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Abstract

Lignocellulosic-based nanomaterials such as nanolignin have the potential for decontamination of
toxic heavy metals from industrial wastewater. Annually 181.5 billion tons of lignocellulose
biomass are generated, primarily composed of cellulose, hemicellulose, and lignin. Pretreated
cellulose and hemicellulose are widely used as substrates for the production of biofuels.
Nanolignin is a phenolic compound that has been recognized as a potential candidate for the
removal of heavy metals from wastewater. Due to the hazardous effects of heavy metals,
remediation of heavy metals from wastewater is of great concern. The main heavy metals (HMs)
sources are industrial wastewater effluents from tanning industries, electroplating industries,
mining industries, etc. Several conventional techniques such as precipitation, coagulation,
flocculation, membrane separation, oxidation, ion exchange, etc are intensively investigated for
the remediation of heavy metals. Conventional chemical precipitation methods employed for the
removal of harmful heavy metals (HMs) resulted in the generation of serious secondary pollutants.
Similarly, the efficacy of remediation of heavy metals by ion exchange (cation and anion
exchanger) using 1on-exchange resin is highly dependent on resin structure and the concentration
of the solution. It has been postulated that accumulations of heavy metals such as Cr (V1), Pb (1),
Hg (1), Ni (I1), etc disturb the metabolic pathways of humans which leads to the development of
various metabolic diseases. In the present study, the role of nanolignin in the removal of Cr (VI)
from aqueous solutions has been investigated. Hexavalent chromium is extremely harmful and can
cause cancer, hence regulatory bodies are giving their attention to its removal from an aqueous
solution. More than 0.05 mg/L of Cr (V1) in potable water is dangerous to human health as per the
World Health Organization. The higher toxicity of Cr (VI) as compared to Cr (Il1) is due to
chromate similarity in the structure with sulfate. Trivalent chromium cannot cross the membrane
through the sulfate uptake pathway, whereas hexavalent chromium, a potent oxidizing agent, can.
Thus, green materials such as nanolignin could be one of the promising techniques for the

remediation of Cr (VI) through adsorption.

In this study, nanolignin was derived from coconut coir. Lignin was extracted through soda pulping
methdod and subjected to size reduction through an ultrasonication process. The yield of
nanolignin derived from coconut coir was determined and found to be 63.67+1.83. The size of the
nanolignin particles obtained from coconut coir was observed in the range of 311.8-383.9 nm with

zeta potential -29.9 to -32.3 mV at a nanolignin concentration of 1 mg/ml. By using scanning
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electron microscopy (SEM) the topological morphology of nanolignin was investigated, and the
results revealed spherical and irregularly shaped lignin nanoparticles particles (LNPs). The
mixture of irregularly smaller and spherical structures of nanolignin particles was seen through
Transmission electron microscopy (TEM) and analysis with a 122 nm diameter. The crystalline
size of nanoparticles was determined by X-ray diffraction (XRD). The presence of a broad
reflection peak around 22° indicates a semi-crystalline nature and weak intense reflections are
observed at 12.8° and 26.7°. The functional groups on nanoliglin were determined using Fourier-
Transform Infrared Spectroscopy (FTIR). Through the Brunauer-Emmett-Teller (BET) analysis,
the surface area of the nano-lignin was observed as 4.130 m?/g with a pore volume of 0.006 cc/g
and pore radius of 24.393 A. The thermal stability of the nanolignin was determined by TGA

(Thermogravimetric analysis) and DSC (Differential scanning calorimetry).

The batch experiment of Cr (VI) elimination was carried out in a 250 ml conical flask using a
magnetic stirrer bar at 400 rpm. The remediation of metal ions such as Cr (VI) from wastewater is
affected by several factors like temperature, pressure, pH, biosorbent dose, initial metal ions
concentration, contact time, and ionic strength. The removal efficiency of the nanoadsorbents is
affected by their physical and chemical properties such as particle size, porosity, surface area,
surface functional groups, etc. The chromium's maximum removal efficiency was 92.8% at acidic
pH of 2, nanoadsorbent dosage (0.03 g), and contact time (80 min) as investigated in the batch
study. The kinetic study of Cr (VI) was well represented by pseudo-second order and isotherm
data were best fitted with the Langmuir model (R*= 0.975). In this study, experimental data were
analyzed for regression analysis using Microsoft Excel solver function (Microsoft Office 2019,
USA) for various isotherm models and kinetics. On industrial wastewater, through the use of
nanolignin, an adsorption study was conducted to remove Cr (VI) and 44.09 % of chromium (VI)
removal from the tannery wastewater was observed at optimum removal conditions of pH 2,
adsorbent dosage 0.03g/ 100 ml at 298 K and 400 rpm. Through the studies, it has been
demonstrated that the process by which Cr (VI) ions are adsorbed by nanolignin was electrostatic

attraction, reduction, or surface complexation.

