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This study explores de-oiled rice bran (DORB), an agro-industrial by-product, as a precursor for the preparation of
porous activated carbon. The study assesses the performance of the synthesized activated carbon (AC) in removing
malachite green (MG) dye from aqueous solutions, with a focus on developing economically viable and sustainable
adsorbents for wastewater treatment. AC was synthesized using a combined thermal and chemical modification process with
HsPO,, eliminating the need for separate activation steps. This approach reduced preparation time and energy consumption.
The resulting activated carbon possessed a surface area of 465 m? g! and an average pore size of 5.0872 nm.
Characterization was performed using SEM, FTIR, EDAX, and pH,, techniques. The adsorption performance was
studied under varying pH (3.0-9.0), initial MG concentration (10-50 mg L), adsorbent dosage (0.1-0.6 g), contact time
(0-30 min), and temperatures (303-333 K). The adsorption behaviour followed the Freundlich isotherm model,
and the kinetics were well described by the pseudo-second-order model. The highest adsorption capacity was 70.92 mg g™.
Thermodynamic analysis revealed spontancous (AG<0), endothermic (AH>0), and favourable (AS>0) adsorption.
Regeneration studies identified 0.2 M HCI as an effective solvent for De-oiled rice bran activated carbon (DORBAC)
recovery.

Keywords: Activated carbon, Adsorption isotherm, Agro-waste valorization, De-oiled rice bran, Malachite green,

Wastewater treatment

Introduction

Rapid urbanization and the intensification of
industrial operations have given rise to the most
inescapable difficulties of the widespread exploitation
of water resources, resulting in a scarcity of clean
water *. In the past, people obtained colourants from
roots, shells, flowers, mollusks, and insects. However,
most colouring agents have been substituted by
synthetic alternatives, as synthetic dyes can be
produced on a big scale 2. The textile industry releases
a significant proportion of wastewater, reaching up to
900 million tons yearly, ranking it 6" in industrial
discharge volumes 3. Malachite green (MG) functions
as a cationic dye in cotton, jute, silk, wool, acrylic,
paper, and leather industries. It is a crucial component
in fish farming and hatchery businesses, acting as a
reliable antiparasitic, antimicrobial, and antifungal
agent *. Along with that it finds application in
food pigments, preservatives, germicides, and
antiparasitic agents *°.

The environmental persistence of MG dye causes
serious toxic effects, including eye burns, rapid
breathing, excessive sweating, cancer, and damage to

the brain, nervous system, and liver. It also reduces
food intake and impairs growth and fertility®°.
It can adversely affect multiple organs, including the
heart, liver, and kidneys. It can result in skin, eye,
lung, and bone issues. Additionally, it can lead to
congenital abnormalities and harm animal cells.
MG can lead to dyscrasia, anemia, leukocytosis, and
blood coagulation delay. It disrupts photosynthesis in
the hydrosphere by blocking light from penetrating
and has a deleterious influence on aquatic life *"%.
Although banned in many countries and not
approved by the U.S. Environmental Protection
Agency for aquatic use, MG dye is still widely
used because it is inexpensive, readily available, and
highly effective *'°.

Even if new carbon compounds like graphene,
carbon aerogel, and carbon nanotubes have gained
popularity . Activated carbon (AC) remains a
practical choice for various applications, including
eliminating pollutants, storing energy, catalysts, and
gas capture, due to its straightforward synthesis
process and abundant availability ***3. Commercial
activated carbon (CAC) is frequently employed to
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eliminate dyes owing to their characteristics, including
porosity, extensive surface area, and higher adsorption
capacity. However, a major limitation of commercial
activated carbon is its significant cost and the difficulties
associated with regeneration **. One potential solution to
these problems involves the development of AC made
from various biomass including straws, shells,
agricultural and industrial by-products, and residues *.
Inexpensive or minimally valued as materials, these
biomass-based raw materials can be effectively utilized
to synthesize activated carbon. Additionally, this may
address the issue of waste disposal *°.

