg for DO/S and 7.703 mg for DO/S NPs was exposed to
heating at 20 °C min~" with a nitrogen flow (10 mL min~") within
the temperature range of 20 to 467.47 °C. The thermal treatment
began at approximately room temperature, with a gradual
elevation of the temperature leading to weight loss due to volatile
content. As the temperature increased, significant weight loss
occurred, which was associated with the pyrolysis of Glycine
max L. and the decomposition of CuO nanoparticles.

Determination of the point of zero charge (PZC)

The salt addition method was used to evaluate the point of zero
charge of the DO/S and DO/S NPs. In this method, 500 mL of
0.1 M of sodium nitrate solution was prepared in the flask.
From this solution, 50 mL was taken out and transferred to 10

© 2025 The Author(s). Published by the Royal Society of Chemistry
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different conical flasks. The pH (3-11) was adjusted in each
flask with 0.1 M HCI and 0.1 M NaOH. After adjusting the pH,
1 g DO/S was added to five flasks, and DO/S NPs were introduced
to the other five flasks containing the solution of varying pH
levels. Then, these solutions were ready to go through the 24
hours of agitation in the orbital shaker. After completion of the
reaction, the solutions were filtered and the change in pH was
carefully checked with a pH meter.**"’

The following equation was used to compute the altered pH,
where pH, is the initial pH before agitation, and pH is the final
PH after agitation:

ApH = pH, — pH

The ApH values were plotted against the initial pH values to
evaluate the PZC. The point coinciding on the x-axis where ApH
is zero at initial pH represents the PZC.

Optimization of adsorption parameters (batch experiment)

The batch experiment was carried out by varying adsorption
parameters, such as the ppm concentration of the sorbent,
contact time (30-150 min), temperature (20-50 °C), pH (3-11),
and adsorbent dosage (0.5-2.5 g). For this purpose, a 1000 mL
round-bottom flask was taken, and 1 g of crystal violet was used
to prepare a 1000 ppm stock solution for dye. The stock solution
was adjusted to the mark. This dye stock solution was used to
prepare varying concentrations of crystal violet, such as 20, 40,
60, 80, and 100 ppm. These solutions were used in the
adsorption batch experiment to check the adsorption potential
of adsorbents. Then, Erlenmeyer flasks (250 mL) were used,
which could accommodate 100 mL dye solution. An orbital
shaker (SHIN SAENG, Model No. SKIR-601L) was used to run
each solution at 120 rpm. After running the solution with
adsorbent, the UV-visible spectrophotometer (Peak Instruments
Model No. C-7200, Peak Instruments (Shanghai) Co., Ltd.
China) was used to check the residual crystal violet concentra-
tion at the Aax (590 nm). The following equation was used to
calculate the adsorption efficiency (R%), where C, represents
the initial concentration of crystal violet, and C. is the equilib-
rium concentration of crystal violet:

C, — C

R% = % x 100

The following equation was used to determine the potential
of crystal violet dye (g, mg g ') to be adsorbed on the adsor-
bent's surface at equilibrium. Here, V stands for the volume of
crystal violet solution in liters (L), and m (g) is the mass of the
sorbents, i.e., DO/S and DO/S NPs."®

G- C.
N m

9e xV

To calculate the amount (g, mg g~ ') of crystal violet adsor-
bed onto DO/S and DO/S NPs at a specific time (¢), the following
equation was employed:*>*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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C,— C,
G= Y

All the experimental data were analyzed with the help of
Origin Pro 2022 Version Number 225 (9.9.0.225). Moreover,
different adsorption isotherms were employed. In the kinetic
experiment, 80 ppm was set for both adsorbents, whereas the
time of 30 minutes was set for DO/S and 90 minutes for DO/S
NPs. However, the experiment volume was set at 100 mlL,
although the fixed doses of DO/S and DO/S NPs were 0.5 g and
1 g. During the experiment, 10 mL of suspension was taken out
at various intervals and subjected to orbital shaking to deter-
mine the residual concentration of crystal violet in the solution.
In addition, the adsorption kinetics of crystal violet were eval-
uated by employing a first-order kinetic model.

Adsorption thermodynamics

The effect of temperature on the adsorption process was
determined by performing the experiment within a range of
temperatures (293.15 to 323.15 K). Adsorption experiments were
performed at different temperatures ranging from 20 to 50 °C
with a dye concentration of 80 ppm and adsorbent amounts of
0.5 g (with DO/S) and 1 g (with DO/S NPs). Thus, we obtained
enough experimental data for analysis.

Adsorption kinetics

In this study, the adsorption statistics were evaluated by using
the pseudo-first-order and pseudo-second-order kinetic models.

Adsorption isotherms

Adsorption isotherms were used to explain the interaction of
the adsorbate (dye) molecules with the adsorbent until they
reached the equilibrium state.