Heavy metal pollution such as Cr (VI) is one of the major environmental pollutions that can be
remediated by nano adsorbents. Thus, nanolignin particles showed good adsorption capacity for
Cr (VI) at 30.94 mg/g at 298 K, in an aqueous solution and act as a potential adsorbent for the
removal of heavy metals such as Cr (VI) from wastewater. In the future, surface modification of

nanolignin will enhance its utility for the removal of hexavalent forms of chromium present in



alkaline water. As the practical method of wastewater treatment, the techniques such as adsorption,
chemical, and membrane methods are addressed by most of the literature. Heavy metals
remediation studies were performed using synthetic wastewater with one or a few metal types.
Therefore, studies need to be performed on actual wastewater to fill the knowledge gap. Although
a lot of improvement has been observed in the preparation of lignocellulosic-based nanomaterials
and their composites, still the issues such as higher binding efficiencies of nanoadsorbents at a
wide range of pH require further research and development. Thus, nanolignin can be used as an
adsorbent for the removal of Cr (VI) from wastewater. As most of the nanomaterials are difficult
to recycle and easy to agglomerate, how to solve these disadvantages will be a futuristic challenge
for scientists. In the future, surface modification of nanolignin will enhance its utility for the

remediation of hexavalent forms of chromium present in alkaline water.

Keywords: Nanolignin; Chromium (VI); Adsorption; Coconut coir; Kinetics
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CHAPTER-1
INTRODUCTION



1. Introduction

Water pollution by heavy metals (HMSs) is an alarming situation due to the harmful effects of
heavy metals at a higher concentration in human bodies (Kumar & Kumar, 2023; Ajiboye et
al., 2020). The primary sources of heavy metals are industrial wastewater, sewage, mining
waste, metal smelting, electroplating processes, leather tanning and textile, pharmaceuticals,
pesticides, and organic chemicals. Adsorption is one of the techniques to remove toxic heavy
metals from wastewater (Chai et al., 2021; Burakov et al., 2018; Chowdhury et al., 2016).
Several heavy metals such as nickel (Ni?*), zinc (Zn?*), chromium (Cr*), copper (Cu?*), cobalt
(Co?"), etc. are required in trace amounts for physiological and biochemical processes
(Bhattacharya et al., 2016). It has been investigated that the metabolic process of humans is
destroyed by the accumulation of heavy metals (Cr®*, Pb%*, Zn?*, Cd 2*, Hg?*, Ni?*, etc.). Heavy
metals accumulation results in the production of oxygen species, leading to the onset of various
diseases (Tahoon et al., 2020; Muthusaravanan et al., 2018). Furthermore, the free radicals
produced by a redox reaction in the biological system by carcinogenic metals such as nickel
(Ni?*) and arsenic (As®*) cause oxidative damage to DNA and proteins (Fu & Xi., 2020). Metals
with an atomic weight between 63.5 and 200.6 and a specific gravity higher than 5 are classified
under the heavy metals group (Fu & Wang, 2011).

Directly or indirectly heavy metal contamination affects the economic status of the country
along with human sustenance (Carolin et al., 2017). Many countries are facing challenges in
the elimination of heavy metals due to the lack of advanced technologies for water purification
(Thakur et al., 2024; Chowdhury et al., 2016). In the current scenario, heavy metal toxicity is
a major concern due to its harmful effects on the cellular level. Heavy metal is also involved
in oxidative stress resulting in macromolecular damage as well as activation of multiple
pathways that control cell survival and death. Exposure to heavy metals has been associated
with a high risk of thyroid cancer, kidney failure, infertility, etc. (Paithankar et al., 2021). The
World Health Organization (WHO) and relevant government agencies have published practical
manuals, handbooks, and training materials as a guideline for referring to optimum heavy
metals concentration in drinking water (lbrahim et al., 2021). Table 1 enlists heavy metal

toxicity and its acceptable limits in drinking water.



Table 1: Heavy metal toxicity and its permittable limits in drinking water

Heavy metal Toxicity Permittable level Reference
(mg/L) in drinking
water
Chromium Lung carcinoma, 0.05 Sall et al., 2020;
Cancer, skin disease Babel & Kurniawan,
2005
Lead Nervous system 0.006 Jiaetal., 2018 ;
disorder Edition, 2011
Mercury Pneumonitis and 0.00003 Rahman, & Singh,
acute necrotizing 2019
bronchitis
Arsenic Cancer, Skin 0.050 Sobhanardakani et
manifestations, al., 2018, Tabassum
etal., 2019
Nickel Skin irritation 0.20 Genchi et al., 2020
Cadmium A respiratory 0.01 Ebrahimi et al., 2020
disorder, Kidney
damage
Copper Liver disease, 0.25 Cheng et al., 2019
Gastrointestinal
disease, pulmonary
disease, Anaemia
Zinc Nausea, skin 0.80 Chasapis et al., 2020
irritation, Dizziness




1.1 Remediation of heavy metals

Extensive investigations along with various conventional and emerging techniques have been
employed by researchers for the remediation of heavy metal ions from wastewater. During the
wastewater treatment process, treatment options such as coagulation and flocculation (Altaf et
al., 2021), chemical precipitation operations (Azimi et al., 2017), ion exchange (Bashir et al.,
2019), adsorption (Rashid et al., 2021), membrane filtration (Khulbe & Matsuura, 2018),
photocatalysis (Sajjadi et al., 2021), electrodialysis advanced oxidation process, and biological

treatment (Lu & Astruc, 2018) are widely used by industries.

