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Abstract:

This study introduced two effective and affordable organic and metal based hydrochars named ASB and ASB/LaCF,
in the reservoir of eco-friendly and environmental friendly substances. The shell of Arachis hypogeal was utilized to
synthesize organic biochar (ASB) while combination of three metal salts viz. Lanthanum nitrate (La(NO3).6H>0),
ferric nitrate (Fe(NO3).6H,O) and cobalt nitrate (CoNo3).6H,O i.e. (LaCF) was incorporated in the bulk of biochar
(ASB) to obtain nanocomposite (ASB/LaCF). FTIR study reveal the nature of functional groups available in the
organic moiety after formation of biochar as well as nanocomposite. SEM and XRD reveal the amorphous nature of
ASB and slight crystalline behaviour of ASB/LaCF. VSM analysis describe the magnetic property and magnetization
value for ASB/LaCF was observed as 0.354 emu/g. BET analysis identified pore size of 3.2 nm and 7.5 nm for ASB
and ASB/LaCF respectively while surface area for ASB/LaCF was 52.25 m*/g. TGA and DSC graphs throw light on
thermal stability of the nanocomposite where 50% weight loss was observed till 200°C and upto 700 °C, no change in
graph was observed. Similar pattern was identified in DSC curve. Thermodynamic and kinetic parameters were
analysed through adsorption of Alizarin red S dye as a pollutant and the results were amazing as the synthesized ASB
and ASB/LaCF were able to remove the dissolved dye from the water sample by changing different reaction
conditions like Temperature, concentration, pH and time etc.
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Introduction:

Biochar drawn from plant waste has materialized as a sustainable and flexible material with substantial environmental
and industrial applications. Produced through the pyrolysis of agricultural residues, forestry waste, and other plant-
based biomass, biochar is a carbon-rich, porous solid known for its high surface area, stability, and functional surface
groups [1-3]. Utilizing plant waste for biochar production not only provides an effective method for recycling organic
matter but also helps reduce environmental burdens associated with biomass disposal [4-6]. The resulting biochar
serves as an efficient adsorbent, soil amendment, and support material for catalysts and nanocomposites due to its
excellent physicochemical properties. Its ability to immobilize contaminants, enhance soil fertility, and sequester
carbon makes plant waste—derived biochar a promising eco-friendly material for applications in water purification,
environmental remediation, agriculture, and sustainable waste management [7-9].

Similarly Lanthanum—cobalt ferrite nanocomposites are advanced functional materials known for their remarkable
magnetic, electrical, and catalytic properties. Belonging to the class of spinel ferrites, these nanocomposites combine
lanthanum, cobalt, and iron oxides in a highly ordered structure that enhances their stability, magnetic responsiveness,
and surface reactivity [10-11]. Their nanoscale dimensions further improve characteristics such as high surface area,
efficient charge transfer, and enhanced adsorption capabilities. Because of these unique features, lanthanum—cobalt
ferrite nanocomposites have gained significant attention in fields such as environmental remediation, photocatalysis,
sensors, energy storage, and biomedical applications [12-13]. Their strong magnetic properties also allow easy
recovery from aqueous environments, making them particularly useful for pollutant removal. Overall, lanthanum—
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cobalt ferrite nanocomposites represent a promising class of multifunctional materials suitable for various
technological and environmental applications.

Combining plant-based biochar with lanthanum—cobalt ferrite nanocomposites creates a highly efficient hybrid
material that leverages the strengths of both components for advanced environmental and technological applications.
Plant-derived biochar offers a porous structure, large surface area, and abundant functional groups, which enhance the
dispersion and stability of ferrite nanoparticles while minimizing their aggregation [14]. When integrated with
lanthanum—cobalt ferrites, the composite exhibits improved magnetic recovery enhanced catalytic and adsorptive
performance, and greater structural integrity. This synergy allows for faster pollutant removal, superior degradation of
organic and inorganic contaminants, and increased reusability due to the magnetic separability of ferrites [15-16].
Additionally, using plant waste to produce biochar ensures sustainability, cost-effectiveness, and reduced
environmental impact. Overall, the combination of plant-based biochar and lanthanum—cobalt ferrite nanocomposites
results in a multifunctional, eco-friendly material with exceptional potential in water purification, catalysis, and
environmental remediation.

