Nature Environment and Pollution Technology
An International Quarterly Scientific Journal

p-ISSN: 0972-6268 _
(Print copies up to 2016) Vol. 24 No. 3 Article ID POLLUTION

e-ISSN: 2395-3454 B4277

Original Research Paper

| d-' https://doi.org/10.46488/NEPT.2025.v24i03.B4277 |

Open Access Journal

Single-Step Green Method of Synthesis of Activated Carbon from
Lignocellulosic Biomass Waste of Jacaranda mimosifolia for
Sustainable Water Purification

Vishal Haribhai Patel'%, Abdul Gani't and Anamika Paul®
'School of Engineering, Galgotias University, Plot No.2, Sector 17-A, Yamuna Expressway, Greater Noida-201310,

Uttar Pradesh, India

2Amity University, Room No. G05, J3 Block, Amity University, Noida-201313, Uttar Pradesh, India
3WSP Global Inc., 1st Floor, FC24, Sector 16A, Noida-201306, Uttar Pradesh, India
tCorresponding author: Abdul Gani; abdul.gani @galgotiasuniversity.edu.in

Abbreviation: Nat. Env. & Poll. Technol.
Website: www.neptjournal.com

Received: 17-10-2024
Revised: 13-12-2024
Accepted: 22-12-2024

Key Words:

Activated carbon
Lignocellulosic biomass waste
Green synthesis

Water purification

Jacaranda mimosifolia

Citation for the Paper:

Patel, V. H., Gani, A. and Paul, A., 2025.
Single-step green method of synthesis for
activated carbon from lignocellulosic bio-
mass waste of Jacaranda mimosifolia for
sustainable water purification. Nature En-
vironment and Pollution Technology, 24(3),
B4277. https://doi.org/10.46488/NEPT.2025.
v24i03.B4277

Note: Since 2025, the journal has adopted the use of
Article IDs in citations instead of traditional consecutive
page numbers. Each article is now given individual page
ranges starting from page 1.

Copyright: © 2025 by the authors

Licensee: Technoscience Publications

This article is an open access article distributed
under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https:/
creativecommons.org/licenses/by/4.0/).

ABSTRACT

Abundant lignocellulosic biomass components have been a source of inspiration for
designing complex materials with high surface area and potent applications in a wide variety
of commercial products, including water purification, biosensors, catalysis, and others.
Billion tons of lignocellulosic biomass waste are produced in a year. This lignocellulosic
biomass waste could be a good source of precursor for activated carbon and other carbon-
based nanomaterials. Activated carbon was prepared from Seed pods of lignocellulosic
biomass of Jacaranda mimosifolia, which was treated as waste using a single-step green
method of synthesis. Synthesized activated carbon was characterized using high-resolution
scanning electron microscopy (HRSEM), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), N, adsorption/desorption, and Zeta potential. It was evident that the
synthesis method was free from chemical use and thus eco-friendly. We have reported
maximum removal of heavy metal, lead ion (Pb*?), and dye Eriochrome Black T (EBT)
using prepared activated carbon was 58.77 and 286.56 mg-g'1' respectively. The adsorption
was rapid, with 97% of Pb*? and 90% of EBT adsorption accomplished within 60 min. The
synthesized material could be used in the design of a filter for sustainable water purification.

INTRODUCTION

Many organic and inorganic water-soluble pollutants are discharged into water
bodies, giving rise to serious environmental problems. The wastewater produced
from various industries such as manufacturing, printing, textile (Yao et al. 2020),
chemicals, electronics, and pharmaceutical industries (Ozdemir et al. 2019)
carries a noticeable quantity of pollutants, including dyes and heavy metals. This
has remained a major environmental challenge. They are responsible for the
seepage of different pollutants, such as dyes (Tonato et al. 2019), heavy metals,
and phenols (Mohammed et al. 2018), into the aquatic environment without
proper removal. Both heavy metals and dyes are envisaged to be some of the most
dangerous pollutants in water systems as they exhibit mutagenic, immunogenic,
carcinogenic, and teratogenic characteristics (Azari et al. 2019) and also cause
serious environmental and health problems for aquatic flora, fauna, and finally
human health (Yin et al. 2019).

Dyes are used in varied sectors, including textile, paper, leather, dyestuff,
printing, plastic, cosmetics, and coatings, because of their low cost, brightness,
and high resistance against environmental conditions (Reck et al. 2018).
Moreover, dyes were very stable to light, temperature, microbial attack, and
even at low concentrations optically active and detectable (Bello et al. 2018),
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causing a very acute impact on water bodies (dos Santos
et al. 2018).

Industries generating a massive quantity of heavy metals-
laden wastewater contain arsenic, cadmium, lead, cobalt,
copper, chromium, mercury, zinc, iron, manganese, nickel,
and others. These effluents are released into water bodies
without proper treatment (Liu et al. 2019, Dobrowolski et al.
2019), and poisonous at low concentrations (Ali et al. 2019),
could be bio-accumulated/magnified along with food chains,
and pose hazards to human health (Que et al. 2019) and found
within the different environmental compartments (Alonso-
Magdalena et al. 2019). Owing to the mentioned impacts on
different biota, a strong demand for water purification from
heavy metals and dyes becomes crucial.