Result and discussion

Characterization of adsorbents by various techniques

The two adsorbents DO/S and DO/S NPs were characterized by
different analytical techniques to evaluate the presence of
functional groups, elemental composition, thermal stability,
and morphology. Moreover, a comparison of both adsorbents
was made based on the containerization results.

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of crystal violet are shown in Fig. 2. The
cationic crystal violet dye shows the characteristic peaks of
151.19 cm ™ * due to the C=C stretching vibrations in the atomic
nuclei, 1309.67 cm ™' due to C-H distortion in the methyl group,
2989.66 cm ™' due to the stretching vibration of sp® hybridiza-
tion (-C-H-), and a peak at 3797.84 cm™ " due to the O-H bonds
of adsorbed water molecules on the surface of the crystal violet
dye. The peaks of DO/S that appear before adsorption are quite
different from those that appear after adsorption of crystal
violet, as shown in Fig. 2. There is a visible shift in the peaks
after the adsorption of dye onto de-oiled Glycine max L. The

RSC Adv, 2025, 15, 24406-24423 | 24409
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Fig. 2 FTIR spectra of crystal violet.

peak from the C-H stretching vibrations of sp® hybridized
carbon (-C-H-) shifted from 2906.73 cm ™' to 2904.80 cm .
The peak corresponding to the C=N groups shifted from
2241.28 cm ™ ' to 2233.57 cm ™!, which indicates the formation of
a new bond. This peak causes the new stretching vibrations
attributed to the CH;, CH,, and CH groups.*” An intense peak
shift from 1697.37 cm ™" to 1720.50 cm ™" shows the interaction
of the C=0 group with adsorbed dye molecules. Moreover, the
shift of 3541.31 cm ™" to a broader peak of 3649.32 cm™ " is due
to the adsorbed O-H groups on the surface. The C-O bond
stretching mode in esters, ethers and phenols at 1055.06 cm ™"
shifted to 1197.79 cm ' after the adsorption of crystal violet.
The emergence of a new peak at 2233.57 cm ' indicates the
C=N stretching vibration present in crystal violet (Fig. 3a).

The peaks for DO/S NPs before and after the adsorption of
crystal violet are different, as shown in Fig. 3a. Before adsorp-
tion, the peaks at 3473.80 cm ' and 3415.93 cm ' show the
presence of phenolic groups present in the seed. Moreover, the
peak at 1687.1 cm™ " is due to the C=0 stretching of ketone and
acids. The presence of peaks at 653.87 cm™ ' and 567.07 cm ™"
confirms the presence of CuO NPs. This shows that the bio-
logical nature of the seeds has a dual functionality of stabili-
zation and CuO NPs formation.*”

There is a prominent shift in the peaks that occurs after the
adsorption of crystal violet onto the surface of DO/S NPs. The
shift of peaks from 3415.93 cm ' and 3473.80 cm ' to
3466.08 cm " and 3604.96 cm ' is due to the adsorbed O-H
groups onto the surface of DO/S NPs. The peak corresponding to

24410 | RSC Adv, 2025, 15, 24406-24423

1/em

the C-H stretching vibrations of the sp® hybridized (-C-H-)
shifted from 2910.58 cm ' to 2866.22 cm™'. Another intense
peak appears when the C=N groups shifted from 2264.43 cm ™"
to 2233.57 cm ™!, which shows the formation of a new bond that
leads to the stretching vibrations of the CH, CH,, and CH;
groups.! An intense and broad peak shift from 1687.71 cm ™" to
1716.65 cm~ ' shows the interaction of the C=0 group in the
adsorbent with the adsorbed dye molecules (Fig. 3b).

Scanning electron microscopy (SEM)

SEM analysis was performed to obtain information about the
space accessible for adsorption and the morphology of the
adsorbent material (Fig. 4 and 5). In this strategy, the surface of
the adsorbent is characterized via light emission. This analyt-
ical technique is especially used to take high-resolution images
of synthesized nanoparticles even below 10 nm. Results showed
that the surface of the synthesized nanoparticles was smooth,
along with cavities that facilitated crystal violet adsorption.
Spherical structures were also observed, along with irregulari-
ties in the morphological view from different angles, as shown
in Fig. 6. The literature has also shown similar SEM results for
copper nanoparticles.>**

Energy dispersive X-ray (EDX)

EDX analysis was performed to obtain in-depth knowledge of
the elemental composition of the synthesized loaded nano-
particles on de-oiled Glycine max L., as given in Fig. 7.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02568k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 11 July 2025. Downloaded on 4/3/2026 6:34:55 PM.