This research article incorporates the fabrication of biochar encapsulated Lanthanum-Cobalt ferrites Nanocomposite
(ASB/LaCF), where the biochar (ASB) has been secured from the shell of Arachis hypogea and the metal
nanocomposite attained through the combination of Lanthanum nitrate (La(NO3).6H>0), ferric nitrate (Fe(NO3).6H,O)
and cobalt nitrate (CoNo3).6H,O i.e. (LaCF). Identification of all three components i.e. Biochar (ASB), metal
composite (LaCF) and biochar based metal nanocomposite (ASB/LaCF) has been executed by various analytical
techniques. Moreover, water purification has been concluded by taking Alizarin red S dye as pollutant and amount of

adsorption has been verified by analyzing different thermodynamic and kinetic parameters.

Material and Method:

In this research article, chemicals of the analytical grades were utilized. Alizarin Red S dye with molecular weight
360.28 g/mol, with molecular formula of (Ci14H7NaO5S), was attained from Sigma - Aldrich, India with a standard
grade. The chosen dye was used for the experiments without any further amendments. Chemicals, namely HCI,
H,SO4 and NaOH were attained from Merck Life Sciences Private Limited. 1000 milliliters of deionized water was
diluted with one gram of Alizarin Red S dye to obtained 1000 mg L of stock solution.

Prepration of bio-sorbent from Arachis hypogea shell:
The shell of Arachis hypogeal were collected from Bilaspur (H.P.), India, and thoroughly washed with double-

distilled water to remove any adhering impurities. They were then air-dried in sunlight for several days. After drying,
the material was chopped, crushed, and ground to obtain a uniform particle size. The resulting powdered sample was
stored in a desicator for further analysis.

Preparation of biochar (ASB):

The material was pyrolysed in a furnace at 700 °C for two and a half hours, with the temperature increased by 50 °C
every 20 minutes. After pyrolysis, it was allowed to cool overnight. Chemical activation was carried out by immersing
the biochar in 5% sodium hydroxide (NaOH) and 6% sodium hypochlorite (NaClO) solutions. The mixture was then
exposed to microwave heating at 50—60 °C for 30 minutes. The activated biochar was subsequently filtered and rinsed
repeatedly with double-distilled water until the pH reached neutrality (pH 7). Finally, the treated biochar (ASB) was
oven-dried at 60 °C overnight and stored for further use.

Synthesis of lanthanum ferrite (LaFe,O3):

The Lanthanum ferrites were prepared through sol-gel method. For the preparation of Lanthanum ferrites (LaFeO3)
0.06M of Lanthanum nitrate (La(NO3).6H,O) and 0.06M of ferric nitrate (Fe(NO3).6H>O) were taken and added to
30ml of distilled water. Now 2-3 drops of citric acid (C¢H70s) were also added to the above solution for maintaining
the pH of the solution. The solution was heated by using magnetic stirrer at 80°C for 90 minutes continuously. After
heating the yellowish brown gel was obtained which was dried in an oven for 2 hours and then kept at room
temperature.

Preparation of Cobalt ferrites (CoFe,03):
The cobalt ferrite was prepared through the co-precipitation method. In this method two or more soluble compounds
were precipitated from a solution for obtaining the solid. The cobalt ferrite was prepared by taking cobalt nitrate

© 2026, IJSREM | https://ijsrem.com | Page 2


https://ijsrem.com/

" 2

‘jI-JSREi:{'

..o 87 International Journal of Scientific Research in Engineering and Management (IJSREM)
W Volume: 10 Issue: 01 | Jan - 2026 SJIF Rating: 8.586 ISSN: 2582-3930

(CoNo3).6H>0 (0.2M) and ferric nitrate FeNO3.9H,O (0.6M) and dispersing these two compounds in 30ml of distilled
water with continuous stirring of the solution for 45 minutes at 50-60°C temperature. Now 0.2M of NaOH i.e. sodium
hydroxide was added dropwise to the solution to form the metal oxides. After adding sodium hydroxide again the
solution was stirred upto 1 hour at 80°C.

Synthesis of Lanthanum-Cobalt ferrites (LaCF):

For the preparation of lanthanum cobalt ferrites (LaCF), lanthanum ferrite (LaFe,O3) was dispersed in 45ml of distilled
water in the ratio of 2:1. Now cobalt ferrite (CoFe,O3) was also added to the above solution with constant stirring and
heating at 80°C temperature for 90 minutes. Brownish precipitates were formed. After that precipitates were washed
with distilled water and dry the precipitates in an oven for 1 hour and placed at room temperature.

Synthesis of biochar encapsulated Lanthanum-Cobalt ferrites Nanocomposite (ASB/LaCF):

Nanocomposites of lanthanum—cobalt ferrites (LaCF) with biochar (ASB) were synthesized by adding 3—4 g of
activated biochar to 50 mL of distilled water, followed by gradual dispersion and stirring on a magnetic stirrer at room
temperature for 90 minutes. The prepared lanthanum—cobalt ferrite precipitates were then introduced into the above
mixture. The resulting solution was refluxed in 50 mL water for 4 hours at a temperature of 80-90 °C. After
completion, the mixture was allowed to cool, and the precipitates (ASB/LaCF) were filtered and dried in an oven for
one hour.