The key techniques that are used to remove pollutants
from the water phase include physical and chemical
processes including coagulation/flocculation (Hou et al.
2019), precipitation (Chen et al. 2018), ultrafiltration
(Kavitha et al. 2019), photo-oxidation (Du & Chen 2018),
electrodialysis (Nemati et al. 2017), electrocoagulation
(Doggaz et al. 2019), membrane separation (Hosseini et al.
2018), ion exchange (Feng et al. 2019), forward osmosis
(Qiu & He 2019), electrochemical oxidation of Wastewater
(Rai & Sinha 2022), irradiation (Ghobashy & Elhady 2017),
and adsorption (Wei et al. 2021). The biological processes
include phytoextraction (Napoli et al. 2019) and biological
degradation (Jacob et al. 2018).

In the past few years, bio templates from natural sources
like extracts of various plant components have been a
source of inspiration for designing complex materials with
high surface area, which have potent applications in a wide
variety of commercial products, including filters for water
purification, biosensors, catalysis, and others.

Biosorption, using bio-wastes for the elimination of
different water pollutants, is an eco-friendly, economical,
and efficient technique (Gupta et al. 2018) that limits the
concentration of different water pollutants to the acceptable
limits recommended by different federal regulations (Krstic€ et
al. 2018). Numerous benefits are attained due to the recycling
of these biomasses, including waste minimization, and
could rectify different ecological as well as environmental
problems (Gupta et al. 2019). Adsorption using a low-cost
and sustainable biosorbent derived from biomass provides
an alternative to a circular economy (Madeta & Skuza 2021).

Jacaranda mimosifolia used in the study belongs to
the botanical family Bignoniaceae reported to be native of
South America. The jacaranda has been cultivated in almost
every part of the world and used in numerous metropolises
in tropical and sub-tropical countries as an ornamental
tree (Mostafa et al. 2014) (Ragsac et al. 2019). Jacaranda

mimosifolia can be categorized as a medium-sized tree which
is usually less than 10 m tall and can reach 12-15 m under
ideal conditions (Agroforestree database). Seed pods, drying
dark brown, have a compressed-elliptical shape and are
3.5-8.5 cm long. Seeds are surrounded by a thin membrane,
usually 0.8—1.4 cm long. Its seed pods were not edible and
attractive to birds as they lacked a pleasing color or scent.
Therefore, upon ripening, they dry and fall, generating a large
amount of organic biomass over the soil. Very limited studies
were found in the literature related to the use of Jacaranda
mimosifolia seed pods (JMSP) for the removal of pollutants
from water or wastewater.

In the present study, activated carbons (biosorbent) for
water treatment have been synthesized using biomass of
JMSP to investigate the adsorption performance of Pb** and
Eriochrome Black T (EBT) in aqueous solution. The effect
of various operational parameters, kinetics, thermodynamics,
adsorption isotherms and adsorption mechanism were
investigated by combining different methods, including high-
resolution scanning electron microscopy (HRSEM), X-ray
diffraction (XRD), Fourier transforms infrared spectroscopy
(FTIR), N, adsorption/desorption and Zeta potential.

MATERIALS AND METHODS
Chemicals and Reagents Used

The JMSP was collected from local city gardens of greater
Noida, India. Reagents used in experiments were analytical
grade, and no further processing was carried out before use.
Unless specified, the deionized water (18.2 MQ-cm) was
used during all experiments. The standard stock solutions
of 1000 mg.L"! were prepared for metal ion Pb** and EBT.
Table 1 describes the specification and chemical structure of
EBT used for the study. The pH of the solution was adjusted
using 0.01-1 M HCI and NaOH.

Preparation of Activated Carbon

The seeds were removed from the collected JMSP before
processing them. First, collected JMSP were washed
with tap water to remove the residual dirt, sand, and other
soluble impurities, then washed with deionized water 4
times. Washed JMSP were dried in a laboratory oven at
70°C for 24 h until constant weight. The dried JIMSP was
ground using an electronic blender and sieved into the
particles < 177 um and stored in plastic bottles. The sieved
JMSP powder was placed into the specially designed
reactor under the inert atmosphere with an N, flow rate of
0.001 m*min™' with a heating rate maintained at 300°C-min™'
to the final temperature of 1950°C, which was maintained
for 05 min (carbonization) followed by activation at 1950°C
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Table 1: Specification and Chemical Structure of Eriochrome Black T (EBT).

Dye Name IUPAC Name Chemical Formula & Chemical Structure Amax
MoLecular Weight (nm)
Eriochrome sodium;4-[ (1-hydroxy naphthalene-2-yl) NO, 526
Black T (EBT) hydrazinylidene]-7-nitro-3-oxonaphthalene- C,0H;N;0,SNa
1-sulfonate
CAS Number 461.381 g'moL"! 0
1787-61-7 |

Table 2: Proximate analysis of synthesized JMSP activated carbon.

Particular Moisture % on a dry basis

Volatile matter % on a dry basis

Ash % on a dry basis Fixed carbon % on a dry basis

JMSP AC 6.67 22.26

3.03 74.71

under CO, with flow rate of 0.001 m*-min”' for 05 min. The
temperature of 1950°C was maintained for a total time of
10 min, 05 min for carbonization, and 05 min for activation.
The prepared activated carbon was left to cool to room
temperature and washed with deionized water; the activated
carbon was separated using a 0.45 um nylon membrane filter.
The activated carbon obtained was dried at 110°C for 24
h, cooled to room temperature in a desiccator, and kept in
airtight bottles for further analysis. The prepared activated
carbon was labeled as JMSP AC. The single-step synthesis
method for the production of activated carbon (biosorbent)
was efficient and free from the use of chemical, thus eco-
friendly. Additionally, the synthesis process operated with
flexibility and scalability. The quantitative analysis (Table
2) confirms the higher conversion of available elemental
carbon from lignocellulosic biomass to activated carbon
using the proposed synthesis method.