(cc)

View Article Online

Paper RSC Advances
100
DO/S (Before Adsorption)
DO/S (After Adsorption )
C=N c=0 C-H, c-0 c=C C-Cl
& & CN g
C=C c=C & C-N
o
%T
0
TTTT
L SJOJIIISO]MIIIIZSI{N:lIIZJ()OIII'IWLOIIIIHIOJIIIIJS{:IIIIOMIII7L0IIILMI
(a). Wavenumber i/cm
100
DO/S NPs (Before Adsorption)
DO/S NPs (After Adsorption )
O-H C-H
& C=N C=0 C-H, c-0 C=
N-H & & CN g c-cl
o= c=c & cN
Cc-0
%T
l
§
' B : :
2 3 £ e 3 3 3
, ? z ii i i 4 1%
TTT T[T T T[T T T T[T T T T[T T T T[T T T T [TTT]T lIII]IIIlLIllI[l
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
(b) Wavenumber 1/em

Fig. 3 (a) FTIR spectra of de-oiled Glycine max L. (before and after adsorption). (b) FTIR spectra of de-oiled Glycine max L. loaded with Cu NPs

(before and after adsorption).

The EDX spectrum of DO/S NPs showed the presence of Cu,
which indicated the synthesis of the desired copper nano-
particles. Therefore, the detection of copper indicates that the
copper nanoparticles have been successfully introduced and

© 2025 The Author(s). Published by the Royal Society of Chemistry

possibly attached to or incorporated within the Glycine max L.
seed material.’ The presence of oxygen along with copper could
suggest partial oxidation of the copper nanoparticles, forming
copper oxides (CuO, Cu,O). Carbon is a key element in the

RSC Adv, 2025, 15, 24406-24423 | 24411
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Fig. 5 SEM Of DO/S NPs at 50 um and x370 magnification.

organic structure of Glycine max L. seeds, and may also come
from organic capping or stabilizing agents used in nanoparticle
synthesis. The presence of C and O peaks showed that carbon-
based stabilizers must be present.*

Point of zero charge (PZC)

The salt addition method was used to evaluate the point of zero
charge of the DO/S and DO/S NPs. In this method, 500 mL of
0.1 M of sodium nitrate solution was prepared in the flask.

24412 | RSC Adv, 2025, 15, 24406-24423
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From this solution, 50 mL was taken out and transferred to 10
different conical flasks. The pH (3-11) was adjusted in each
flask using HCIl and NaOH, with each at 0.1 M. After adjusting
the pH value, 1 g DO/S was added to the five flasks, and DO/S
NPs were introduced into the other five flasks containing the
solutions of varying pH levels.

Then, these solutions were ready to go through the 24 hours
of agitation in the orbital shaker. After completion of the reac-
tion, the solutions were filtered and the change in pH was
carefully checked with a pH meter.'***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 SEM Of DO/S NPs at different scale bars and magnifications: (a) 10 um, x1000; (b) 10 pm, x1000; (c) 10 um, x1000; and (d) 20 um, x700.

The following equation was used to compute the altered pH,
where pH, is the initial pH before agitation, and pH is the final
PH after agitation.

ApH = pH,, — pH

The ApH was plotted against the initial pH values to evaluate
the PZC. The point coinciding on the x-axis where ApH is zero at
the initial pH represents the PZC.

The point of zero charge results for DO/S and DO/S NPs are
given in Fig. 8. Therefore, the adsorbents, i.e., DO/S and DO/S
NPs, have zero charges at the surface when the pH of the
solution is 6.7 and 7.7. When the surface of the adsorbent is
negatively charged (pH > PZC), the adsorption of cationic dyes is
favorable. Conversely, when the sorbent's surface acquires
a positive charge (pH < PZC), efficient adsorption of anionic
dyes is facilitated."* Subsequently, in the case of DO/S as an
adsorbent, adsorption is more efficient in neutral and basic
conditions (7, 9, and 11 pH) towards crystal violet. In the case of
DO/S NPs as an adsorbent, basic conditions (9, 11 pH) facilitate
excellent crystal violet removal.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Thermogravimetric analysis (TGA)

Thermogravimetric analysis of de-oiled Glycine max L. and de-
oiled Glycine max L. loaded with CuO nanoparticles was per-
formed to calculate the weight loss percentage using tempera-
ture and time functions. Fig. 9 and Table 1 show the gradual
loss of weight from 26.59 °C (room temperature) to 221.94 °C
because of volatile content like moisture in the DO/S. On further
increase of temperature to 446 °C, major weight loss occurs
mainly due to the pyrolysis of Glycine max L. (DO/S). In the case
of DO/S NPs, the slight change in weight loss occurs due to
water evaporation at 244.03 °C. Major weight loss occurs at
467.47 °C due to the decomposition of loaded CuO nano-
particles and the pyrolysis of the Glycine max L.***>**

Brunauer-Emmett-Teller (BET) analysis

For surface characterization of the adsorbent, BET analysis was
performed, and the surface area of the adsorbent, pore volume,
and diameter of the surface pores were calculated. Results
reveal that the BET surface area of the nanoparticles was
101.1 m> g, while the pore diameter and micropore volume
were 0.411 nm and 0.040 cm® g™, respectively. Fig. 10 shows the
N, adsorption and desorption isotherm, which is a type IV type

RSC Adv, 2025, 15, 24406-24423 | 24413
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Fig. 9 TGA results of (a) DO/S and (b) DO/S NPs.