Characterization Techniques:

The optical properties of the synthesized nanocomposite (ASB/LaCF) were first analyzed using a FTIR
(PerkinElmer® Spectrum™ 400 FT-IR/NIR spectrometer) to identify different functional groups present in biochar
(ASB), metal composite (LaCF) and biochar based metal nanocomposite (ASB/LaCF) so that comparison can be done
between them. Crystallinity and porosity were evaluated through X-ray diffraction (XRD) analysis (X'Pert Pro XRD
models). Surface morphology and particle boundaries were examined using scanning electron microscopy (SEM,
Hitachi SU 8010 Series). Additionally, BET (Quantachrome Autosorb-iQ-MP/XR) was deployed to quantify the
specific surface area and poresize distribution within the nanoparticles, DSC (Thermo Scientific <<<b/>ArctiX<<!b/>
DSC) provided information about thermal stability, homogeneity and dispersion of the synthesized nanoparticles,
TGA (RT-2400°C), allows the study of kinetics of chemical reactions, like evaporation, decomposition and stability,
by analyzing mass changes over time or temperature. The Barett-Joyner-Halenda (BJH) method was deployed to
formulate pore-size distribution curve.

Batch adsorption analysis:
Batch adsorption analysis was deployed in the adsorption process to optimize various parameters. The wetness content
in the ASB and ASB/LaCF were expelled by arranging them for 2 hr. in hot air oven at 120° C. The required amount
of ASB and ASB/LaCF adsorbents were mixed in an orbital shaker, with the Alizarin red S dye concentration varying
from 50 mg/L to 250 mg/L at 303k. After filtering the surplus solution with the Whatman filter paper, the remaining
dye was measured by taking help of UV spectrophotometer. The adsorption procedure was repeated up to three times
to make sure about the consonant results. The experiment’s efficiency (7) and equilibrium adsorption capacity (qc) and
were determined using the following formulas:

7 =(Co-Ce X100)/Cpevvrereneeieieinininincnencnne (0]

qe=(Co-Ce XV)/M cevvvvrinininiiiiiiiiiiinininnnn 2)
Where Co and C. stand for the initial and final concentrations of the Alizarin red S dye (mg/L), while, q. denotes the
equilibrium adsorption capacity (mg/g ).

FTIR spectral analysis:

The FTIR study was recorded in the range on 4000-400 cm™ (Fig 1). The spectra of ASB (Fig 1 (a)) shows the
absorption band between 1415 cm™ and 1340 cm™! due to C-C polyphenolic stretching of lignin and plane deformation
vibration of aromatic and aliphatic C-H moiety, might be in -CHs, -CH», -O-CHj3 groups. The peaks appeared at 1639
cm! and 2849 cm! were ascribed to the carbonyl compounds and amines present in organic moiety [17]. FTIR
spectrum of LaCF (Fig 1 (b)) shows a broad peak at 3379 c¢m™! and minor peak at 2924 cm™ may be due to oxide
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stretching and bending vibrations of metals, respectively. While, peak appeared at 718 cm™ is due to La-O bending
vibration, at 657 cm™ and 539 ¢cm™! may be due to bending vibrations of Cobalt and iron oxides [18].
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Fig 1: FTIR Spectra of (a) ASB, (b) LaCF and (c) ASB/LaCF

The shifting of metal oxide peaks in ASB/LaCF (Fig 1 (c¢)) at 694, 618 and 556 confirmed that lanthanum cobalt
ferrite nanoparticles were successfully bonded to the organic moiety of ASB [19-20]. Similarly shifting of various
peaks in ASB/LaCF compared to ASB and LaCF defines the structural and chemical changes in organic moiety.

XRD analysis:

The XRD spectra of ASB, LaFC and ASB/LaCF has been shown in (Fig 2). Very few diffraction peaks at 26 = 31.22°
and 31.96° confirm amorphous nature of the organic biochar ASB (Fig 2 (a)). On the other hand (Fig 2 (b)) defines
that the crystalline behaviour of LaCF is highly crystalline with major diffraction peaks at 20 = 29.52°, 31.38°, 33.40°,
36.02°, 43.71°, 48.69° and 54.20° etc. While the and (Fig 2 (c¢)) suggested that the crystallinity declines after
incorporation of metals into the core of organic moiety to form ASB/LaCF which reveal major peaks at 20.40°, 23.86°,
30.13°, 36.82°, 44.50° and 65.28° etc. that indicate modification in the structure of biochar ASB and inorganic moiety
LaCF, to form ASB/LaCF suggesting the formation of nanocomposite [21-22].
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Fig 2: XRD spectra of (a) ASB, (b) LaCF and (c) ASB/LaCF
The average crystalline size was calculated by using Sherrer equation:

where D = Average crystalline size, A = wavelength, B = WHM of diffraction peaks, 6 is Bragg angle and k =
Scherrer’s constant (0.89). On the basis of obtained data the average anticipated crystallographic size was found
between 15-25 nm.