The percent yield of IMSP AC was determined from
the relation:

Wac

Yield(%) = x 100 ..(1)
Wo
where w,. and w, were the final IMSP AC dry weight (g)

and the precursor dry weight (g), respectively.
Adsorption Studies

The efficacy of the synthesized JMSP AC was tested as
an adsorbent for the Pb*? and EBT sorption from aqueous
solutions in the batch experiments. All experiments were
triplicate, and the mean of these were reported with the
control experiment in the same operating conditions without
adding adsorbent. Different standard solutions (10ppm,
25 ppm, 50 ppm, 75 ppm, 100 ppm, 125 ppm, 150 ppm) of
Pb*? metal ion and (10 ppm, 25 ppm, 50 ppm, 100 ppm, 200
ppm, 300 ppm, 400 ppm, 500 ppm) for EBT dye were prepared
and kept in the refrigerator to maintain the constant volume

and concentration. The adsorption experiments were carried
out in a 250 ml flask containing 100 ml of metal and dye
solution of various concentrations, dosage of JMSP AC, and
contact time at natural solution pH. Samples were shaken in
a thermostat incubator at 200 rpm for 2 h. The residual metal
ion concentration was determined using ICP-OES (Agilent
Technologies 700 series), and that of the dye was determined
using a UV-VIS spectrophotometer (Agilent Carry 100 UV-
Vis). The amount of metal ion and dye adsorbed per unit mass
of adsorbent was calculated according to the equation:

Qe ==t o)

Where Q, was the amount of metal ion/dye adsorbed
on biosorbent (mg-g™), and C,and C, were the initial and
equilibrium concentrations of metal ion/dye solution (mg-L
1). V - volume of metal ion/dye solution (L), and W - amount
of JIMSP AC biosorbent (g).

The following equation determined the % removal:
Removal (%) = @ x 100 ..(3)
0

The adsorption kinetics were done at 25 °C and natural pH
with concentrations at 100 and 250 mg'L'1 for metal ion and
dye, respectively. The samples were analyzed at predefined
time intervals, and metal ion/dye uptake on biosorbent at
time t was determined using Eq. 4

(Co—COV
Q =~ ()

Where C, (mg'L'l) - concentration of metal ion/dye at

any time.

The adsorption isotherm data were analyzed using four
different types of adsorption isotherm models, including
the Langmuir, Freundlich, Temkin, and Redlich-Peterson
(R-P); the kinetic models used were pseudo-first-order,
pseudo-second-order, and intraparticle diffusion (Table 3).

Furthermore, to elucidate the adsorption thermodynamics,
Pb** and EBT adsorption was conducted at different

Nature Environment and Pollution Technology ® Vol. 24, No. 3, 2025
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Table 3: Adsorption isotherms and kinetic models.

— KRCe
Redlich-Peterson Qe = 1+agCe?d
(R-P)
Q: = Q¢ (1 - e_klt)

Pseudo-first order

Pseudo-second order 0, = Qo%kat
&7 14Qekst
Intraparticle Diffusion model Q= kitl/ 24 C

Models Equation Parameters
Langmuir 0, = QmKLCe K = constant related to the affinity of binding sites (L-mg™)
€ 14K;Ce
L
Freundlich Qe = KrC." K = constant related to adsorption capacity Lgh,
RT n = constant related to the intensity of adsorption
Temkin Qe = B_Tln(ATCe) Aq = equilibrium binding constant (L- g,

R = universal gas constant (8.314 JmoL ' K™,
R = universal gas constant (8.314 JmoL ' K™,

T = absolute temperature (K),

B = constant related to adsorption heat (J ‘moL")
KR = R-P constant (L~g'l)

agp = R-P constants (L-mg'l)

g =exponent related to surface heterogeneity

k, = equilibrium rate constant (min™)

k, = equilibrium rate constant (grmgmin’)

k; = rate constant mg-g ' 'min®?,
C = boundary layer thickness

0.5

temperatures in the range of 25 to 40°C with 0.8 g-L™! of
adsorbent suspended in 50 mL 50 ppm Pb**/EBT solution
agitated at 200 rpm for 2 h. The various thermodynamic
parameters at equilibrium, including Gibb’s free energy
change (AG"), enthalpy change (AH"), and entropy change
(AS), were calculated based on the adsorbate concentration
C. (mg-L™") and adsorption capacity Q. (mg-g™) in solution
in equilibrium at different temperatures.

Biosorbent Regeneration

Regeneration of the used JMSP biosorbent was carried
with 0.2 M HNO; to desorb the sequestered Pb*? and EBT,
using a solid/liquid ratio of 3 gL' for 2 h. Subsequently,
the biosorbent was separated using a 0.45 pm nylon filter.
The filtrate was analyzed for desorbed Pb™ and EBT, while
the separated biosorbent was washed with milli-Q water 3
times and then used for resorption study after drying in the
oven at 110°C for 12 h.