De-oiled rice bran (DORB) is the agriculture-based
industrial byproduct remaining after rice bran oil
extraction, which is considered waste and used as
animal feed. Studies have reported that feeding higher
levels of DORB can cause stress to fish breeds like
Labeorohita'’. However, it is capable of being
transformed into a highly potent adsorbent. Several
research studies have explored the possibility of using
low-cost agro-industrial by-products to remove MG
dye from aqueous solutions efficiently. These include
peanut hull *®, banana stem *°, etc. Although DORB
has been explored as a low-cost precursor for
adsorbent production, studies on its application for
dye removal remain limited, and most have relied on
conventional multi-step activation methods. To the
best of our knowledge, the use of a single-step
thermo-chemical activation process employing HsPO,
specifically for DORB has not been systematically
investigated for MG dye adsorption. This integrated
activation approach combines carbonization and
chemical activation into a single process, reducing
processing time and energy consumption while
generating a highly porous adsorbent, thereby
providing a simple, cost-effective, and sustainable
strategy for producing efficient adsorbents from
DORB.

Experimental Section

Materials and preparation

The chemicals utilized in this work include MG
dye (CssHssN4O1p; molecular weight 927 g mol™;
Amax=616 nm), procured from Loba Chemie Pvt. Ltd.
Phosphoric acid (HsPO4) was utilized for chemical
activation, while NaOH and HCI were employed for
pH adjustment. All reagents were of analytical grade
and procured from Loba Chemie Pvt. Ltd. Working
solutions of MG (10-50 mg L) were formulated by
dilution a 1000 mg L™ stock solution.

DORB residue was obtained from a nearby
marketplace in Raipur, Chhattisgarh. Distilled water
was employed to clean the DORB residue thoroughly.
Subsequently, the residual moisture in DORB was
eliminated by dehydrating overnight. The dehydrated
residue was broken down employing a mortar and
pestle and filtered through a 100 um sieve.

The one-step method is chosen for activation
because it is more effective in energy and relative
time than the traditional two-step activation process.
The impregnation of DORB with HzPO, is done in
20% (w/w) thoroughly mixed and treated in a muffle
furnace under an ambient atmosphere with 8 °C min™
ramp rate from ambient to 400 °C for four hours. The
resulting material was allowed to cool and removed at
ambient temperature. To eliminate any chemical
residue, the final substance was thoroughly rinsed
repeatedly with distilled water until its pH matched
that of the distilled water, continued by drying at 80°C
and grinding. The significant advantages of using
one-step activation are that it is less energy and time-
intensive, and the complete synthesis in air ambient
omits the requirement of sophisticated equipment 2.
The final product, de-oiled rice bran-based activated
carbon using one-step activation is further utilized in
studies and has been characterized using the
following equipment. The thermal stability of raw
DORB is assessed using the Setaram Labsys Evo
Thermogravimetric analyzer. Functional moieties
present on the synthesized de-oiled rice bran
activated carbon (DORBAC) were verified using
FTIR spectroscopy with a Bruker Alpha Model
spectrophotometer. The surface topography of
DORBAC was characterized using the ZEISS EVO
Series Scanning Electron Microscope Model EVO 18.
The elemental composition was ascertained using an
energy-dispersive X-ray system, namely the INCA
250 EDS with an X-MAX 20 mm Detector. The
Brunauer-Emmett-Teller surface area and Barrett-
Joyner-Halenda (BJH) pore size distribution are
determined using the BELSORP-max Il instrument
from Microtrac BEL Corp. The point of zero charge
(pHpc) was found out by the Litesizer-500, Anton
Paar Zeta Potential Analyzer.

Batch experiment

Different amounts of DORBAC were supplemented
to 50 mL of MG dye at ambient temperature, with
magnetic agitation at pH 9 to estimate the amount of
MG adsorbed. The absorbance disparities were
calculated by UV-visible (Shimadzu, UV-1800) at a
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peak wavelength (Amx=616 nm) at altered periods of
(3, 6, 9, 12, 15, and 18 min) through the adsorption
method to explore the impact of contact duration.
The decision to choose Anax Was based on the
maximum absorbance observed for the adsorbate
during spectrophotometric analysis conducted amidst
the wavelength spectrum of 200 nm to 800 nm,
using distilled water as the reference standard. The
impact of the initial concentration of MG was
evaluated from 10 to 50 mg L™ for 18 min.
The effect on the quantity of adsorbent used was
estimated for various DORBAC concentrations (0.1 to
0.6 gL™) in 10 mg L™ of MG solution. The equations
used to calculate removal efficiency and adsorption
capacity (g) can be expressed as follows in Eq. (1)
and Eq. (2):

% Removal = % x 100 .. (D)
_ (C-CV
= G=to? Q)

Where, C, represents the initial concentration of
MG and C; signifies the concentration of remaining
MG (mg L), while V (L) is the volume of MG dye
used, and m (g) is the quantity of DORBAC adsorbent
employed in the experiment.