FESEM analysis:

Fig 3 (a-d) depict the FESEM (field emission scanning electron microscopy) micrographs of (ASB), (LaCF) and
(ASB/LaCF) nanocomposites at various magnifications. In Fig 3 (a), the clean, smooth, and porous surface of ASB
has been identified. This porous structure clarifies to the volatile chemicals emission while carbonization process [23].
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Fig 3: FESEM images spectra of (a) ASB, (b) LaCF and (c) & (d) ASB/LaCF at different magnification

(LaCF) as shown in Fig 3 (b), exhibit tiny spherical and multilayered structures, indicating incorporation of all three
salts in homogenous fashion. Fig 3 (c-d) described the images of nanocomposite at 100 nm and 400 nm respectively
that illustrated the emergence of tiny spherical structures of (LaCF) within the porous matrix of ASB with random
distribution on its surface [24-25]. Additionally, thousands of nano-holes were clearly observed on the surface of
SCB/NC.

VSM Study:

The magnetic property of the ASB/LaCF nanocomposite was determined by vibrating sample magnetometer (VSM) at
room temperature in an applied magnetic field sweeping from -2000 to 2000 G (Fig 4) and the hysteresis loop passes
via Cartesian-axis which indicates that the ASB/LaCF nanocomposite possesses superparamagnetic behavior with no
coercivity or retentivity. Because of nil retentivity the material was regarded as soft [26]. The saturation magnetization
value of synthesized composite was found to be 0.354 emu/g.
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Fig 4: VSM graph of ASB/LaCF Nanocomposite
BET analysis:

The porosity of a material is an essential requirement for the sorption of impurities from a water sample. The pore size
has fragmented into the three main groups i.e. macroporous (>50 nm), mesoporous (2-50 nm) and microporous (<2
nm) [27]. The BJH (Barrett—Joyner—Halenda) model by utilizing nitrogen desorption branch of isotherm was deployed
to examine the pore size distribution of ASB (Fig 5 (a)) and ASB/LaCF (Fig 5 (b)). The highest diameter of ASB was
observed 3.2 nm while for ASB/LaCF nano-structure it was 7.5 nm [28].
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Fig 5: BET isotherm showing adsorption and desorption of (a) ASB and (b) ASB/LaCF Nanocomposite

Hence, the synthesized nano-hybrid structure was found in the range of mesoporous nanocomposite, which might be
responsible for the maximum adsorption uptake of Alizarin red S dye from water system. The BET surface area of
ASB/LaCF nano-hybrid was observed as 52.25 m?%/g.

TGA and DSC Analysis:

TGA curve shown in the (Fig 6) depicted the loss in weight percentage with respect to the temperature. On raising the
temperature, there was reduction in weight due to changes observed in composition of the tested compound
(ASB/LaCF). This was inferred from (Fig 6) that there was almost 3 % decrease in weight up to 97 °C, which suggest
the loss of water in the form of moisture from the sample (ASB/LaCF). When the temperature raised around 200 °C,
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further 50 % weight loss was established. This loss in weight may be due to breakage of bond or decomposition of
organic content i.e. leaf extract available in sample. The 10 % weight loss was identified up to temperature of 250 °C
which confirm loss of metal oxygen bond in the nanocomposite (ASB/LaCF) [29].
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Fig 6: TGA and DSC graph of ASB/LaCF Nanocomposite

This is confirmed that above 400 °C, the bio-nanocomposite (ASB/LaCF) was comparatively more stable. Steady
decrease in weight continued up to 700 °C expressing that (ASB/LaCF) was more stable at high range of temperature
[30]. Similar pattern of heat flow has been observed in DSC graph of (ASB/LaCF) (Fig 6) where almost identical
peaks have been identified the co-ordinate with values of TGA graph (Fig 6).