Characterization of JMSP AC Biosorbent

To elucidate the underlying adsorption mechanisms and
active binding sites, JMSP biosorbent were characterized
using a variety of physicochemical and spectroscopic
approaches before and after Pb**/ EBT adsorption (i.e.,
pristine JMSP biosorbent and Pb*?/EBT loaded JMSP
AC). The surface electric property of JIMSP biosorbent was
examined by a Malvern Zetasizer (Nano Series) and pH
drift method (Faria et al. 2004). Textural characterization
of the JMSP AC was carried out by N, adsorption at 77 K
using Quantachrome Autosorb I1Q Surface area analyzer.
The XRD diffractogram of the JMSP was recorded using
CuKa radiation (A = 1.54184 A) at 30 kV and 10 mA in
the range of 20 from 5° to 90° (Bruker, Germany). The

surface morphological and elemental properties of JMSP
were investigated by a high-resolution scanning electron
microscopy (Thermo scientific Apreo S) coupled with an
EDX. Furthermore, the functional groups on the JMSP
surface were identified by FTIR spectroscopy in the range
of 500-4000 cm™" wavenumber (PerkinElmer Frontier).

RESULTS AND DISCUSSION
Yield and Surface Electric Property

The activated carbon synthesized in this study had an
approximate yield of 26.80 %, which was in agreement
with the previous work related to the processing of
JMSP for activated carbon (Trevino-Cordero et al. 2013)
(Elizalde-Gonzalez & Hernandez-Montoya 2009). The
zeta potential measurement revealed (Table 4) that the
surface charge for prepared activated carbon (JMSP AC),
activated carbon loaded with Pb*> (JMSP AC-Pb*?) and
EBT (JMSP AC-EBT) were -16.2 mV, -12.8 mV and -26.9
mV respectively. The result showed that the stability of the
JMSP AC-EBT complex was more stable than the JMSP
AC-Pb*? complex compared to JMSP AC. The increase
in zeta potential after adsorption with Pb** ion indicates
the binding of metal ions on the surface of the biosorbent,
while the attachment of negatively charged functional
groups on the JMSP AC surface resulted in a decrease of
zeta potential after EBT adsorption. The point of zero charge
(pHpyc) for the synthesized activated carbon was 7.42.
With increasing pH, the surface becomes more negatively
charged, leading to a stronger electrostatic attraction, while
a decrease in the pH results in a more positive charge,
leading to stronger repulsion forces (Rambabu et al.
2020).
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Table 4: The Zeta potential of IMSP AC before and after Pb** and EBT
adsorption.

Material Zeta Potential & [mV]
JMSP AC -16.2
JMSP AC-Pb* -12.8
JMSP AC-EBT -26.9

Characterization of Activated Carbons

The N, adsorption/desorption isotherms of the prepared
JMSP AC are shown in Fig.1. According to isotherm,
a progressive increase of relative pressure resulted in
increased N, volume even at very low relative pressure
(inset Fig.1). The adsorption isotherm for prepared JMSP
biosorbent belong to type IV isotherm according to the
ITUPAC classification (Sing et al. 1985), which indicates the
mesoporous structure.

The predominant hysteresis loop indicates the adsorption
with capillary condensation (Donohue & Aranovich 1998,
Thommes et al. 2015). The development of mesoporous
distribution of JMSP AC and isotherm at low relative
pressure (0.010).

The structure was affirmed by the pore size distribution
(Fig.1), as shown most of the pores had sizes between 2.9 to
38 nm, which according to IUPAC classification associated

160

with mesoporous materials. (Sing et al. 1985, Thommes et
al. 2015).

Different BET study parameters shown in Table 5
revealed that the mesopore volume was 92% of the total pore
volume with a surface area of 136 m*g™'. The average pore
size of the JIMSP AC was 3.10 nm. In the literature, similar
structure characteristics were reported with activated carbon
prepared from plant-based materials (Danish et al. 2018,
Lima et al. 2019, Cunha et al. 2020, Kasperiski et al. 2018,
Salomon et al. 2021).

The surface morphological aspects of the synthesized
biosorbent by SEM are represented in Fig. 2. The prepared
JMSP AC biosorbent (Fig. 2b) observed greater surface
irregularity compared to the raw Jacaranda mimosifolia seed
pods (Fig. 2a) with even distribution of the cavities over
the surface. These pores were favorable to adsorption, as
they could increase the adsorption capacity of the adsorbate
molecules of Pb™ and EBT. After the Pb** adsorption on the
biosorbent, some metal particles precipitate was observed.
The elemental mapping exhibits the intense signal for Pb and
0, confirming the microprecipitation of Pb*? on the surface
of the biosorbent.

The XRD diffraction study reveals the crystalline
property of JMSP (Fig. 3a). The broad peak at 20" of
8-29 characterized various amorphous phases such as

140 :
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Fig. 1: N, adsorption/desorption isotherms of the prepared IMSP AC inset show the pore size.

Table 5: BET study parameters of prepared JMSP AC.

D, (nm) Sper [m’g] Vo [em’g!]

3,1
V, [em’g™]

V,, [em’g"] Vo /Ny (%] V,/Vy [%]

JMSP AC 3.10 136 0.224

0

0.206 92 0

D, = average pore diameter, Sprr = BET surface area, Vi = total pore volume, V, = micropore volume, V,,, = mesopore volume, V,./V = percentage

of mesopore, V,/V = percentage of micropore
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% |usecase | 12/16/2021 mag O HV det WD HFW spot | curr f——10 pm——
Standard | 10:52210 AM 6500x 15.00kV LVD 10.3mm 63.8um 6.0 25pA SRM IST Apreo S

Fig. 2: SEM images of (a) Raw Jacaranda mimosifolia seed pods (JMSP) (b) prepared JMSP AC biosorbent.