Nanomaterials derived from lignocellulose such as lignin and its derivatives are potential
solutions as suggested by many researchers for the bioremediation of heavy metals (Sajjadi et
al., 2021; Pei et al., 2021). The adsorption capacity of adsorbent, recyclability, and production
cost of adsorbent with high surface area determine the use of adsorbent at a large scale (Mu et
al., 2020; Kumar et al., 2019). Different kinds of lignocellulosic biomass such as Eucalyptus
spp., Acacia confusa wood chip, bamboo, etc have been investigated for the production of
nano-lignin [ Pavaneli et al., 2024; Khan et al., 2024; Zuo et al., 2024; Mili et al., 2023]. Table
2, shows the major benefits and drawbacks of the various wastewater technologies used for the
treatment of heavy metals in wastewater. The lignocellulosic-based nanomaterials are eco-
friendly and economically viable, hence used for the removal of heavy metal ions from

wastewater.

Nanosorbent is made up of nanosized material that is used to remove hazardous materials like
heavy metals, dyes, pesticides, pharmaceutical wastes, etc. due to high porosity, small size,
high reactivity, more active sites, and large surface area to volume ratio. Nanoparticles are
applied for the remediation of wastewater and due to their small size effect (1-100 nm),
different physical and chemical properties such as thermal, mechanical, magnetic, optical, and
catalytic. Thus, due to high surface area, nanoscale size and the presence or absence of function
groups on nanosorbents increase its adsorption capacity in addition to shorten adsorption time
and reusability (Janani et al.,2022; Deng et al.,2021; Schneider et al.,2021).



Table 2: The major benefits and drawbacks of wastewater technologies used for the treatment

of heavy metals.

etc.,

Treatment process Advantages Disadvantages References
Highly Costly process, Du et al.,2020
oxidizin high ener

Advanced Oxidation N : : _ i
ability requirement and

processes )

formation of
byproducts

Chemical precipitation | Cost-effective | High amount of Fei, & Hu, 2023
method, precipitating agent
matured required, High
process, and volume of sludge
simple generation, pH
operation adjustment

requirement,
sludge disposal
cost

lon exchange No sludge - Elevated capital | Alietal., 2023
generation, expenses,
wide range of

-adsorbents
heavy metals _
require
removal, )
o regeneration or
Minimal )
disposal
amount of -
) conditions such as
time-
_ pH, temperature,
consuming




Coagulation/flocculation

Less time is
needed for
suspended
solids to settle,
economically
feasible, easy to
operate

High sludge
production, issues
of binding of
heavy metals with

flocculants.

El Gaayda et al., 2023

Adsorption

Low-cost and
regeneration of
adsorbent,
simple
operating
conditions,
high adsorption
efficiency at
wide range of
pH.

Low selectivity
and high cost of
regeneration of
adsorbent at

industrial scale

Wang et al., 2023

Membrane filtration

Simple
operation, low
energy

consumption,

High investment
cost, membrane
fouling,
concentrated
sludge production
and expensive low

membrane life

Pezeshki et al., 2023

Electrodialysis

High selectivity
for the
separation of
heavy metals
and organic

contaminants

High operating
costs, Regular
servicing required
to prevent stack
damage,

membrane fouling

Ismanto et al., 2023




Photocatalysis Removal by UV-light Al-Nuaim et al., 2023
reducing high requirement, long
valence metal duration of time
ions into low requirement,

low valence
metal ions.
Removal of
organic

pollutants

Microbes Technology at the | Sathya et al., 2023
involved in nascent stage

removing some
o and future
Biological treatment of the

commercialization
metals )
is yet to be done.

Cr (VI) is a ubiquitous contaminant of wastewater due to its great mobility and high solubility
[ Hu et al., 2024]. Chromium which is a transition metal has seven oxidation states (0-V1), with
metallic [Cr (0)], trivalent [ Cr (111)], and hexavalent [Cr (V)] states are most common. The
International Agency for Research on Cancer [ IARC] has classified Chromium (Cr) as a group

1 carcinogen [DesMarias, & Costa, 2019].

It persists in the soluble form of Cr.07*, HCrO4 and CrO4* and is considered potentially
carcinogenic, teratogenic, and mutagenic [Chang et al., 2023]. Cr (VI) can damage the cells
and DNA. Chromium toxicity damages several organs like the liver, kidneys, and lungs by
oxidative stress generation due to relative oxygen species (ROS), imbalance in antioxidant
balance, and changes in the genome of the individuals [Chakraborty et al., 2022]. DNA
methylation, acetylation, modification in the tail of histone protein, miRNA expression change,
and alteration in the level of interleukins like I1L-4, IL-8, and IL-1p have been observed due to
exposure to high concentrations of Cr (V1) [Iyer et al., 2023]. As investigated by researchers,
the toxicity of Cr (V1) is 10-100 times higher as compared to Cr (111) [ Li et al., 2024].



Oxyanion (CrO4*) form of Cr (VI) is more toxic because of its effect on renal damage, edema,
lung congestion and chronic liver damage [Hu et al., 2024; Wu et al., 2023]. Chromite ore
processing residue also contains huge amount of Cr (VI) which pose a great threat to human
health and ecological safety [Li et al., 2024]. Hence suitable method must be adopted to treat
it before its discharge. The reductive adsorption process is a promising approach for the
remediation of Cr (VI) [Avola et al., 2023]. The conversion of Cr (VI) to Cr (III) by reduction
is one of the suitable strategies for the elimination of Cr (VI) as Cr (III) is less toxic and has

lower solubility. Cr (IIT) does not induce cancer [Bashir et al., 2022; Mushtaq et al., 2022].