Methods

The kinetic models determine the duration needed
to achieve equilibrium and the adsorption rate of the
adsorbate. The adsorption technique was verified by
selecting pseudo first order (PFO) and pseudo second
order (PSO) models for this investigation.

The kinetic model proposed by Lagergren, also
known as the PFO model, depicts the physisorption
process that can be articulated as in Eq. (3):

In(q, — q¢) =Inq, — kyt .. (3)

Where, g.: Quantity of MG adsorbed at equilibrium
(mg g™), q: Quantity of MG adsorbed at time t (mg g™),
ki: PFO rate constant (min™) and t: Time (min).

The kinetic model proposed by Ho and McKay,
also defined as the PSO model, depicts the
chemisorption process, which can be expressed in

EQ- (4)1: )
;=k2q3+at (4)

Where, k,: PSO rate constant (g mg™ min™).
The Freundlich and Langmuir isotherms were
employed to understand better how uptake capacity

correlates with MG concentration 2*?2. These two

isotherms were explicitly chosen for their versatility
in accurately representing a broad spectrum of
adsorbate concentrations sorption process of MG onto
DORBAC. The primary difference between the
models is in the supposition, form of isotherm, and
nature of the adsorbent. Langmuir model can be
articulated in linear configuration as in Eq. (5) **:

C__ 1 ¢C
qe K1qm dm

.. (5)

Where, C.: Equilibrium dye concentration (mg L™),
gm: Highest adsorption capacity (mg L™) and K_:
Langmuir equilibrium constant (L mg™).

Langmuir isotherm model (LIM) is centered on the
presumption of monolayer adsorption, occurring at
specified homogeneous regions at the outer surface of
the adsorbent, where additional adsorption is hindered
once the adsorbate engages a site. The aspect crucially
indicating conformity to the Langmuir model is the
dimensionless separation factor (R.) . It can be
expressed as given Eq. (6) *:

1

R, =
L= 1%¢cok,

.. (6)

Where, maximum initial dye concentration is
denoted by C, (mg L%), and R_ demonstrates if
Langmuir isotherm is either favourable (0<R.<1),
unfavourable (R >1), linear (R =1), or irreversible
(RL=O).

The Freundlich isotherm model (FIM) considers
the translation of multi-faceted inclusion, where
adsorption continues over the saturated adsorbent
surface. Adsorption on uneven boundaries with
consistent energy dissemination and revertible
interaction is supported . The heterogeneity factor
(1/n) indicates the favourability and degree of
adsorption, a smaller 1/n value (but greater than zero)
recommends favourable adsorption behaviour and the
adsorbent surface is heterogeneous with varying
adsorption sites of varying affinities for the adsorbate.

The Freundlich isotherm in its linear form is
expressed as in Eq. (7) *3:
logq, = %logCe + logKp ..(D

Where, 1/n: Heterogeneity factor and Kg:
Freundlich equilibrium constant (L mg™).

The thermodynamic variables, including Gibbs free

energy (AG), change in enthalpy (AH) and change in
entropy (AS), were computed by surveying the
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adsorption cycle at three modified temperatures
(303K, 318K, and 333K) using van’t Hoff equation
was employed to calculate these factors mentioned
below.

AG = —RT InK .. (8)
e

Kq=" .. (9)

AG = AH — TAS ... (10)

The equation below is derived by substituting
Eqg. (8) into Eg. (10). Eqg. (9) is employed to calculate
the adsorption distribution coefficient.