Vol. 24, No. 3, 2025 ® Nature Environment and Pollution Technology




www.neptjournal.com 7

hemicellulose, lignin, and amorphous cellulose of the
prepared biosorbent. The distinct reflection at 20° of
16 and 26, along with unresolved doublet at 22 and 23,
corresponded to starch of Jacaranda mimosifolia seed pod
biosorbent (Sandhu & Lim 2008) (Patifio-Rodriguez et al.
2020). Cellulose from the JMSP has a well-defined crystal
structure with absorption peaks in XRD diffractogram at
20 angles of 16° corresponding to crystal plane (101) and
23° (002), respectively. The presence of all the peaks in
the diffractogram pattern of the JMSP AC indicated the
successful formation of the desired porous carbon. It was
elucidated that after the adsorption of Pb*> and EBT on
JMSP AC, the diffractogram showed broader and weaker
reflections, confirming the reduced crystallinity of IMSP AC.
This should be due to the binding of IMSP AC with Pb** and
EBT, resulting in the disorientation of the crystalline regions
of JMSP AC because of hydrogen bond breakage to prevent
the disorientation of crystalline regions (Moyo et al. 2017).
These amorphous regions were responsible for the adsorption
of Pb*? and EBT on biosorbent.

The changes in various functional groups on the JIMSP
AC biosorbent before and after adsorption of Pb** and EBT
were confirmed from FTIR spectra (Fig. 3b). The complex
composition of JMSP AC biosorbent could be realized from
the various adsorption bands observed. The FTIR spectra
of JMSP AC biosorbent exhibited broad weak adsorption
bands for stretching vibration of O—H with free hydroxyl
at 3660 cm™', twin sharp bands at 2981 cm™ and 2973 cm™
at 2924 cm™! for C-H in alkanes, C=0 stretch in saturated
carbonyl at 1715 cm™, bending vibrations of N-H in primary
amines at 1591 cm’', stretching of acyl C-O at 1286 cm’™
and 1206 cm'l, stretching of amines C-N at 1109 cm'l,

C-0 in primary alcohol at 1028 cm™ and bending of alkene
C-H at 839 cm™'. This confirmed the existence of various
functional groups in JMSP AC, e.g., hydroxyl, amine,
carboxyl and alkene. After the adsorption with Pb*? and
EBT on biosorbents, all such bands were removed for Pb*?
adsorption and weakened for EBT suggesting the binding of
Pb*? and EBT to the functional groups (Hufton et al. 2021)
(Ren et al. 2022) which strongly favor the adsorption of
pollutants on the biosorbent. Furthermore, following Pb*>
and EBT adsorption, the prominent peaks at 2981 cm™' and
2973 cm™ were decreased and displaced, suggesting that
hydrogen bonding may be associated with the Pb*> and EBT
sorption process by JIMSP AC. The peak at 1591 em’! may
have been caused by the IMSP AC stretching vibration,
which shifted following the adsorption of Pb** and EBT,
suggesting that T-7 type interaction may have been involved
in the adsorption process by JIMSP AC.

Adsorption performance of JMSP AC for Pb** and
EBT

Effect of pH on adsorption: It was evident that the pH of
the solution plays a pivotal role in adsorption studies due to
its effect on the electrostatic interaction between adsorbates
and adsorbents. In the present study, the effect of pH on the
removal of heavy metal Pb* and dye EBT was determined
in the pH range from 2-9. For pH>9, under basic conditions
the formation of the precipitation of salts occurred as their
hydroxide can influence the adsorption process, therefore
adsorption study was conducted for pH up to 9. Lead ions
(Pb+2) showed the maximum adsorption of about 59.24 mgL’1
at pH 5 (Fig. 4a) and for EBT, pH 6 was found to be optimum
with maximum adsorption of 289.32 mg'L'1 (Fig. 4b).

a b

~ [IMSP AC
- &
o}
@ 3
S (=
> S
z
= SHESE A g |JMSP AC-Pb

¥ |JMSP AC-EBT R

JMSP AC-Pb
5 10 20 30 40 50 60 70 80 90 4000 35I00 3(;00 25IOO 20lOO 15lOO 10'00 500
Degree (26°) Wavenumber (cm™)

Fig. 3: (a) XRD diffractogram of IMSP AC before and after Pb*? and EBT adsorption. (b) FTIR Spectra of JIMSP AC before and after Pb*? and EBT.
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Fig. 4: Effect of pH (a & b) and dosage (c) for the adsorption of Pb*? and EBT on JMSP AC.
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Effect of dosage on adsorption: The minimum possible
dosage for the optimum adsorption of Pb*> and EBT was
determined, and the amount of biosorbent dosage was
varied 0.1 g, 0.25 g,0.50 g, 0.75 g, 1.0 g, and 1.5 g in 100
ml of 50 mg-L"! Pb*? and 250 mg-L" EBT solution. The
adsorption was increased with the amount of biosorbent
dosage for the Pb** ions and EBT, which was found to
be 32.62% and 40.83% at a dosage of 0.25 g and reached
85.10% and 79.96% at a dosage of 0.50 g (Fig. 4c). The
adsorption reached to about 100% removal of metal ion Pb*>
and dye EBT at 1.5 g of JMSP AC. However, the overall
adsorption of Pb** is lower than the EBT on the biosorbent.