As per the United States Environmental Protection Agency (USEPA), one of the leading causes
of environmental pollution is the waste released by the leather tanning industry [ Li et al.,2024].
It has been reported that worldwide, an estimated 7-9 billion tons of tannery waste from leather
industries are disposed of annually without environmental treatment. Tannery waste contains
Cr (VI), its removal from the effluent includes chemical precipitation, ion exchange, chlorine-
based chemicals, ionic liquids (ILs), electrochemical, and membrane separations. But most of
these processes generate secondary waste and are expensive and energy-intensive [Kabir et al.,

2023; Zhao et al., 2024].
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2. Review of literature

Hexavalent chromium is highly toxic and carcinogenic, hence its removal from an aqueous
solution has attracted regulatory bodies' attention [ Ambika et al., 2023; Oladipo, 2018]. The
maximum quantity of Cr (V1) that is permitted is 0.05 mg/L in drinking to adhere to the World
Health Organization guideline while 0.1 mg/L is the permissible limit as defined by United
States Environment Protection Agency (USEPA) [Masinga et al.,2022]. In India, Bureau of
Indian Standards (BIS) (IS 10500:2012) is used to generate a quality index of water such as
permissible and desirable limits of chromium in water (Ray et al., 2024; Robert et al., 2023;
Vaiopoulou, & Gikas, 2020). The various anthropogenic activities like electroplating, tanning,
corrosion prevention, and manufacturing of nuclear weapons, etc contribute to environmental
contamination with hexavalent chromium [ Mohanty et al.,2023]. In the present worldwide
scenario, wastewater is a critical environmental issue [Oladipo et al., 2019]. To mitigate the
wastewater problem and to meet the sustainable goals as per the UNs, nanoparticle-based
wastewater treatment is of great concern among scientists. As per the report of WWF (Word
Wide Life), two-thirds of the world’s population might experience a shortage of water by 2025,
and in the present scenario, there are about 1.1 billion individuals living in the glove are facing
a water scarcity problem, and around 2.7 billion people worldwide experience a water shortage

for at least one month out of the year [www.worldwildlife.org; Kumar et al.,2021].

Green nanomaterials whose dimension falls in the range of 1-100 nm are fabricated with the
modification of the surfaces using -COOH (Carboxylic group), -NH2 (Amino group), -SH (
Thiol ), and -CHz ( Methyl group) in order to improve the removal efficiency of pollutants
[Rani & Shanker 2022]. The high surface area to volume ratio of the green nanomaterials
determines their adsorption effectiveness [Rajendran et al.,2022]. Contaminants such as
pesticides, heavy metals ions, hormones, dyes, persistent organic pollutants (POPs), and
inorganic anions and bacteria have been removed successfully by the applications of green
nanomaterials [Roy et al.,2021]. Nanomaterials are produced either through the top-down (size

reduction of bulk materials) or bottom-up approach (self-assembly of atoms and molecules via
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nucleation and crystal growth). Several methods such as physical (mechanical milling, laser
ablation), chemical (sol-gel method, co-precipitation, pyrolysis, microemulsion, microwave,
etc.), and biological methods (via bioreduction ) are used for the synthesis of nanomaterials
[Moreira et al., 2023; Kumar et al., 2023]. Uniform-shaped nanoparticles with controlled size,
high purity, and controlled crystallinity can be achieved via physical methods of synthesis
however, these techniques have high capital costs and are energy-intensive [Vijayaram et al.,
2023].

Large-scale production of nanoparticles is possible with chemical methods but these methods
use toxic solvents and stabilizing agents with non-eco-friendly delivery of products [Harish et
al.,2023]. Biological methods of synthesis of nanoparticles are treated as green synthesis
methods as these methods are simple, cost-effective and no toxic materials are used. However,
the cost of these techniques is expensive and requires aseptic cultivation [Ying et al., 2022;
Ahmed et al., 2022; Akintelu et al.,2020]. So, adsorption is a promising technique for the
remediation of chromium from wastewater by agglomeration of substance at surface interphase
through mass transfer [Irshad et al.,2023; Garg, et al.,2023]. Among the removal techniques of
chromium from wastewater, adsorption is the most popular and economical approach due to its
high removal rate, low initial cost, and high regeneration potential [ Qi et al., 2023; Li et al.,
2023]. Many methods have been investigated for the elimination of hexavalent chromium [Cr
(VI)] from wastewater including advanced oxidation processes, chemical precipitation,
electrocoagulation, photocatalysis, ion exchange, membrane filtration (ultrafiltration,
nanofiltration), electrodialysis, reverse osmosis, etc. [Imdad et al.,2023; Bekchanov et al.,2023;
Saravanan et al.,2023]. Figure 1, represents numerous approaches that have been explored for

the efficient removal of chromium from wastewater (Irshad et al., 2023).
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Figure 1: Numerous approaches have been explored for the efficient removal of chromium

from wastewater (Irshad et al., 2023)
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2.1 Production of lignocellulosic based nanoparticles

Lignocellulosic biomass contains cellulose (35-50 %), hemicellulose (20-35%) and lignin (5-
10%) [Wijaya et al., 2021]. Thus, nanomaterials derived from lignocellulosic biomass have a
great potential for the remediation of heavy metals from waste and real water as shown in
Figure 2. About 70-80% of total plant biomass on the earth is contributed by lignocellulosic
biomass only. The common lignocellulosic biomass used to form nanoparticles and its

chemical composition is given in Table 3.