Where, T: Temperature (K), qe: Equilibrium
adsorption capacity (mg g™), R: Gas constant (8.314 J
mol*K™), K¢: Adsorption distribution coefficient, C:
Equilibrium dye concentration (mg L™).

Results and Discussion

Adsorbent characterization
The TGA analysis of DORB shown in Fig. 1(a)
depicts stages of mass loss for temperatures
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up to 200°C, eliminating moisture. Between
(200°C-600°C), the breakdown of organic components
with a significant mass loss (~80%) and the
breakdown of a more stable structure are observed in
the 600-1000°C range.

The FTIR spectra display functional groups in the
raw material, DORBAC, and MG dye-loaded
DORBAC surface. The raw DORB spectra unveiled
the diverse functional groups identified on the
surface; the wide band at 3380 cm™ corresponded to
the hydroxyl group's O-H bond®’. The observed
maximum at 2928 cm™ could be due to the elongation
of C-H bonds in alkanes * and the maximum at
1651 cm™ could be due to the stretching of the C=0
bond %, In the pattern region (1500 to 500 cm™), a
minor peak at 1526 cm™ conforms to N-O stretching
of nitro compounds; the band observed at 1379 cm™in
the spectra is consistent with the symmetrical
deformation of the CH3 group *, the peak noted at
1033 cm™ was linked to the stretching vibration of the
C-O-C bond *, bands at 852 cm™ might relates to
C—H groups of aromatic ring vibration or to ethanol *.

— TG (%) |

Stage Il

TG (%)

Stage Il

T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100

Temperature (°C)

(b)

Raw DORB

8
B
3

Transmittance

3000 2500 2000 1500

Wavenumber (cm™)

4000 3500

10

15
Full Scale 92511 cts Cursor: 0.000

Fig. 1 — (a) Thermogravimetric curve for the combustion procedure of raw DORB, (b) FTIR spectra of raw DORBAC, before adsorption
and after adsorption (c) SEM images of [(i) raw DORB and (ii) DORBAC] and (d) SEM-EDX images of DORBAC



SAO & GAIKWAD: OIL INDUSTRY WASTE DERIVED ACTIVATED CARBON FOR DYE ADSORPTION 527

After carbonization, the IR spectra changed
significantly and different peaks appeared. A band of
peaks appeared between 3200 cm™ and 3700 cm®
(3571cm™, 3474 cm®, 3370 cm?) shows OH
carboxylic acid ¥, a band of the peak near 3200 cm™
(3232 cm™, 3131 cm™) may correspond to —NH
stretching %, at 2920 cm®, the stretching of the
asymmetric CH; group's C-H bonds are observed **,
the band at 2338 cm™ is attribute of the asymmetric
stretching of physically adsorbed CO,®, peak observed
at 1586 cm™ corresponds to stretching vibrations of the
C=C bonds in the aromatic ring ¥, a weak peak at
1397 cm™ can be due to N—H plane vibration ¥, a sharp
peak at 1171 cm™ may correspond to S=0 stretching of
sulfonamide.®

In FTIR spectra Fig. 1(b), after MG adsorption, peaks
of “OH 3571 cm™, ~OH 3474 cm™, -NH 3131 cm™, and
N-H 1397 cm™ have disappeared, and few of the
observed peaks were shifted to a higher wavenumber
(3370 cm™ to 3396 cm®, 3232 cm™ to 3287 cm®,
2238 cm™ to 2252 cm™, 1586 cm™ to 1603 cm™). The
phenomenon can be ascribed to establishing chemically
bonded structures across the adsorbent-adsorbate
interface, which might lead to new peaks or changes in
existing peaks towards higher wavenumber.

Scanning electron microscopy (SEM) revealed
the microstructure analysis of the synthesized
DORBAC sample from raw DORB. The contrast in
microstructural composition and shape of raw DORB
and synthesized adsorbent is shown in Fig. 1(c). The
micrographs show significant transformations in the
physical microstructure of raw DORB and DORBAC.
The raw DORB surface displays numerous delicate
sheets or layers within its structure **. In contrast,
DORBAC surface shows a highly rough, fractured,
and irregular morphology, characterized by the
development of numerous cavities, voids, cracks, and
interconnected pores. The formation of these micro-
and mesoporous structures significantly promotes
an increase in specific surface area and pore
accessibility, leading to the formation of abundant
active sites for dye molecule interaction.