70
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=~ 404 m Pb*2 Experimental
2 — =—Langmuir Isotherm
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Fig. 5: Adsorption isotherm of Pb+2 (a) and EBT (b) adsorption on
JMSP AC with nonlinear fitting to langmuir, freundlich, temkin and R-P
models.

As can be observed trend of adsorption with the adsorbent
dosage, with increase in dosage, the adsorption increases and
reaches to maximum for 1.5 g. These observations evince
that adsorption is directly proportional to the amount of the
adsorbent dosage.

Adsorption Isotherms: In the equilibrium study, the
nonlinear isotherm models of Langmuir, Freundlich, Temkin,
and Redlich-Peterson (R-P) were realized to determine the
mode of adsorption and interaction between the metal ion
Pb*? and dye EBT. Fig. 5 depicted the nonlinear fitting for the
above models for Pb*? (Fig. 5a) and EBT (Fig. 5b), and Table
6 illustrated the values of constants and correlation coefficient
for all four isotherm models. The maximum Pb** adsorption
capacity of IMSP AC was determined to be 58.77 mg-g™"
and the R-P adsorption model provided the best description
(Fig. 5a, Table 6) with a correlation coefficient (Rz) of
0.9998. For EBT adsorption, the maximum adsorption
capacity was 286.56 mg-g'l’ and a similar nonlinear R-P
adsorption model provided the best description (Fig. 5b,
Table 6) with a correlation coefficient (R?) of 0.9996.
The features of both, Langmuir and Freundlich isotherms
were incorporated into the R-P model, and it reduces to the
Freundlich model if the value of a,;,® was much higher than
1.0 and approaches the Langmuir model when g equals 1.0.
This confirmed the multilayer adsorption of Pb** and EBT
on the heterogeneous surface of IMSP AC.

Furthermore, a dimensionless constant, the separation
factor (R; ) defined by the following relationship predicting
the adsorption nature of the process.

1

L= 1+K.Co ...(5

where K; refers to the Langmuir constant and C;, was
the initial concentration of adsorbate in (mg~L’1). The
separation factor indicates the nature of adsorption to either
be irreversible (R; = 0), unfavorable (R; > 1), linear (R} =
1), or favorable (0 < R < 1).

In the present study, the experimentally calculated R,
values for the adsorption of Pb** and EBT on synthesized
JMSP AC were 0.0172 - 0.2083 and 0.0164 — 0.4545,
respectively. These R; values confirmed that biosorbent
JMSP AC was advantageous for adsorption of Pb™ and
EBT from water.

Moreover, values of Freundlich constant n were found
to be 4.92 (1/n = 0.203) and 6.01 (1/n = 0.166) for the
adsorption of Pb*? and EBT, respectively, suggesting
favorable adsorption (0<1/n<1) on the surface of synthesized
biosorbent. This encourages the utilization of low-cost IMSP
AC for the removal/recovery of heavy metals and dyes from
wastewater.

Nature Environment and Pollution Technology ® Vol. 24, No. 3, 2025
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Table 6: Parameters for adsorption isotherm and kinetic models of Pb*>
and EBT adsorption by JMSP AC.

Models Parameter Pb*? EBT
Isotherms
Langmuir Qn 58.56 302.1
K, 0.38 0.12
R’ 0.9762 0.9779
Freundlich Kg 24.41 125.8
n 4.92 6.01
R’ 0.9106 0.8617
Temkin Ap 14.49 12.02
By 8.35 38.36
R’ 0.9524 0.9859
Redlich-Peterson Kg 69.65 232.66
ar 2.18 1.58
8 0.86 0.87
R’ 0.9998 0.9996
Kinetics
Pseudo-first order Q. 59.51 234.28
k; 0.05 0.1
R’ 0.9945 0.9736
Pseudo-second order Q. 68.26 253.39
k; 9.72x10*  6.13x10*
R’ 0.9813 0.9967
Intraparticle k; 4.17 7.95
Diffusion
C 17.28 153.57
R’ 0.7462 0.8799

(Note: Q, - Equilibrium adsorption capacity, Q,, - Maximum adsorption
capacity. Details of other parameters are referred to in Table 3.

Adsorption kinetics: To determine the kinetics of Pb*? and
EBT adsorption on JMSP AC, different models, including
pseudo-first order, pseudo-second order, and Intraparticle
diffusion, were applied. Fig. 6 shows the kinetic fitting for
different models and Table 6 represents the various constants
for the fitted models along with the correlation coefficient.
It was found that the adsorption follows the pseudo-first
order and pseudo-second order for the adsorption of Pb*?
(Fig 6a, Table 6) and EBT (Fig 6b, Table 6) on the synthesized
JMSP AC, respectively, with the correlation coefficient (Rz)
0.9945 and 0.9967. The intercept C for the intraparticle
diffusion (Fig 6c¢, Table 6) for Pb*? and EBT adsorption
was 17.28 and 153.57, respectively, evident that the effect
of the boundary layer is higher for EBT adsorption than that
of Pb*? on the surface of biosorbent. Further, analysis of the
kinetic data for the intraparticle diffusion model observed
that the plot does not pass through the origin, suggesting that

intraparticle diffusion was not the only rate-limiting step for
the adsorption of Pb** and EBT on biosorbent.

The equilibria of the Pb™ and EBT adsorption processes
on JMSP AC were readily reached within 180 min, with
97.04% of Pb** and 90.28% of EBT adsorption reached in
the first 60 min (Fig. 6).