Lignocellulosic

Hemicellulose

Cellulose

nanocrystals/nanofibers Xylan nanoparticles (XNPs) Lignin nanoparticles
(CNCs/CNFs)

Nano-biosorption

Heavy Metals 2

Figure 2: Lignocellulosic-based nanoparticles (Kumar & Kumar., 2022).
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Table 3: The common lignocellulosic biomass used to form nanoparticles and its chemical
composition (Manyatshe et al., 2022; Ee, & Li, 2021)

Source Chemical composition

Cellulose Hemicellulose Lignin
Softwood 421+ 7.1 25.1+ 52 29.1+ 1.7
Hardwood 50.8 +6.3 29.7 ¥4.3 19541
Corn stover 34.3+£5.2 20.7 £2.0 152 +1.6
Bagasses 28.9+ 2.9 16.7+£3.9 15.7+1.7
Nutshell 25-30 25-30 30-40
Rice husk 35 25 20
Cocoa hulls 35 11 15
Peanut shell 45 6 36
Coconut coir 30 15-30 50

2.1.1 Lignin

Lignin (natural aromatic polymer) is the second most abundant industrial biopolymer next to
cellulose on the earth (Deng et al., 2021). It contains crosslinked polymers of phenolic
monomers primarily from the mixture of coniferyl (G), sinapyl (S), and p-coumaryl (H)
alcohols (Lee et al., 2014) as shown in Figure 2. Functional groups containing oxygen such as
carboxyl groups (-COOH) and phenolic units (Ar-OH) are present in lignin and capable of
interacting with metal ions such as Cr*, Pb?*, Ni?*, Sn?*, Cu?*, etc. (Santander et al., 2021).
The surface modification of the lignin is caused by many chemical processes, including
esterification, carboxymethylation, epoxidation, hydroxymethylation, sulfonation, and
oxidation (Parvathy et al.,2020). The three primary alcohols that make up the structure of lignin

are shown in Figure 3.
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Figure 3. (a.) Diagram of the three major alcohol structures found in lignin (b.) Schematic

representation of a lignin structure [ Kumar & Kumar., 2023]
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2.1.2 Cellulose

Cellulose is the most abundant carbohydrate polymer on earth. It is a linear polymer of B-D-
glucose molecules with a molecular weight ranging from 50,000 to 10° Da, representing about
40% of the plant biomass. It has a B-1,4 glycosidic linkage between the glucose monomers
(Menon et al.,2017). The plant cell walls have hemicelluloses which are heterogeneous
polysaccharides, characterized by B-(1,4)-linked backbones. Figure 4, depicts the chemical

structure of cellulose.

H on CH;OH
—1/ A H\H H/ " \| °
\Ol—l JI-I/H

I
CHzOH H OH

Cellulose

Figure 4: Chemical structure of cellulose [Kumar, & Kumar, 2022]

2.2 Nano-Lignin preparation methods

Several methods have been investigated for the preparation of lignocellulose-derived
nanoparticles such as solvent shifting method, soda pulping method, acid precipitation method,
ultrasonic method, cross-linking method, and CO> antisolvent method. (Iravani & Varma,
2020; Hoang et al., 2020; Peng et al., 2020; Chauhan, 2020 ). The size of nanolignin in terms
of hydrodynamic diameter varies from ca. 80-230 nm which is stable at a wide range of pH (4-
11) (Chen et al., 2018; Tian et al., 2017; Meng et al., 2021; Parvathy et al., 2020; Wu et al.,
2021). Lignin nanoparticles (LNPs) have oxygen-containing groups such as the phenolic

hydroxyl group which is higher than the aliphatic hydroxyl group, carboxylic and carbonyl
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groups may function as adsorptive sites for the removal of heavy metals (Gao & Fatehi ., 2019;
Gao et al., 2019).

Different methods such as physical (mechanical), chemical, and biological methods are in
practice for the preparation of lignin nanoparticles which vary in size, shape, and yield and
have a diverse economic and environmental impact (Schneider et al., 2021; Low et al., 2020 ;
Beisl et al., 2020 ; Sipponen et al., 2019; Zhang et al., 2021 ). Extraction of nanolignin requires
harmful solvents, which can be replaced with ionic liquids (ILs), and supercritical fluids as an
alternative to volatile organic solvents (Hussin et al., 2022). Most of the industrial lignin is
extracted by soda pulping methods followed by size reduction either through ultrasonication or
homogenization to get nanolignin (Kumar et al., 2020). Juikar & Vigneshwaran (2017a)
proposed the extraction of nanolignin from coconut fibers by soda pulping process. They used
a lignin-degrading fungal isolate, Aspergillus sp during the controlled hydrolysis to achieve
58.4% yield of nanolignin. The different methods of preparation of lignin nanoparticles (LNPSs)

are shown in Figure 5.

Preparation of
Lignin
nanoparticles

v’ Acid hydrolysis
v’ Flash precipitation
v Nano precipitation

v’ Dialysis
v’ Solvent exchange

e v" Homogenization
Precipitation Non-precipitation v W/O microemulsion
methods methods v Sonochemical

" synthesis
v’ Super critical ¥ '

antisolvent process

v’ Enzymatic
methods

v’ Microbial
methods

Figure 5: Methods of preparation of lignin nanoparticles (Kumar & kumar., 2022)
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2.2.1 Antisolvent nanoprecipitation methods

The antisolvent method is used for the preparation of nanolignin as it is based on the dual
solvent system. In this technique, lignin is dissolved in organic solvents such as tetrahydrofuran
(THF), acetone, dimethylformamide (DMF), ethylene glycol, ethanol, dimethylsulfoxide
(DMSO0), and excess antisolvent is added as precipitating agent to promote the formation of
lignin nanoparticles (Moreira et al., 2023; Gao & Fatehi, 2019). In many LNP studies, an
adjustment in pH is used to precipitate nanoparticles, a process known as pH shifting (Tian et
al., 2017).