Effect of experimental conditions on Alizarin red S dye adsorption (Parameter optimization):

Effect of contact time:

The contact time and dye removal efficiency are directly related to each other up to an equilibrium point i.e. the
removal efficiency keeps on increasing up to the equilibrium [31]. The range of the Alizarin red S dye removal by
ASB and ASB/LaCF adsorbents was monitored by adjusting the contact time from 10 min to 60 min and the
concentrations of dye ranged from 50 to 250 mg/L. The other adsorption applicable like temperature 30 °C, pH 2, and
dose rate 0.2 g and 0.1 g (ASB and ASB/LaCH) were kept constant. The impact of the shaking time was graphically
shown in (Fig 7). It is evident from the figures that, there was a tremendous rise in the elimination of dye molecules up
to 40 min, and after that, there was a gradual constant in the elimination of Alizarin red S dye particles in both ASB
and ASB/LaCF adsorbents (Fig 7 (a) and (b)). To understand it another way, the Alizarin red S dye molecules will
have more active sites to connect to the adsorbent surface before 40 min; however, after half an hour, the active sites
might be filled with Alizarin red S dye molecules [32]. The percentage of adsorption in case of ASB/LaCF (Fig 7 (b))
was found increased when compared with adsorption percentage of ASB (Fig 7 (a)).
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Fig 7: Effect of contact time for the elimination Alizarin red S dye by (a)ASB and (b) ASB/LaCF at different

concentrations

Effect of Initial concentration:

To investigate how the initial dye concentration influences adsorption, Alizarin red S dye concentrations were varied
from 50 to 250 mg/L, while other conditions i.e. pH 2, contact time, temperature, and adsorbent dosages of 0.2 g
(ASB) and 0.1 g (ASB/LaCF) were kept constant. (Fig 8) illustrates the removal efficiencies of Alizarin red S dye
using ASB and ASB/LaCF adsorbents. As shown, the adsorption efficiency progressively decreases with increasing
dye concentration, dropping from 97.25% to 84.41% for (ASB/LaCF) and from 96.51% to 76.71% for (ASB). This
decline occurs because, at higher dye concentrations, a larger number of Alizarin red S dye molecules compete for the

limited active sites available on the adsorbent surface. Despite the change in initial concentrations, the number of
active sites remains constant, allowing only a fixed amount of dye to be removed [33].
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Fig 8: Effect of concentration on the elimination of Alizarin red S dye by ASB and ASB/LaCF
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Impact of the pH:

The influence of pH on the adsorption efficiency of Alizarin red S dye using ASB and ASB/LaCH adsorbents was
examined by adjusting the solution pH from 2 to 10, while keeping other parameters constant: adsorbent dosage (0.2 g
for ASB and 0.1 g for ASB/LaCF), temperature (30 °C), shaking time (60 min), and dye concentration (50 mg/L). (Fig
9) shows the percentage removal of Alizarin red S dye at different pH levels, indicating a clear decline in adsorption
efficiency as pH increases from 2 to 10. Maximum removal 99.85% for ASB and 99.91% for ASB/LaCF occurred at
pH 2, confirming that the adsorption process is favored under acidic conditions. The presence of sulfonic acid groups
causes Alizarin red S dye molecules to carry a negative charge in aqueous solutions. The pHZPC {ZPC}ZPC values of
ASB and ASB/LaCF, determined using the pH drift method, were 6.25 and 6.34, respectively [34]. Thus, at pH 2 (pH
< Phzpc {ZPC}ZPC), the adsorbent surfaces are positively charged, promoting strong electrostatic attraction between
the dye molecules and the adsorbents hence the high adsorption efficiency.

Across the pH range of 2-10, the efficiency decreased from 99% to 30% for ASB and from 99% to 25% for
ASB/LaCF. This decline is attributed to the electrostatic repulsion that occurs when both the dye molecules and the
adsorbent surfaces become negatively charged at higher pH levels [35].
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Fig 9: Effect of pH on the elimination of Alizarin red S dye by ASB and ASB/LaCF

Effect of Dosage:

To assess the effect of adsorbent dosage on Alizarin red S dye removal, ASB dosages were varied from 0.5 to 3 g,
while ASB/LaCF dosages ranged from 0.25 to 2 g, with all mentioned adsorption parameters kept constant. As shown
in (Fig 10 (a) and (b)), the removal efficiency of Alizarin red S dye increased from 35.55% to 97.85% for ASB (Fig
10 (a)) and from 65.69% to 98.96% for ASB/LaCF (Fig 10 (b)) as the adsorbent dosage increased [36]. This
improvement is attributed to the greater surface area and the higher number of active sites available at higher dosages.
Equilibrium was reached at dosages of 2.0 g for ASB and 0.9 g for ASB/LaCF. Beyond these points, further increases
in adsorbent mass did not enhance removal efficiency, as the fixed dye concentration provided no additional Alizarin
red S dye molecules to occupy newly added active sites [37]. The superior performance of ASB/LaCF compared to
ASB is primarily due to its larger surface area.
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Fig 10: Effect of dosage on the elimination of Alizarin red S dye by (a) ASB and (b) ASB/LaCF