The Pb*? and EBT adsorption processes had three phases:
in first phase, during first 20 minutes, Pb*> and EBT quickly
bound to JIMSP AC due to the high availability of the free
surface binding sites; during second phase from 20 to 60
minutes, it was gradual decrease in adsorption rate and
final third stage start after 60 minutes, which characterize
as equilibrium stage with slow uptake of Pb*> and EBT on
the biosorbent due to the less free binding sites available as
aresult of surface saturation of the adsorbent and decreased
concentration of Pb*> and EBT in the liquid phase.

Adsorption thermodynamics: The temperature (25
to 40°C) effect on the adsorption of Pb** and EBT was
investigated. Thermodynamic parameters such as free energy
change (AGO), enthalpy (AHO), and entropy (ASO) were
calculated according to equations.

AG’ = - RTInK, ...(6)
%

Kq=" (7

AG = AH" - TAS? .(8)

The parameters AH” and AS” were obtained from
the slope and intercept of the plot InK, versus 1/T. The
thermodynamic parameters are given in Table 7. The AG®
of Pb*? adsorption by JMSP AC biosorbent was -7.39,
-5.93, -4.17, and -2.78 kJ.moL™" at 298, 303, 308, and 313
K, respectively. This confirmed that the Pb** adsorption
process became less spontaneous with increased temperature.
The AH” and AS" were estimated to be -100.22 kJ.moL™"
and -0.311 kJ.K.moL!, respectively implied that the Pb**
adsorption by JMSP AC was exothermic and reduced
randomness at the solid-liquid interface of the adsorption
system.

For EBT adsorption, the AG” was 9.1 1,-7.10,-5.39, and
-3.67 kJ.moL™! at 298, 303, 308, and 313 K, respectively,
indicating the reduced adsorption spontaneity at higher
temperatures. The AH” and AS” were estimated to be —116.66
kJ.moL ! and —0.361 kJ.K''.moL"!, respectively. The
decreased adsorption of Pb** and EBT by biosorbent at higher
temperatures could reduce the thickness of thermal boundary
layer for the adsorbed Pb**/EBT leads to the escape from
the JMSP AC surface back into the bulk solution (Rambabu
et al. 2020). This probably indicates a poor interplay
between adsorbate and various surface functionalities of
JMSP AC.
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Fig. 6: Adsorption kinetics of Pb+2 (a) and EBT (b) adsorption on JMSP
AC with nonlinear fitting to pseudo-first order, pseudo-second order and
Intraparticle diffusion (c) kinetic models.

The adsorption mechanism of Pb** and EBT on JMSP
AC biosorbents was explored by examining experimental
data through various kinetic models, including pseudo-first

Table 7: The thermodynamic parameters of Pb*> and EBT adsorption by
JMSP AC biosorbent.

AGY [KJ.  AHC [KJ. AS® KK
moL™] moL] moL]
Pb*? adsorption
298 K -7.39 -100.22 -0.311
303K -5.93
308 K -4.17
313K -2.78
EBT adsorption
298 K -9.11 -116.66 -0.361
303K -7.10
308 K -5.39
313K -3.67

order, pseudo-second order, and intraparticle diffusion.
The proton quantity could influence the adsorption for Pb*>
and EBT, suggesting the surface-active regions on JMSP
AC. The various interactions between the surface of JMSP
AC and Pb*Y/EBT resulted in adsorption, including surface
complexation, microprecipitation, and electrostatic attraction
(Fig. 7).

Regeneration of biosorbent: Stability and the biosorbent's
capacity for regeneration were typically crucial elements in
practical applications, which was investigated through six
consecutive adsorption-desorption cycles (Fig. 8) using
0.2 M HNO; as effective eluting agents for regeneration
of the JMSP AC biosorbents. However, plant biomass
based biosorbents were inexpensive, widely accessible, and
recyclable. It was observed that as the number of regeneration
cycles increased, the adsorption efficiency dropped, for
Pb*? efficiency was reduced from 83% to 68 % during
the first three cycles and further reduced to 39% after the
sixth regeneration cycle, whereas for EBT, efficiency was
reduced from 92% to 85 % and further reduced to 12% at
the end of the sixth regeneration cycle. This suggested that,
with the right procedures, the biosorbent may be recycled.
To optimize the regeneration process, the eluting agents’
solution was stirred at 50-100 rpm for 120 min at 298.15
K, and this helped to minimize pickling of the surface of
JMSP AC, which facilitated the reduction of the decline in
adsorption efficiency over the cycles.

Comparative studies: Different biosorbents synthesized
from lignocellulosic biomass were applied for the removal
of heavy metal ion Pb*? and dye EBT from water. Table
8 illustrated the maximum adsorption capacity (Q,,) of
different adsorbents for the removal of Pb*? and EBT
confirmed that the synthesized biosorbent JMSP AC was
much more efficient compared to other adsorbents. The
previous study had various limitations in terms of cost-
effectiveness, scale-up, energy consumption, regeneration
potential, reproducibility, implementation in resource-
constrained regions for large-scale water treatment, and
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Fig. 8: Sequential adsorption- desorption cycles of the prepared JIMSP AC for regeneration.