Table 1 TGA results of DO/S and DO/S NPs

of isotherm with a hysteresis loop. Materials with pore diame-

ters in the range of 2-50 nm usually give this type of curve. The
results support the formation of nanoparticles, as well as it

Time Temperature Weight Weight percent
DO/S

0.05 min 26.59 °C 8.188 mg 99.957%

10.30 min 221.94 °C 6.949 mg 84.837%

21.49 min 446.00 °C 2.115 mg 25.826%

DO/S NPs

0.04 min 24.69 °C 7.703 mg 99.977%

11.48 min 244.03 °C 6.522 mg 84.644%

22.64 min 467.47 °C 1.616 mg 20.976%

© 2025 The Author(s). Published by the Royal Society of Chemistry

being a well-suited method for adsorption.

Optimization of adsorption parameters

Adsorption of crystal violet dye was performed at variable
parameters, including the initial concentration of dye, time,
temperature, pH, and amount of adsorbent used, as given in
Fig. 10. The purpose of the parameter optimization is to obtain
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a suitable combination of different variables for the best
adsorption of dye.

Effect of initial concentration of crystal violet

The efficient removal of crystal violet increases with an increase
in concentration. In the case of DO/S, at 80 ppm, the removal
rate reaches the maximum level of 88.92%. The percentage
removal does not increase after this concentration due to the
occupation of active sites on the absorbent. This trend indicates
that the DO/S adsorbent has many vacant positions. However,
as the crystal violet concentration reaches 80 ppm concentra-
tion, the adsorbent becomes saturated.”® Thus, no visible
enhancement of adsorption activity is observed beyond 80 ppm.

In the case of DO/S NPs, at 80 ppm, the dye removal rate is at
its highest level of 94%. Furthermore, an increase in dye
concentration does not increase the adsorption rate because
there is no active site left vacant. However, further increase
leads to a decrease in the adsorption rate. This decline occurs
due to the saturation of adsorption sites when dye molecules
start accumulating in the solution. The amount of dye adsorbed
per unit mass of the adsorbent (mg g~ ') increased as the initial
dye concentration rose. This occurred due to the adsorbent's
resistance to any further uptake of dye molecules from the
aqueous solution as the concentration increases.*® Besides this,
a clear comparison of the removal efficiency between the de-
oiled Glycine max L. seed and de-oiled Glycine max L. loaded
with Cu NPs is shown in Fig. 10. The graph shows the visible
enhancement in percentage sorption by seeds after being
loaded with copper oxide nanoparticles.

Effect of contact time

The duration of an adsorption process is heavily influenced by
the contact time between the adsorbent and the adsorbate. This
parameter is vital as it offers insights into the sorption kinetics
of the adsorbate. The effective removal of crystal violet is
directly related to the contact time until it reaches equilibrium.
In the case of DO/S, the maximum removal rate (91%) is
attained at 30 min. From Fig. 10, the absorption of crystal violet

24416 | RSC Adv, 2025, 15, 24406-24423
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decreases after 30 minutes, and then a sudden rise is observed
at 90 minutes. However, the decline in adsorption rate occurs
again after 120 minutes. So, another experiment was performed
at 30 minutes with the DO/S. Whereas in the case of DO/S NPs,
the dye removal rate (95%) is highest at 90 min. At this partic-
ular time, the equilibrium is achieved and a further increase in
contact time will be of no use.”” Fig. 10 shows that the adsorp-
tion reaches its maximum level at 90 min. However, the
adsorption rate becomes constant after 90 minutes. This indi-
cates that the DO/NPs adsorbent has achieved the equilibrium
level. Thus, further experiments were performed at 90 minutes
with the DO/S NPs. The graph between the percentage sorption
and time depicts the comparison between the de-oiled Glycine
max L. and the de-oiled Glycine max L. loaded with the CuNPs,
as shown in Fig. 10.

Effect of temperature

The removal rate of crystal violet increases with the temperature
rise. This trend is the result of an increase in the kinetic energy,
which facilitates dye adsorption. Also, in both cases, i.e., DO/S
and DO/S NPs, the maximum adsorption rate is achieved at
293.15 K. Beyond this specific temperature, the experiments
have not shown any further rise in the sorption rate. However,
Fig. 10 shows the decline in the adsorption rate of crystal violet
on a further increase in temperature. This suggests that the
adsorption of crystal violet onto both adsorbents is an
exothermic process. The same behavior is also shown in the
physical adsorption processes. Thus, the temperature rise
lessens the interaction of crystal violet molecules and adsor-
bent, leading to desorption.”” Moreover, the apparent difference
in crystal violet dye removal by the two adsorbents is shown in
Fig. 10.