Impact of temperature:

The influence of temperature on Alizarin red S dye removal using ASB and ASB/LaCF adsorbents was investigated
by varying the temperature from 303 K to 333 K while keeping all other experimental parameters constant. (Fig 11 (a)
and (b)) present the percentage removal of Alizarin red S dye at different temperatures. The results clearly indicate
that increasing the temperature adversely affects the adsorption process. At lower temperatures (303 K), the kinetic
energy of the system is reduced, which enhances adsorption efficiency. This is primarily due to the stronger attractive
interactions between the protonated adsorbent surfaces (ASB and ASB/LaCF) and deprotonated Alizarin red S dye
molecules [38-39]. As the temperature rises, the kinetic energy of the dye molecules increases, intensifying
electrostatic repulsion between the adsorbents and the dye. Consequently, higher temperatures promote the desorption
of Alizarin red S dye molecules from the adsorbent surface, resulting in reduced removal efficiency.

) 1004 o
bk —e— 60 moiL ASBILACF
~8—100 mg/L
95 ~—d— 150 mg/L b \
—v— 200 mg/L |
%4 ~—4— 250 mgiL 90+ \
. § \\
85 4 75
E § \:
. " 2 u)
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— 8+ 1 T 17
300 305 30 35 320 328 330 338 00 305 30 35 320 325 330 335
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Fig 11: Effect of temperature on the elimination of Alizarin red S dye by (a) ASB and (b) ASB/LaCF

Thermodynamic studies:

In general, adsorption isotherms describe the retention, release, and mobility of adsorbate molecules on a solid surface
at a constant temperature after their introduction into an aqueous medium. These isotherms are essential for
understanding the mechanisms governing adsorption, and they provide critical insight into the overall efficiency of the
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process [40-41]. The Langmuir adsorption isotherm is one of the most widely applied models for evaluating surface
interactions. It assumes a homogeneous surface and describes adsorption as a monolayer process.
Mathematically, the Langmuir adsorption isotherm model is given by [42]:

mKLCe @)

Je =
Here, Ce, qm, ang 1+K C. ilibrium concentration, the maximum adsorption capacity, and

the amount of dye adsorbed at equilibrium, expressed in mg L', mg g, and mg g', respectively. K. (L mg™)

represents the Langmuir isotherm constant.

Another form of the Langmuir adsorption isotherm is the Freundlich isotherm model, which describes a multilayer

adsorption process. It is expressed as follows [43]:

Qe = KFCel/n

The Freundlich coefficient #» indicates the intensity or favorability of the adsorption process, while the constant K is
expressed as [(mg g ')(L mg")"A].

The Temkin isotherm model suggests that interactions between the adsorbent and adsorbate cause the heat of
adsorption to decrease linearly with increasing coverage. The mathematical form of the Temkin isotherm model is

given below:

g.= BIn (ATCe)J
B =RT/bp | croeeeeeeseeseesemsmn. @)

The parameters B, R, T, and A, correspond to the heat of adsorption (J/mol), the absolute temperature (K), the Temkin
isotherm constant (br), and the Temkin equilibrium binding constant (L/mg), respectively.

The three-parameter Redlich—Peterson isotherm is an empirical model that incorporates features of both the Freundlich
and Langmuir isotherms [44]. At higher concentrations, the model behaves similarly to the Freundlich isotherm, while

L L | X

at lower concentrations it aligns w “pn. [ts mathematical form is expressed as follows:
KRCe
JQe ™ 77T | ®)
In this model, K; (L/g) and o, (L ch—Peterson isotherm constants, while p is a dimensionless

exponent associated with adsorption intensity, typically ranging from 0 to 1. The value of B indicates the nature of the
adsorption behavior: when = 1, the system follows the Langmuir isotherm, whereas values less than 1 indicate
conformity with the Freundlich model (Table 1). The graphical representations of the isotherm studies are shown in
(Fig 12 (a) and (b)).
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Fig 12: Isotherm assessment of elimination of Alizarin red S dye by (a) ASB and (b) ASB/LaCF
Table 1: Isotherm parameters for Alizarin red S dye removal by ASB and ASB/LaCF