environmental sustainability. As major synthesis processes
used toxic chemicals in their production cycle (Melliti et al.
2023, Eletta et al. 2023, Bumajdad & Hasila 2023, Beyan et
al. 2024, Isam et al. 2024, Al-Ma’abreh et al. 2024, Aziz et
al. 2019, Abiza et al. 2024, Ali et al. 2022, Ayuba & Sani
2022, El Mansouri et al. 2022, Rath et al. 2024, Sadeghi
et al. 2021)) for activated carbon including chemicals
used in pre and post-treatment steps. The scalability and
reproducibility of disclosed processes has limited scope as
insufficient disclosure of entire production process (Mandal
etal. 2021, Melliti et al. 2023, Eletta et al. 2023, Bumajdad
& Hasila 2023, Isam et al. 2024, Mkilima et al. 2024,
Ali et al. 2022, El Mansouri et al. 2022), this prone to the
hurdle in adaptation of production processes at commercial
scale. Major constraints for implementation of large-scale
production of activated carbon include the availability of

energy and emission of huge amounts of greenhouse gases
(GHG) as major production processes were very energy
intensive, these processes had very high specific energy
consumption in terms of kilowatt hours (KWH) per kilogram
of activated carbon produces which leads to high GHG
footprint. In contrast to the above limitations, our single-step
green synthesis process addresses major constrain for its
adaptability at industrial scale production. First, our process
did not require any environmentally hazardous chemicals;
secondly, required little energy compared to previously
reported processes; and finally, the disclosed production
process could easily scale up and reproduce as our study
has sufficient disclosure of the entire production process.
The cost-effectiveness of our single-step green synthesis
process made it easy to adopt for large-scale water treatment
facilities for environmental sustainability. Thus, our study
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Table 8: The adsorbent JIMSP AC comparison of adsorption capacities for Pb+2 and EBT with different adsorbents.

Sr.No. Pollutants Adsorbents Q,, (mg g'l) Ref.

Pb*? Kenaf-based activated carbon (KAC) 11.236 (Mandal et al. 2021)
activated carbon (date palm fiber) 29.859 (Melliti et al. 2023)
Activated carbon (Theobroma tithonia) 46.95 (Eletta et al. 2023)
f-activated carbon (palm tree) 4.112 (Bumajdad & Hasila 2023)
activated carbon (red algae-Gracilaria changii) 36.231 (Isam et al. 2024)
Activated carbon (Teff Straw) 42.97 (Beyan et al. 2024)
Activated carbon-sodium alginate-oxalate gel particles 53.04 (Li et al. 2024)
activated carbon (banana peel) 6 (Mkilima et al. 2024)
Activated Carbon (Cypress Fruit) 56.18 (Al-Ma’abreh et al. 2024)
kenaf-core activated carbon 12.7 (Mandal et al. 2021)
Chemically activated Jute 25 (Aziz et al. 2019)
Jacaranda mimosifolia Seed pod Activated Carbon 58.77 present work

EBT Activated carbon (Spartium junceum) 261.36 (Abiza et al. 2024)
Chitosan (Shrimp shell) 162.3 (Khnifira et al. 2021)
Activated carbon (Datura metal seeds) 154.5 (Ali et al. 2022)
biochar (giant reed) 9.06 (Abdu et al. 2024)
Activated Carbon (Waste Hemp Cannabis sativa L.) 14.025 (El Mansouri et al. 2022)
graphene (wheat straw) 146.2 (Sadeghi et al. 2021)
Activated carbon (Typha grass) 47.619 (Ayuba & Sani 2022)
graphene oxide/activated carbon (Carica papaya seeds) 51.84 (Rath et al. 2024)
Nano Carbon (Morus Nigra (Mulberry) Stem) 192.308 (Ahmed et al. 2024)
Activated Carbon (Pepper Stalks) 55.56 (DOLAS 2023)
Jacaranda mimosifolia Seed pod Activated Carbon 286.56 present work

linked with availability and sustainable management of water
(SDG6) and sustainable consumption of natural resources
(SDG12) for the production of Activated carbon with a
smaller environmental footprint leads to reduced GHG
Emissions (SDG13).

Based on the current study, we learned distinct reasons for
the high adsorption capacities of the synthesized IMSP AC.

1) The single-step synthesis method produces several types
of active sites.

2) Surface hydroxyl groups produce the surface
complexation between contaminants.

3) Electrostatic attraction, co-exchanges, microprecipitation,
and surface diffusion occur between Pb*? and EBT and
prepared biosorbent.

4) The porous architecture of the synthesized biosorbent
allowed the adsorption of various contaminants.

5) The adopted single-step synthesis method produces
abundant transformation sites responsible for introducing
physiochemical partition and stacking of sites to adsorb
contaminant molecules.

CONCLUSIONS

In summary, we investigated novel and scalable synthesis
of JMSP AC and its application for the removal of
contaminants from water and wastewater. The synthesized
biosorbent, a waste-to-resource product, manifested efficient
adsorption of Pb** and EBT (Q,, of 58.77 mg-Pb**/g and
286.56 mg-EBT/g). The adopted single-step synthesis
method was more energy efficient and eco-friendly compared
to expensive conventional energy-intensive production and
treatment processes. The binding sites for Pb** and EBT
were identified as hydroxyl, amine, ether, and carboxyl
groups. The underlying adsorption mechanism comprises
electrostatic attraction, microprecipitation, diffusion, and
complexation. The mechanism provides an understanding of
interactions between water pollutants and biosorbents. The
study revealed the single-step, eco-friendly, and scalable
synthesis method for producing activated carbon (biosorbent)
for the removal of heavy metal and dye from water.
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