SEM-EDX analysis, shown in Fig. 1(d), indicates a
significant increase in carbon levels compared to the
raw DORB after the activation process (Tables 1 and 2).
The 2.98 wt% of potassium in the raw DORB
vanished due to activated carbon production, as
illustrated in Table 2. The rise in phosphorus in raw
DORB to DORBAC of 2.99 wt% could be due
to the use of phosphoric acid during activation “.
The minute quantity of chlorine may be a by-product

Table 1 — EDX findings for raw DORB

Element Wit% At%
CK 20.75 27.10
OK 68.89 67.56
Mg K 2.32 1.50
SiK 1.47 0.82
PK 3.60 1.82
K K 2.98 1.20
Total 100.00 100.00
Table 2 — EDX findings for DORBAC
Element Wit% At%
CK 47.72 57.35
OK 42.01 37.90
SiK 1.65 0.85
PK 6.59 3.07
CIK 2.03 0.83
Total 100.00 100.00
Table 3 — Pore characteristics of DORBAC
Parameter Value
Sget (m2 gt 465
Ve (cm® gt 0.7321
Average D, (nm) 5.0872

Sger, BET surface area; V,, total pore volume; Dy, average pore
diameter

of chemical dust or impurity. Substances,
predominantly consisting of carbon and oxygen, can
efficiently eliminate dyes, heavy metals, and organic
contaminants from aqueous systems*’. Fig. 2(a) shows
the elemental mapping of different elements present
in DORBAC.

A comprehensive evaluation of the porous
framework of the synthesized DORBAC is done by
utilizing the nitrogen adsorption-desorption isotherm.
The results obtained are given in Table 3 show that
the porous texture developed in DORBAC has an Sget
of 465 m* g* and a pore volume of 0.7321 cm® g™.
Fig. 2(b) presents the N, adsorption isotherms of
DORBAC. Based on the isotherm shape, DORBAC
exhibited type Il adsorption isotherms exhibit
multilayer adsorption?, as defined by the Brunauer,
Deming, Deming, and Teller (BDDT) classification
system. Fig. 2(c) shows the Barrett-Joyner-Halenda
(BJH) pore size distribution graph with an average
pore diameter of 5.0872 nm.

The pHp, of 2.46 mV was determined by mapping
the zeta potential against the pH value. Fig. 2(d)
illustrates how the zeta potential DORBAC varies
with pH. With increased pH, the surface gains a more
significant negative charge, boosting the likelihood
of dye adsorption®. The highest negative charge of
36.5 mV was recorded at pH 9.



528

0.5

0.4

w

dVp/dlog(dp)

0.14

0.0 T T T T T T
80 100 120

T T
140 160 180

dp/nm

(b)

"

Volume adsorbed @STP (ecm’gm

INDIAN J CHEM TECHNOL, JULY 2026

500

400

300

o

=

=
1

=
=
1

- Adsorption‘
& desorption

T T T T T

0.4 0.6 0.8
Relative pressure (p/p,)

(d)
10 4
0 l\ T T T T T T T 1
2 \{ 4 5 6 7 8 9 10
c M
= -10
=
F
S
3
& 20 A ‘\
s
3 —— .
-30 4 \
B
-40 -

Fig. 2 — Structural and surface characterization of DORBAC (a) SEM-EDX elemental mapping, (b) N, adsorption—desorption isotherms
at 77 K, (c) BJH pore size distribution, and (d) zeta potential as a function of pH for determination of the point of zero charge (pH,.c)

Batch adsorption studies

The pH strongly affects the colour intensity of MG
and consequently affects its structural stability.
Malachite green remained stable in the pH range of
3-10, thus the influence of initial pH was investigated
over the pH range of 3-10 with an initial dye
concentration of 10 mg L™ (50 mL) and dosage of 0.4
g, as shown in Fig. 3(a). At the acidic region (pH=3)
the removal efficiency is 82.25% whereas in the
alkaline region (pH=9) is 99.85% after that removal
efficiency slightly decreased. With increasing pH, the
concentration of H* ions decreases, and the functional
moieties present on the activated carbon surface
(such as -OH and —COOH) become deprotonated,
generating a negatively charged surface. This negative
surface enhances electrostatic interaction between the
adsorbent and the positively charged MG* dye
molecules, leading to an increase in adsorption
efficiency. Thus, pH 9 is considered optimum for all
further experiments.