Sr. No. Adsorbents ASB ASB/LaCF
Parameters Alizarin red S dye | Alizarin red S
(Adsorbate) dye (Adsorbate)
a) Langmuir
1 Qmn (mg/g) 52.79912 99.47271
2. K¢ (L/mg) 0.001 0.03
3. R 0.0196 1.0195
4 R? 0.47 0.48
b) Freundlich
1. Kr (L/g) 30.73 40.14
. n 1.3 3.5
3. R? 0.78 0.79
c) Tempkin
1. Kr (mg/g/h?) 10.09 39.85
. B (g/mg/ h?) 9.60 18.36
3. R? 0.56 0.56

Adsorption Kinetic Study:

In an adsorption process, kinetic models are crucial because they reveal key information about mass-transfer
mechanisms, adsorption efficiency, and the overall rate at which adsorption occurs. These models describe how
quickly dye molecules are captured by the adsorbent and how they are later released. In general, adsorption kinetics
help determine whether the process follows physical or chemical adsorption. To assess these behaviors, several kinetic
models are commonly applied, including the pseudo—first-order, pseudo—second-order, and Elovich models [45]
whose mathematical expressions are given below.
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Where qc is the amount of adsorbate adsorbed at equilibrium conditions (mg g'), q:is the adsorption capacity at a
specific time t (mg/g), ki and k; are the kinetic rate constants (min™"), a is the initial adsorption rate(mg/g.min) and B is
the elovich isotherm constant (g/mg).
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Fig 13: Adsorption Kinetic model assessment (a) pseudo-1** order model, (b) pseudo-2"" order model , (c)
Elovich model and (d) diffusion model for ASB and ASB/LaCF
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Table 2: Parameters of Adsorption Kinetic model (a) pseudo-1** order model, (b) pseudo-2"! order model , (c)
Elovich model and (d) diffusion model for ASB and ASB/LaCF

Sr. No. Adsorbents ASB ASB/LaCF
Parameters Alizarin red S dye | Alizarin red S dye
(Adsorbate) (Adsorbate)
a) Pseudo-1°* order
1. qe (mg/g) 11.17 18.25
2. Ki (1/h) 0.038 0.049
3 R? 92.36 95.32
b) Pseudo-2"! order
qe (mg/g) 11.25 22.41
. K; (g/mg/min) 0.03 0.05
3. R? 93.25 96.78
c) Elovich
1. a(mg/g/h?) 21.45 46.84
. B (g/mg) 0.27 0.34
3. R? 96.25 97.14
d) Diffusion model
1. C (mg/g) 9.67 16.27
. Kigs(mg g!' h'2 7.85 10.24
3. R? 0.99 0.99

The graphical presentation of all kinetic models has been shown in (Fig 13) for ASB and ASB/LaCF. The kinetic
parameters for all the models have been displayed in (Table 2). The kinetic parameters were examined by analyzing
pseudo-1° order model, pseudo-2" order model and Elovich models. (Table 2) validate that the kinetic parameters of
Alizarin red S dye adsorption on ASB and ASB/LaCF nanocomposite with high amount of regression coefficient of
0.97 [46]. The process of adsorption for Alizarin red S dye from water sample contains within three phases i.e. the first
phase found between 20 and 30 minutes, in which ions of Alizarin red S dye migrate from aqueous medium to the
surface of adsorbate. The second stage last from 40-60 minutes that can explain the intraparticle diffusion of dye to the
internal pores of adsorbate. The last and third stage last upto 80 minutes elaborated the progress of adsorption
controlled by pore diffusion [47]. Hence, as the plot crosses the origin (Fig 13 (d)), it can be concluded that
intraparticle diffusion might be the rate limiting parameter.

Thermodynamic Analysis:

The thermodynamic behavior of the system was evaluated using key parameters—Gibbs free energy (AG), enthalpy
(AH), and entropy (AS). These parameters are commonly analyzed to determine the feasibility of the adsorption
process, identify whether it is exothermic or endothermic, and assess the degree of randomness or disorder involved in
the system. For this study, the temperature was varied from 303 K to 333 K while the Alizarin red S dye concentration
was kept 50 mg/L. All other conditions, including pH, adsorbent dosage, and contact time, were maintained constant.
Gibbs free energy, enthalpy, and entropy were calculated using the equations (12 to 16) presented below.