Effect of pH

The chemical makeup of the adsorbent and adsorbate is related
directly to the rate of adsorption. These characteristics may vary
with varying pH. In the case of DO/S, the highest removal rate of
crystal violet from aqueous media is attained at a pH of 7.
Therefore, the most efficient adsorption will occur if there is
a neutral medium, i.e., strong attractive forces between the
adsorbent and dye. Whereas in the case of DO/S NPs, the
maximum adsorption of cationic crystal violet is achieved at
a pH value of 9 (basic medium), as supported by the zeta
potential. Thus, at pH values above PZC, the adsorbent will
acquire a negative charge and will be more attracted toward the
positively charged crystal violet molecules. However, with the
decrease in pH, there will be weaker electrostatic forces between
the adsorbent and dye molecules due to the same charges
(positive charges). Experimental data in the literature related to
crystal violet removal also support the present study.?®

Effect of the amount of adsorbent

The adsorption of crystal violet dye increases with the increase
in the dose of prepared adsorbent. In the case of de-oiled
Glycine max L. seeds, the removal rate reaches the maximum
level of 91% at 0.5 g. Any further increase in the concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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follows the trend of decreasing percentage sorption. This occurs
due to the overloading of the adsorbate molecules over the
adsorbent, which leads to reduced active sites. In the case of de-
oiled Glycine max L. seeds loaded with Cu NPs, the removal rate
is highest (95%) at 1 g of adsorbent. Any further increase in dose
slows the adsorption process and decreases the removal rate of
crystal violet. The reduction in adsorption capacity with
increasing adsorbent dosage may be attributed to the aggrega-
tion of adsorbent particles at higher doses. This aggregation can
block some of the active sites on the adsorbent surface which
causes a significant decrease in the overall adsorption capacity.
The same trend is observed in the effect of varying doses on the
dye adsorption in the previous literature.”*** However, the
graph between the percentage sorption and the amount of dose
shows a clear analogy of DO/S and DO/S NPs, as shown in
Fig. 10.

Thermodynamics

To determine the spontaneity, randomness, or exo- and endo-
thermal property during the adsorption process, thermody-
namics studies are essential. Moreover, the pattern of the
adsorption mechanism can also be determined by thermody-
namic parameters. AG°, AH®, and AS° can be calculated by the
following equations.

AG" = —RTIn K4

AG = AH" — TAS

The values of AH® and AS° for the adsorption of crystal violet
onto the de-oiled Glycine max L. and CuO-loaded de-oiled
Glycine max L. can be obtained from the van't Hoff equation:

AS°  AH°

In Kd = —
R RT

The value of Ky can be determined by using the following
equation:

ge

Ki= ¢

K4 = distribution constant for the sorption process, R = gas
constant, 7 = absolute temperature (K), AG® = Gibb's free
energy, AH° = enthalpy change, AS° = entropy change, where
‘g’ (mg g~ ") and C. (mg L") are the amount of crystal violet dye
adsorbed onto DO/S and DO/S CuNPs at equilibrium and the
equilibrium concentration of crystal violet dye in solution,
respectively. The values of enthalpy change and entropy change
during the process (AH® and AS°) are obtained from the slope
and intercept of the linear graph plotted as 1/T vs. In Ky. In this
present study, the experimental data collected at various
temperatures ranging from 293 K to 323 K are shown in Table 2.

According to the results, in the case of DO/S (de-oiled Glycine
max L.), AG° is negative at 293 K, indicating the spontaneous
nature of adsorption. However, with the temperature rise, the
positive value of AG° increases, which turns the adsorption into

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Thermodynamics results for crystal violet dye adsorption

Thermodynamics

model Crystal violet dye
Parameters Temp. (°C) Temp. (K) DO/S DO/S CuNPs
AG® (k] mol ™) 20 293.00 —0.1128  —2.4864447
30 303.00 0.0451  —2.33073
40 313.00 0.2009  —1.85377
50 323.00 0.2059  —1.85998
AH° (k] mol ™) Calculated from slope —3.4005  —9.4503
AS° (J K ' mol™") Calculated from —11.3161 —23.7586
intercept
R 0.8514 0.8893

a non-spontaneous reaction. Moreover, the negative value of AH
° ie., —3.4005, indicates the exothermic nature of the reaction
and the domination of the van der Waals forces.*' In addition,
the negative value of AS° indicates that there is less randomness
during adsorption. In the case of DO/S NPs, all of the values of
AG° are negative, which indicates the spontaneous and favor-
able adsorption reaction. Similar results have also been re-
ported on the adsorption of crystal violet by coffee husks and
date palm fiber.**** Moreover, the negative values of AH° and AS
© show the exothermic nature and randomness during adsorp-
tion, respectively.