A sequence of investigations was executed to
inspect the impact of varying adsorbent dosages; the
dosage of the adsorbent was altered within the
interval of 0.1 to 0.6 g L™, at MG dye concentration
of 10 mg L™, pH 9 as shown in Fig. 3(b). The
influence of adsorbent dosage was analyzed over the
range of 0.1-0.6 g L™ at an initial MG concentration
of 10 mg L™ and pH 9. The percentage removal
efficiency increased from 71.79% to 99.91% as the
dosage increased, owing to the greater availability of
active adsorption sites and the specific surface area.
However, beyond 0.4 g L™, the rise in adsorption
efficiency became negligible due to possible
agglomeration of adsorbent particles and saturation of
available dye molecules. Therefore, 0.4 g L™ was
selected as the optimal adsorbent dose for further
analysis.

The impact of initial concentration of 10-50 mg L™
with a dosage of 0.4 g L™, pH=9. As illustrated in
Fig. 3(c), the proportion of MG elimination minimizes
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Fig. 3 — Effect of operational parameters on MG adsorption onto DORBAC: (a) solution pH, (b) adsorbent dosage, (c) initial dye
concentration, and (d) contact time. Experimental conditions: initial MG concentration 10 mg L™, adsorbent dosage 0.4 g L™, pH 9,

agitation speed 300 rpm, and room temperature

as the level of initial MG concentration increases.
As the initial concentration increased from 10 to
50 mg L™, the adsorption capacity rose from 22.31 to
71.81 mg g*. Higher concentrations of the dye
correspond to greater adsorption capacity ().
Adsorbents tend to have a higher dye uptake capacity
when exposed to higher initial dye concentrations
because of the enhanced abundance of dye species.
This increases the overall interaction amid the
adsorbent and the adsorbate™.

The significance of the contact interval was
examined across different time intervals (3-30 min)
with a constant dosage of 0.4 g L™, pH=9, and initial
concentration of 10 mg L™?, as shown in Fig. 3(d).
Numerous unoccupied sites and pores associated with
the adsorbent material contribute to the swift initial
adsorption. After all the active sites are filled,
adsorption slows down. Eventually, the system
reaches equilibrium and has the highest adsorption

capacity. At an 18min contact interval, the removal
efficiency hit a plateau, suggesting that equilibrium
was finally attained®. Similar kinds of observations
have been noted by Dahri et al.?.

Adsorption kinetics

Kinetic curves withdraw evidence regarding the
adsorption rate and the requisite duration to achieve
equilibrium. In the PFO kinetics depicted in Fig. 4(a),
the rate constant k; decreases with increasing dye
concentration, indicating reduced adsorption rates at
higher concentrations. The values for (g, are
considerably lower than the experimental (Qexp)
indicating a poor fit. In contrast, the PSO model is
substantially closely matching the experimental
evaluation, indicating a better fit, as shown in Fig. 4(b).
The rate constant for both models decreases as the MG
dye concentration increases, suggesting a decrease in
adsorption rate as there is an increase in concentration
attributable to the saturation of adsorption sites.
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In addition, the correlation factor (R?) found over
the PSO model surpasses the PFO model in all cases.
This implies that the experimental data was in great
arrangement with PSO Kinetics, as shown in Table 4.
The adsorption mechanism is suggested to be
chemisorption.