KC = CA/Ce vvevereeeereeeeeeeesseesssesessessssessnsees (12)
AG® = -RTINKC cevveeeeeeeeeeeeeeeeeereeseeeeesnesenne (13)
AG® = AH -TAS «.eeeveeeeereeereeeeeireeesressssesssseesas (14)
In Kc = AHY/RT)HASYR)veeeeeeeeeeereeeeeereeesneens (15)

log Kc - AH®/2.303RT)+(AS%/2.303R)...c..eeeennennne.. (16)

The variables Cae, Ce, T, R, and K. denote the amount of adsorbate retained on the adsorbent surface (mg/L), the
equilibrium concentration of Alizarin red S dye in the aqueous phase (mg/L), the absolute temperature (K), the
universal gas constant (8.314 J/mol-K), and the equilibrium constant, respectively.
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The thermodynamic parameters obtained for Alizarin red S dye has been summarized in (Table 3). At all studied
temperatures, the change in Gibbs free energy (AG®) values were negative and continues increasing on rising the
temperature for ASB and ASB/LaCF, confirming that the adsorption process is both thermodynamically feasible and
spontaneous (Fig 14 (a)). The negative value of enthalpy change (AH®) indicates that the adsorption is exothermic in
both the cases [48-49]. In addition, the negative entropy change (AS®) values (J/mol-K) suggest decline in quantity of
randomness at the solid—liquid interface during the adsorption of Alizarin red S dye onto the surface of ASB and
ASB/LaCF. A comparison between the values of both adsorbate i.e. ASB and ASB/LaCF can be understand easily

from (Table 3).
Table 3: Thermodynamic values of adsorption of Alizarin red S dye for ASB and ASB/LaCF
Sr. No. | Temperature AG® (KJ/mol)
ASB ASB/LaCF
1. 300 -4.814 -6.547
. 313 -4.715 -6.487
3. 323 -4.547 -5.847
4. 333 -4.478 -4.984
5. AH? (KJ/mol) -5.847 -10.472
6. AS® (J/mol/K) -26.524 -56.845
1.2 .
11 (») -
1.0 -
74 09 4 -
x
5‘ 0.8 - -
0.7 4 -
- ASB
4 o * ASB/LaCF)
0.8 4 -

00;)00 00;)05 0007110 00(;)'0 OOJ)?Oﬁ DOJ)II 00(;))0
1T
Fig 14: Thermodynamic parameters of adsorption of Alizarin red S dye by ASB and ASB/LaCF

Regeneration analysis:

Typically, spent adsorbents are discarded into the environment as waste, posing significant disposal challenges. These
materials can be hazardous and often require energy-intensive and costly methods such as incineration. Direct
dumping further contributes to environmental risks. Regenerating spent adsorbents offers an effective solution,
providing advantages such as enhanced material stability and the potential recovery of valuable adsorbates.

For this study, NaOH was employed as the eluting agent for regenerating the spent adsorbents. For the regeneration
procedure, HC and MHC were first saturated with a 50 mg/L Alizarin red S dye solution for a predetermined contact
time. Following saturation, 0.1 M NaOH was used to desorb the dye molecules. The alkalinity of NaOH disrupts the
electrostatic and hydrogen-bonding interactions between the Alizarin red S dye and the surface functional groups of
ASB and ASB/LaCF, thereby promoting desorption. After desorption, the adsorbents were washed and oven-dried at
150 °C for 120 minutes before reuse.
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Graph 1: Regeneration of ASB and ASB/LaCF adsorbents.

Both ASB and ASB/LaCF were successfully regenerated for up to sixth cycles, with regeneration efficiencies ranging
from 92% to 60% for ASB/LaCF and 80% to 40% for ASB. The regeneration performance is illustrated in (Graph 1)
showing that ASB/LaCF consistently outperformed ASB across all cycles. After the fifth cycle, ASB/LaCF retained
approximately 60% efficiency, whereas ASB declined to about 40%. The gradual reduction in efficiency is likely due
to physical and chemical alterations of the adsorbent surface and the loss of functional groups during repeated
regeneration [S0-52].

Conclusion:

This research article comprises fabrication of two eco-friendly and cost-effective adsorbents named, ASB and
ASB/LaCF by utilizing shell of_Arachis hypogea and Lanthanum nitrate (La(NO;3).6H,O), ferric nitrate
(Fe(NOs3).6H>0) and cobalt nitrate (CoNo3).6H,O as raw materials. The derived biochar and respective nanocomposite
were identified through various characterization techniques such as FTIR, XRD, FESEM, TGA, DSC, VSM and BET
etc. Results of all these techniques provide information regarding the nature and composition of the synthesized
materials. Both ASB (Biochar) and ASB/LaCF (biochar based nanocomposite) were analysed for thermodynamic and
kinetic studies by utilizing various models and isotherms through their adsorption efficiency for Alizarin red S dye.
The Langmuir, Freundlich and Tempkin isotherm model described the adsorption of Alizarin red S dye efficiently.
While kinetic parameters such as Pseudo 1% order, 2" order and Elovich model along with diffusion model were
performed to make sure the high efficiency of synthesized materials. Regeneration test was also performed to analyse
the recovery and recyclability of tested biochar (ASB) and respective nanocomposite (ASB/LaCF).
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