Adsorption isotherms

Adsorption isotherms and calculations result in equilibrium
data used to verify the functionality of the whole process.
Additionally, they forecast how the contact mechanisms will
work in various operational scenarios. Numerous adsorption
isotherms can be found in this sense. In the present investiga-
tion, a few were selected—Langmuir, Freundlich, Temkin, and
D-R isotherm, and discovered to be very appropriate.

The results show that all the adsorption isotherms have
a high R* value of 0.9, except for the Freundlich and Langmuir
isotherms, as listed in Table 3.

Freundlich adsorption isotherm

The multilayer nature of the adsorption process is identified by
the Freundlich isotherm. Freundlich constants Ky and 1/n,
respectively, indicate the adsorption intensity and capacity. For
adsorption, a value of K between 1 and 20 is deemed favorable.
Similarly, a low value of 1/n indicates a heterogeneous surface
that is appropriate for adsorption. Based on the Freundlich
constants, the study's results demonstrate the effective
adsorption in the case of DO/S NPs as the value of Ky increases,
which indicates the enhancement in the adsorption capacity.
Moreover, after loading the CuO nanoparticles, the value of 1/n
decreases, which signifies effective adsorption. Therefore,
a comparison of the results (K and 1/n) shows that crystal violet
was adsorbed more favorably with DO/S NPs than with DO/S.

RSC Adv, 2025, 15, 24406-24423 | 24417
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Table 3 Calculations of adsorption isotherms

Adsorption isotherm

models Crystal violet dye (linear form)
Freundlich DO/S DO/S Cu NPs
Kp (mg g™ 8.4793 x 10°® 0.11156

1/n 7.8508 2.51435

R 0.81 0.82

Adsorption isotherm

models Crystal violet dye (linear form)
Langmuir DO/S DO/S Cu NPs
R, —0.0046 —0.0066

gm (mgg™) 0.0417 0.3863

K, —10.8977 —7.588

R 0.7 0.73

Adsorption isotherm models Crystal violet dye (linear form)

Dubinin-Radushkevich DO/S DO/S Cu NPs

332.2839917 23.60645048

gmpr (Mg g™")

Kpg (mol® k] ?) 7.09 x 10°° 5.90 x 10°°
R* 0.90 0.93
E (k] mol™*) 0.0840 0.2911

Adsorption isotherm

models Crystal violet dye (linear form)
Temkin DO/S DO/S NPs
Ky 0.123380601 0.35905
R 0.9 0.91

By (J mol™) 31.43 11.90803

Langmuir adsorption isotherm

The unilayer adsorption phenomena are the underlying prem-
ises of the Langmuir model. The maximum monolayer

mDO/S mDO/SNPs

Sorption (%)
=2
o
Sorption (%)
EE88E8LREE

0 82

20 40 60 80 100 30 60
Concentration (ppm)

120

Sorption (%)

Acidic
pH

Neutral Basic
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adsorption capacity is obtained with constant g,,. However, the
Langmuir affinity parameters are obtained from the Langmuir
constants R;. The maximum adsorption is represented by
a large value of g,,, and adsorption is deemed effective when the
Ry, value is low. According to the results of the Langmuir
isotherm in Table 3, the value of g,,, increases and R;, decreases
after the loading of copper oxide nanoparticles on the adsor-
bent. Therefore, compared to DO/S, DO/S NPs demonstrate the
more effective dye adsorption of crystal violet.

Dubinin-Radushkevich (D-R) isotherm

The purpose of the D-R model is to identify the type of
adsorption reaction. The D-R model suggests whether the
nature of the adsorption reaction is physical, chemical, or an
ion exchange mechanism. For this model, if the value of E is
computed as between 8 to 16 k] mol ™", then the adsorption
follows the ion exchange mechanism. However, if the value of E
is less than 8 k] mol ', then the physical nature of adsorption is
confirmed. An adsorption process is a chemisorption if the £
value is more than 16 k] mol . The present investigation yields
a notably low value of E with both adsorbents (DO/S and DO/S
NPs), confirming the physisorption of the adsorbent surface.

Temkin adsorption isotherm

The Temkin isotherm has a foundation on the concept that the
reaction's heat changes along the way in the whole process
(Fig. 11 and 12). Information regarding the binding energy
during the adsorption process can be acquired by the Temkin
constant (Kr). However, the constant By gives data concerning
the adsorption heat. The results reported in Table 3 demon-
strate that the adsorption reaction employing both adsorbents,
DO/S and DO/S NPs, is exothermic, as indicated by By > 0.