2.2.2 The solvent exchange /shifting methods

The simple way of the production of high-quality LNPs can be achieved through the solvent
exchange/shifting technique [Behera et al., 2023]. The solvent exchange /shifting methods of
lignin nanoparticles use ethanol /H>O and are produced via the dialysis process (Schneider et
al., 2021).

2.2.3 Ultrasonication method

Ultrasonic waves of frequency 10-20 kHz are used for the preparation of lignin nanoparticles
(LNPs) [Agustin et al., 2019]. Ultrasonic irradiation can be applied to the lignin suspension
either directly or indirectly during the nanolignin preparation process. During indirect contact,
the lignin suspension is immersed in an ultrasonic bath [Sabaruddin et al., 2023]. The

schematic diagram of the ultrasonicator is given in the Figure 6.
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Figure 6: Ultrasonicator with transducer fixed (a) vertically (b) horizontally (c) with ultrasonic
probe [Thilakarathna et al., 2023].
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2.2.4 Biological methods

Biological methods usually use enzymes from bacteria and fungi for the synthesis of LNPs
(Juikar & Nadanathangam, 2020). Juikar & Vigneshwaran, (2017 b) prepared coconut fiber
nanolignin (size: 27.5 nm + 2.7 nm) by using ligninase secreted from Aspergillus nidulans to
hydrolyze bulk lignin derived from coconut fibers. Richter et al., (2016) reported the
nanoparticle preparation by the process of supersaturation, nucleation, and crystal growth
induced with flash precipitation methods. SEM analysis reveals that lignin nanoparticles
(LNPs) have spherical-like shapes and an average size of roughly 10-20 nm (Ju et al., 2019).
The schematic representation of nanolignin preparation and its application in wastewater is

given in Figure 7.

Characterization through
SEM-EDS, FTIR, XRD,
TEM, Particle size

,

Figure 7: Preparation and application of nanolignin in wastewater treatment [ Kumar &
Kumar., 2023].

Studies using nanolignin derived from coconut coir for the removal of hexavalent chromium
through adsorption are limited. The coconut is produced from the coconut palm (Cocos
nucifera). In the agriculture sector, the estimated production of coconut is about 62.5 million
tonnes globally. Coconut wastes contain cellulose (30 wt%), hemicellulose (15-30 wt%), and

lignin (nearly 50 wt%) on a dry weight basis. For the generation of low-grade fuel, coconut
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wastes are used in many low-income countries [Anuchi et al., 2022]. Lignin is a phenolic
compound that is more difficult to degrade than cellulose and hemicellulose. It is a mixture of
three complex phenylpropanoid monolignols-p-coumaryl, coniferyl, and sinapyl alcohols and
has -OH groups attached to an aromatic ring [ Jiang et al., 2023; Karlsson et al., 2023; Wang
& Ali, 2023].

2.3 Lignin nanoparticles (LNPs) modification

Lignin nanoparticles can be covalently modified by the addition of functional groups. The
hydrophilicity and polyelectrolyte behavior of lignin can be improved by chemically modifying

the lignin surface to have more oxygen-containing groups (Zou et al., 2021; Xiao et al., 2019).

Similarly, the introduction of nitrogen-containing functional groups (-NH2 groups) could be
achieved by amination. Heavy metal ions such as Cu?*, Pb?*, Cd 2" and Hg ?* can be adsorbed
by modifying lignin with sulfur-containing functional groups such as mercaptan (thiol group),
sulfonate (-SO%), xanthate (-OCS?), and dithiocarbamate (Ge & Li, 2018). To get rid of heavy
metals, researchers are looking into a variety of chemical modifications, including changing
the hydroxyl groups in lignin, creating new chemically active sites, and creating lignin graft

copolymers (Li et al., 2020; Figueiredo et al., 2018).

2.4 Process variable for adsorption

The efficiency of the adsorption process is significantly affected by changes in pH, contact
time, adsorbent dosage, temperature, Initial concentration of chromium, co-existing ions etc
(Yadav et al., 2024; Sebabi et al., 2024). The adsorption capacity of chromium increases on
biosorbent as the pH values decrease (Ramraj et al., 2023; Paul et al., 2023). The maximum
adsorption capacity of biosorbents is significantly affected by contact time. With the increase
in contact time, the biosorbents show a decline in maximum adsorption capacity (Anjum et al.,
2023; Kumaraguru et al., 2023). The adsorption capacity of the adsorbent decreases as an
increase in adsorbent dosage leads to the aggregation of particles hence a decrease in the
availability of active sites for the binding of chromium (Garg et al., 2023; Padmavathy et al.,

2016). An increase in temperature (10-30 °C) leads to an increase in biosorption of chromium
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(Pagala, 2023). As the heavy metal ion concentration changes, the removal efficiency, as well
as the adsorption capacity, gets changed. On increasing the initial concentration of heavy metal
ions, the adsorption capacity of heavy metal ions increased and the removal efficiency
decreased (Rekha, et al., 2023; Rai et al., 2023). Na*, K", Ca*", Mg?" are the most common
ions present in the wastewater (Ponomarev et al.,2019 ). The adsorption capacity of the
adsorbents for different ions is different due to the competition between metal ions and the
difference in the affinity of the adsorbents for different metals. Thus, the competing ions may
significantly affect the adsorption of heavy metals by lignocellulosic-based nanomaterials
(Wang et al.,2021 ). It has been investigated that adsorbents with a negative charge on their
surface will attract heavy metals with a positive charge. The various parameters affecting the

process of adsorption by lignin nanoparticles (LNPs) are depicted in Figure 8.
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Figure 8: Parameters affecting the process of adsorption by lignin nanoparticles (LNPs)
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2.5 Techno-economic analysis of nanolignin.