Adsorption isotherm
The isotherm curves for the Langmuir isotherm
were drawn between C./g. and C,. For the Freundlich
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isotherm, they were drawn between log g, and log C..
Fig. 4(c) and (d) show the corresponding graphs of
linear models of the isotherm and experimental data at
different initial MG concentrations. Aiming to select
the isotherm model, which superlatively characterizes
the experimental data, evaluations were centered on
the R® value. Freundlich has the maximum value
compared to Langmuir, indicating that the FIM
provided a better fit than the LIM. As presented in

1.5 0.9
(a) B 10mgl' =—— PFOF 10mgl." (b) B 10mglL" = PSOF 10mgL."!
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Fig. 4 — Adsorption kinetics and isotherm models for MG adsorption onto DORBAC: (a) PFO kinetic model, (b) PSO kinetic model,
(c) Langmuir isotherm model (LIM), and (d) Freundlich isotherm model (FIM). Experimental conditions: adsorbent dosage 0.4 g L™,
pH 9, agitation speed 300 rpm, contact time 18 min, and room temperature. Initial MG concentration ranged from 10-50 mg L™

Table 4 — Parameter values for PFO and PSO kinetic models at room temperature at different concentrations

Malachite green Cexp Pseudo Pseudo
concentration first order second order
(mg LY (mg g?) ki (min®)  ge(mg g?) R’ ko(g mg™* min™) ge (Mg g7 R?
10 22.31 -0.02714 3.493333 0.9121 0.098505 22.80502 0.9999
20 44.85 -0.02322 8.584006 0.8834 0.079172 4557885 0.9998
30 59.83 -0.00996 24.49007 0.9837 0.013124 63.61323 0.9998
40 63.06 -0.00858 31.79582 0.9474 0.011676 67.47638 0.9997
50 71.81 -0.00471 19.01341 0.8286 0.015074 74.57122 0.9976
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Table 5, the g, of DORBAC foreseen through the
LIM is 70.92 mg™g™. Although the Langmuir model
predicts a qmax Value, that differs from the measured g
value by 0.89 units. The Freundlich model does not
yield a singular qmax prediction but instead provides a
spectrum of values that fluctuate with concentration,
owing to its empirical character. Based on the extent
of agreement to the experimental g value and the R?
values, it can be concluded that the FIM provides a
more accurate match to the experimental data®®. A
smaller value of heterogeneity factor (1/n) indicates a
greater adsorption intensity and reflects the ease with
which adsorbate molecules are adsorbed onto the
adsorbent. The value of R lies within the extent of 0
to 1, which suggests that the MG uptake within the
DORBAC adsorbent was favourable *’, as mentioned
in Table 6.

Thermodynamic investigations

The investigation elucidates the effects of change
in temperature on adsorption capacity and
mechanism, and experimental observations indicate
that an escalation in temperature caused a moderate
increase in Qe, as shown in Table 4. It is stated that the
van’t Hoff equation fitted best with an R? value of
0.998, shown in Fig. 5. The adsorption is more
favourable as AG decreases further into the negative
range®®. Most physical adsorption processes release
heat, while chemisorption can exhibit either
endothermic or exothermic nature. The values of AS
and AH were determined from the intercept and slope
of the plot of In (Ky) versus 1/T, respectively, where
Ky is calculated as the ratio of g. to C. In contrast,

Table 5 — Langmuir isotherm model (LIM) and
Freundlich isotherm model (FIM) statistical variables at
varied MG concentrations for the adsorption of MG
dye adsorption by DORBAC

Gibbs free energy is directly determined, AH and AS
values were 15.85646 kJ mol™ and 114.3009 kJ mol*K™,
respectively, as given in Table 7. A positive AH
signifies the endothermic nature of the adsorption .
A positive AS suggests affinity amongst MG and
DORBAC and increases randomness amongst the dye
species. Parallel outcomes have been articulated for
MG adsorption on activated carbon by Chouli et al.*.
Assessment of the maximum adsorption capacity of
MG dye on different adsorbents is given in Table 8.

Reusability studies

Industries are still dealing with the issue of
disposing of spent adsorbent. Any adsorbent must
acquire sufficient reusable characteristics to make the
adsorption process more cost-effective and the
reliance on an uninterrupted supply of adsorbent .
The reusability of the chemically regenerated
adsorbent was assessed over five consecutive cycles.
To achieve this, various desorption agents, such as
distilled water, acetone, ethanol, and HCI, were
applied. Fig. 6(a) shows that only 13.07% and 14.90%
are desorbed using pure ethanol and acetone. In acidic

8.1

8.0

7.94

7.84

In K,

7.7

7.6+

7.5

7.4

T T T T T T T
0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330

Langmuir Om K. R?