Adsorption kinetics

The adsorption kinetics is a crucial part of the study, and is con-
ducted by applying two adsorption kinetic models. Thus, pseudo-

0.5 1.0 1.5 2.0 25

920 120 150 Amount of adsorbent (g)

Time (mins)

% Sorption

100 100

80 80

60 60

40 40

20 20
0 ; ; 0 - - :

Temperature (°C)

Fig. 11 A comparison of the impacts of concentration, time, adsorbent dose, pH, and temperature on crystal violet adsorption.
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Fig. 12 Linear forms of the Freundlich, Langmuir, Temkin, and D—R isotherms (DO/S).

first-order and pseudo-second-order models were used to obtain
information about the adsorption process and rate-limiting step.
The kinetics of the adsorption of crystal violet onto the Glycine
max L. adsorbents (DO/S, DO/S NPs) in an aqueous medium were
carried out at varying contact times. Therefore, the adsorption
kinetics of crystal violet onto the adsorbents (DO/S and DO/S NPs)
was determined by these models. In both cases, the pseudo-first-
order kinetic model was not successful, which indicates that the
adsorption reaction does not follow the assumption of this model.
According to the pseudo-first kinetic model, the concentration of
adsorbate and its diffusion over the surface of the adsorbent
controls the adsorption process.

The employment of a pseudo-second-order kinetic model
efficiently fitted the obtained experimental data. In the case of
crystal violet adsorption onto DO/S and DO/S NPs, a high value
of R* (0.99) was obtained, as shown in Table 4. The pseudo-
second-order equation is as follows.

dg,

B R
E = Kz(CIe qt)

Rearranging the above equation gives the following,

t 1 t

= +
q: KZ qez qe

© 2025 The Author(s). Published by the Royal Society of Chemistry

where g, is the amount of dye adsorbed at time ¢ (mg g~ "), g. (mg
g 1) is the amount of crystal violet adsorbed at equilibrium, and
K, is the rate constant of the pseudo-second-order model (g
mg "' min~"). In addition, g, and K, were calculated from the
obtained slope and graph. The linear graph fit between the t/q,
and contact time (¢) is shown in the graph drawn on the origin
in Fig. 13. Moreover, Table 4 shows the values of parameters
and correlation coefficients of the pseudo-second-order kinetic

Table 4 Kinetics results for crystal violet adsorption

Kinetics models Crystal violet dye (linear form)

Pseudo-first order DO/S DO/S NPs
K, (g mg™" min™") 0.3023839 0.3023839
ger (mgg™) 1.3599 1.3599

R’ 0.125 0.125

Kinetics models Crystal violet dye (linear form)

Pseudo-second order DO/S DO/S NPs

—0.044648496
13.67427868
0.99786

0.597712874
7.534659433
0.99997

K (gmg™" min~")
ger (mg g ™)
RZ

RSC Adv, 2025, 15, 24406-24423 | 24419


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02568k

Open Access Article. Published on 11 July 2025. Downloaded on 4/3/2026 6:34:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Lo

[

RSC Advances

1.04  Freundlich Isotherm (Linear Form)

0.9+ a

qe (mg/g)

T
12 13 1.4 15 1.6 1.7 1.8 1.9
In Ce

View Article Online

Paper

224

2.0 .

Langmuir Isotherm(Linear Form)

0.8 4 L

0.6

3.0 35 4.0 45 50 55 6.0 6.5

D-R Isotherm (Linear Form)

0.6
2
0.4

T T T T T T 1
100000 150000 200000 250000 300000 350000 400000 450000
E2
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model that best fits the experimental data for both DO/S and
DO/S NPs. This means that the adsorption process requires
a longer time, and largely depends upon the forces of
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Fig. 14
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interaction that are developed between the adsorbate and
adsorbent. The results obtained from the kinetic studies were
also supported by literature.**-*

29
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Kinetic studies on crystal violet using (a) DO/S and (b) DO/S NPs.
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Adsorption mechanism

The point of zero charge (PZC) better explains the adsorption
mechanism. When the pH of the solution rises above PZC, the
adsorbent will become positively charged while facilitating the
cationic dye adsorption. On the other hand, the adsorbent will
promote anionic dye adsorption when the pH of the solution
shows a decline compared to the observed point of zero charge.
The PZC (pH at which the surface has zero charge) was calcu-
lated for DO/S and DO/S NPs as 6.6 and 6.7, respectively.
Therefore, in the case of DO/S as an adsorbent, adsorption is
more efficient under neutral and basic conditions (7, 9, and 11
pH) towards crystal violet, which enhances the electrostatic
attraction between the cationic crystal violet molecules and the
negatively charged adsorbent surface (Fig. 14).

Similarly, with DO/S NPs as an adsorbent, basic conditions
(9, and 11 pH) facilitate excellent crystal violet removal, as
shown in Fig. 14. The higher value of observed PZC of DO/S NPs
revealed that the adsorption process will be facilitated towards
crystal violet due to its strong electrostatic attraction over the
broad range of pH because the DO/S NPs surface will remain
neutral or negatively charged. This electrostatic force of attrac-
tion toward crystal violet sheds light on the detailed adsorption
mechanism, as shown in Fig. 14. The color change after
adsorption is shown in Fig. 15.