Lignocellulosic biomass-based waste (agriculture waste) such as rice husk, coconut shells, and
sawdust are considered sustainable adsorbent sources for the removal of heavy metals and by
repurposing waste materials, these adsorbents contribute to a circular economy (Thakur et al.,

2024).

The lignocellulosic-derived nanoparticle toxicity is rarely described in the literature and should
be investigated further. The precise mechanism of toxicity has not been fully defined depending
on the size, dosage, and surface capping (Sakthivel et al., 2024). Nanoparticles produce reactive
oxygen species (ROS) and have the potential to induce DNA damage. Lignin nanoparticles are
non-toxic and biodegradable. To assess the impact on the environment associated with the
production of nanolignin, global warming potential (GWP), human toxicity potential (HTP),
and water depletion (WD) must be evaluated through life cycle assessment (LCA) analysis
(Sakthivel et al., 2024; Moreira et al., 2023). By implementing global regulation for the
disposal of nanoparticles, the environmental risk of health hazards can be minimized (Chavez-
Hernandez et al., 2024). Current knowledge of nanomaterial combustion, waste incineration,
and recycling strategies is useful for the disposal of nanomaterials to prevent their release into

the environment (Song, et al., 2024; George,et al., 2023).
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3.1 Hypothesis for research

Wastewater can be treated using several techniques. Chemical methods have disadvantages as
used chemicals are a threat to the environment. Biological methods have disadvantages in the
form of converting toxic chemicals into more toxic waste. Further, the efficiency in terms of
wastewater treatment efficiency of bulk material is less than nanomaterial of the same chemical
composition. So, nanomaterials due to more surface area to volume ratio are more useful. But
most of the nanomaterials used for wastewater treatment are synthesized through chemical
routes involving chemicals that are harmful to the environment or themselves they are reactive
causing toxicity to microorganisms, plants, or animals they come in contact with. So green
chemistry approach is preferred over other traditional approaches using chemicals for the
preparation of nanomaterials. The chemical precursor used for nanomaterial preparation also
adds cost to the production process. So, the use of easily available cheap precursor is required.
The structural arrangements of various functional groups collectively make lignocellulose a

good biosorbent.

Converting lignocellulosic biomass from bulk to nanomaterial increases the surface area-to-
volume ratio tremendously. Further, it is cheap and has good recyclability. Actually, the
interaction of waste material with functional groups of lignocellulosic base materials affects
the adsorption process. The chemical composition of lignocellulosic biomass differs from plant
to plant source. So, the wastewater treatment ability of lignocellulosic biomass also depends

upon the plant source selected.

In the proposed study, lignocellulosic nanomaterials from various plant sources will be
explored for producing lignocellulosic nanomaterial for wastewater treatment. The
lignocellulosic nanomaterials to be prepared in the proposed research will follow green
chemistry principles and use cheap plant resources as a resource. Thus, lignocellulosic
materials derived from various plant sources may be effective in wastewater treatment.
Removal of chromium from wastewater using lignocellulosic-based nanomaterials is minimal

to study by researchers.
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3.2 Objectives of the research

i) Preparation and characterization of lignocellulose-based nanomaterial

ii) To study the heavy metal removal potential of lignocellulose-based nanomaterial using
standard samples

iii) To evaluate the heavy metals removal capacity of lignocellulose-based nanomaterial

using wastewater samples
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MATERIAL AND METHODS
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4. Materials and Methodology

The present study contributes to the process of removing chromium in its hexavalent form from
aqueous water using nanolignin as a biosorbent. The higher toxicity of Cr (V1) as compared to
Cr (111) is due to chromate similarity in the structure with sulfate. Trivalent chromium cannot
cross the membrane through the sulfate uptake pathway, whereas hexavalent chromium, a
potent oxidizing agent, can. The precipitation of trivalent chromium occurs in biological
conditions. [Saha et al., 2022; Kumar, & Kumar, 2023 ].

4.1 Materials

The coconut coir was purchased from the local market of Jalandhar, India. The coir samples of
coconut were washed several times thoroughly with de-ionized (DI) water and then dried for
24 h in an oven at 60 °C to remove the moisture. Washing the samples with DI water promotes
the removal of any dust and metals that could interact and interfere with the adsorption
experiments. Figure 9, represents (A.) Cocunut coir fibre (B.) Fine particles of coconut coir
for the extraction of lignin .