70.9219 0.2234 0.9793 UT (K)

. 2

Freundlich Ke 1n R Fig. 5 — van't Hoff plot illustrating the temperature dependence

51.6951 0.1958 0.9931 of MG adsorption onto DORBAC

Table 6 — Value of R, at varied MG concentration
Adsorbent R, values
Concentration (mgL™?) 10 20 30 40 50
DORBAC 0.3092 0.1828 0.1298 0.1006 0.0821
Table 7 — Values of thermodynamic factors of MG adsorption on DORBAC at varied temperatures

T (K) AG (kJ mol'™®) AH (kJ mol'™®) AS (kJ mol™* K™ 9. (mg g™¥)
303K -18.7622 22.31
318K -20.5212 15.85646 114.3009 23.4925
333 K -22.1882 24.1925
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Table 8 — Assessment of the maximum adsorption capacity of MG dye on different adsorbents

Adsorbent Om (Mg g™ pH Isotherm Kinetic References
Cellulose powder 2.42 7.2 FIM and LIM PSO o
Khat (Catha edulis) stem AC 5.62 10 FIM PSO %
Peanut stick AC 2.57 5 FIM and LIM PSO 52
Neem sawdust 4.354 7.2 LIM %3
Chollera based biomass 18.4 PSO 54
Commercial-grade activated 8.27 7 FIM PSO 5
carbon
Acid-activated carbon 0.78 6 LIM 56
Arundo donax root carbon 9.35 5 LIM PSO 57
(ADRC)
De-oiled rice bran based activated 70.92 9 FIM PSO This study
carbon (DORBAC)
100
(a) (b)
90 +
80 +
70 S
? -
< 60 g
g 40 :
a 2
30 4 g
]
20
10
0-
& o A0 AN A% A ) Cycle0 Cyclel Cycle2 Cycle3 Cycled Cycle5
o e oY (0¥ e \‘c\\“'h o HCI (0.2M)

Fig. 6 — Regeneration and reusability of DORBAC: (a) desorption efficiency using different desorption agents and (b) reusability

performance of the regenerated adsorbent over multiple cycles

conditions created by HCI, the adsorbent surface
becomes protonated, reducing or neutralizing its
negative charge. Weakened electrostatic attraction
facilitates the release of malachite green from the
surface, increasing desorption likelihood **®°. HCI
concentrations between 0.1 M and 0.5 M were used
for desorption studies. 0.2 M HCI solution is preferred
for further desorption study as higher concentrations
of HCI might degrade or alter the structure of the
adsorbent material.

Fig. 6 (b) demonstrates the effectiveness of
DORBAC in adsorbing 10 mg L™ of MG following
treated with 0.2 M of HCI to investigate its reusability.
Predictably, the effectiveness of DORBAC in removing
MG dye was reduced after five consecutive cycles,
which can be ascribed to the reduction of active sites
and partial pore blockage in DORBAC®. Partial
desorption of MG at varying concentrations
of HCI verified that suggests the possibility of
chemisorption in the adsorption process.

Conclusion

Herein, AC derived from DORB was synthesized
through a one-step HsPO, activation method and
evaluated for the elimination of MG dye from
aqueous solutions. The synthesized adsorbent
exhibited a large surface area (465 m? g™) and
well-developed porous structure, contributing to its
effective adsorption performance. Batch adsorption
studies revealed that optimal removal was
accomplished at pH 9, a defined adsorbent dosage of
0.4 g L, and an equilibrium duration of 18 min.
The adsorption process followed the FIM, indicating

heterogeneous surface adsorption, while Kkinetic
analysis showed better agreement with the
pseudo-second-order  model.  The  maximum

adsorption capacity was found to be 70.92 mg g™.
Thermodynamic analysis confirmed that the
adsorption process is spontaneous, endothermic, and
entropy driven. Regeneration studies demonstrated
that DORBAC retains over 70% of its adsorption
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efficiency after five cycles using 0.2 M HCI,
indicating good reusability. Overall, DORBAC
presents a low-cost, efficient, and sustainable
adsorbent for the removal of MG dye, with potential
applicability in wastewater treatment systems.
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