Desorption/regeneration studies of nanoparticles

The recovery of the dye-loaded adsorbent can play an eco-
friendly and viable role. For this purpose, much research was
conducted to analyze the cost-effectiveness and efficiency of the
adsorbent.’>*** The present work demonstrates the recovery of
the nanoparticles-loaded adsorbent after the treatment with
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ethanol for 2 hours. Desorption was followed by air drying and
re-application of the adsorbent for adsorption purposes. Five
rounds of experiments were conducted to check the difference
in the percentage removal of crystal violet by the adsorbent over
the reusable time. Results showed a clear decline (from 91% to
77%) in the adsorption capacity of the adsorbent toward crystal
violet in an aqueous medium. The present study showed
behavior that was similar to that of other materials used for
crystal violet removal. S. K. Shukla et al.*® obtained a removal
efficiency above 80% after the regeneration of the adsorbent,
along with a 50% retained efficiency up to the 10™ cycle
(Fig. 16). The drop in efficiency in the present study is primarily
attributed to the permanent attachment of some dye molecules
to the surface of the adsorbent. FTIR analysis of the DO/S NPs
before regeneration, after the original adsorption of CV, shows
major shifts in functional groups (Fig. 3b). Specifically, the
shifts in the O-H stretching peaks and C-H stretches indicate

DO/S NPs
100 1

91 88.9
85.8
90 1 81.0
77.79

80 -
70 -
60 -
50 -
40
30 -
20 -
10 4
o A . . . .

1 2 3 4 5

No. of regeneration cycles
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Fig. 16 Regeneration of DO/S NPs for dye removal.
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Fig. 15 Adsorption mechanism of DO/S and DO/S NPs.
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Table 5 Comparison of DO/S NPs with the existing data
Adsorbent Adsorbent's dose Adsorbate (dye) Adsorption rate Reference
Glycine max L. seed powder 0.8¢g Methylene blue and malachite 90% 42

green
Copper nanoparticles 5¢g Disperse yellow 123 dye 73.50% 43
Copper nanoparticles 0.02 ¢ Methylene blue 92% 44
DO/S 05¢g Crystal violet dye 91% Present study
DO/S NPs 1g Crystal violet dye 95% Present study

that the dye is adsorbed on the surface, which blocks available
active sites. The shift of the C=0 stretching peak further
confirms that the functional groups on the surface of DO/S NPs
bind with the dye molecules. So, the repeated adsorption cycles
lead to the blocking of active sites. During regeneration, not all
dye molecules are likely to be removed, so active sites are
reduced on the surface of the adsorbent. This process of fouling
may also contribute to the decline in adsorption efficiency after
regeneration.** Hence, the regenerated nanoparticles-loaded
adsorbent can be used for wastewater treatment due to its
excellent reusability.*!

Comparison of the present study with existing data

To check the potential of the adsorbents, a comparison is made
between the present work and previously reported data, as
shown in Table 5. According to the literature, Glycine max L.
powder shows a removal rate of up to 90% of cationic dyes with
0.8 g of adsorbent. Similarly, copper nanoparticles (prepared
through green synthesis) achieved maximum azo dye removal of
73.5% with 5 g of adsorbent. However, bio-engineered copper
nanoparticles removed 92% cationic dye from the aqueous
solution.

Compared with the reported data, the prepared de-oiled
Glycine max L. seeds showed a removal rate of 91% cationic
crystal violet dye with 0.5 g of adsorbent. In addition, the
present study showcased the unique strategy of enhancing the
adsorbent's capacity by loading it with Cu NPs. Therefore, 1 g of
DO/S NPs removed the 95% cationic crystal violet from the
aqueous medium, and proved to be a viable and eco-friendly
adsorbent.

Conclusions

The present study showed the efficiency of two adsorbents
towards crystal violet. The obtained results revealed the
improved percentage removal when the adsorbents were loaded
with copper nanoparticles. The process was optimized by
varying important adsorption factors, such as initial concen-
tration, contact time, pH, adsorbent dose, and temperature.
Moreover, various studies, such as isothermal, kinetics, and
thermodynamics studies, showed the nature and feasibility of
the reaction with each adsorbent. The presence of various
functional groups, such as the C=0 group, C=N, CHj, CH,,
and CH, and the cavities on the surface facilitated the crystal
violet adsorption. Overall, the experimental results revealed that

24422 | RSC Adv, 2025, 15, 24406-24423

the efficiency of crystal violet adsorption increased up to 95%
after the loading of copper oxide nanoparticles on the de-oiled
Glycine max L. seeds. This work presents a low-cost, promising
green adsorbent to smartly handle the removal of a toxic azo
dye, i.e., crystal violet.
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