Figure 9: (A.) Cocunut coir fibre (B.) Fine particles of coconut coir
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4.2 Lignin extraction

The Soda pulping method has been used to extract the lignin from coconut fiber. Fibers are cut
into small pieces of fragments (1-2 cm), grounded in a high-speed grinder, and pass through a
63 um size screen (BSS 240). To separate the solubilized hemicellulose, the dried powder of
coconut coir was treated with hot water at a temperature of 70-80°C for two hours, with a
solid—to—liquid ratio of 1:25 (W/V). NaOH, 15% (W/V) [ CDH Pvt. Ltd. (India)] was used for
pulping of separated solid at 90-98 °C with solid-to-liquid ratio of 1:25 W/V for 1.5- 4 hr under
continuous stirring. Subsequently, black liquor was obtained by filtration using a Whatman
filter grade 1 that was free of fibrous materials. In order to precipitate the lignin, the black
liquor filtrate was acidified to pH 2 using (5N H2SOg4) [Loba Chemie Pvt. Ltd. (India)]. It was
then cleaned with deionized water (DI) water, separated by centrifugation, and allowed to dry
by air [ Moubarik et al.,2013]. A schematic representation of the preparation of lignin from
coconut coir is depicted in Figure 10 and the lab scale prepared lignin from coconut coir is

shown in Figure 11.

Extracted with 15% NaOH ( W/V) , aqueous solution at 98 C for 90 minutes
(solid-liquid ratio 1:25 W/W)

( ‘\ Neutralized with 5N H,SO,
- topH?2

Washing with water and

/‘-\.

Air drying

Residue
cellulose

Figure 10: Preparation of lignin from coconut coir [ Modified from Moubarik et al.,2013]
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Figure 11: Lab scale prepared lignin from coconut coir

4.3 Lignin nanoparticle preparation

The ultrasonic-assisted alkali method which is a simple and environmentally friendly technique
was used to generate lignin nanoparticles (LNPs). The longer chain of lignin was reduced to
lignin nanoparticles (LNPs) by the impact of ultrasonic waves. The lignin suspension was
prepared by adding 0.21g lignin in 30 ml DI water, after that, 900 pl 0.1M NaOH was added
and was subjected to sonicate for 60 minutes at 400W at 20 KHz. Thereafter the suspension
was centrifuged and finally, a stable nanodispersion was obtained. Then, the obtained LNPs
were dried in mild conditions to be used for subsequent studies [Gilca et al. 2015; Yin et al.,
2018].

The following equation was used to find out the yield of nanolignin [Worku et al., 2023]

w

Vip (%) = 7 X 100- oo [Eq.1]

Where, Yne= % Yield of nanolignin, W =Weight of lignin, Wnp=Weight of nanolignin particles

obtained.
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4.4. Characterization of adsorbent as nanolignin

In this study, nanolignin functional groups are determined by FTIR. The amorphous or
crystalline structure of nanolignin was confirmed by XRD. SEM was used to scan the
microstructure and surface topography of nanolignin. The elemental analysis of nanolignin was
achieved through Energy-dispersive X-ray spectroscopy (EDS). The size of the nanolignin
particles was analyzed by a particle size analyzer (PSA). The physical size of sonication-
assisted nanolignin was determined by TEM. The surface area, pore volume, and pore radius
of nanolignin were measure through Brunauer-Emmett-Teller (BET) method at 77K. A list of
major instruments used during the study of nanolignin is enlisted in Table 4. The
characterization of nanolignin was carried out in the Central Instrumental Facility (CIF),
Lovely Professional University; Advanced Material Research Centre (AMRC), IIT Mandi;
Icon Labs Pvt Ltd, Mumbai and Indian Institute of Science (IISC), Bangalore.

Table 4: List of major instruments used during the study of nanolignin

Instrument Model

Transmission electron microscopy (TEM) Tecnai 12 G2-TWIN

Particle Size analyser (PSA) Malvern Nano-ZS Zetasizer
Brunauer-Emmett-Teller (BET) Quanta chrome Autosorb_iQ3
Sonicator Citizen CD 4820

UV-vis spectrophotometer Lasany L1- 2800 Ex

Fourier-Transform Infrared Spectroscopy | Thermo Scientific Nicolet Is50

(FTIR)

Scanning Electron Microscopy paired with | ThermoFisher® Sirion®

energy dispersive X-ray spectroscopy (SEM-

EDS

X-Ray Diffractometer (XRD) Bruker D8 Advance
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4.5 Point of Zero charge determination of nanolignin

The point of zero charge of nanoliglin at various pH values was found using the salt addition
method [Bakatula et al., 2018]. A series of 50 ml falcon tubes were filled with 40 ml of 0.1 M
NaNOs solution after the pH had been adjusted to 2-11 (+ 0.1 pH units) using 0.1 M NaOH and
0.1 N HCI. The initial pH was denoted as pHi. Each centrifuge tube received 40 mg of the
sample, which was then incubated for 48 hours at 150 rpm in a rotating shaker. The final pHr
values of the supernatant were measured after it had settled. After conducting the experiment
in triplicate and documenting the mean values, pHpzc was derived from the plot of ApH (=pHr

— pHi) against pH;.

4.6 Reagent preparation

K2Cr.0O7 [Loba Chemie Pvt. Ltd. (India)], an analytical reagent, was dissolved in deionized
water (DI) to make a stock solution of hexavalent chromium [Cr (V1)] at a concentration of
1000 mg/L [Dissolving 0.283g of potassium dichromate with 100 ml DI water in a volumetric
flask] (Yoganand, & Umapathy, 2017). The initial pH of the solution was adjusted using
reagents like 0.1 N HCl or 0.1 M NaOH.

4.7 Chromium [ Cr (VI)] analysis

Diphenyl carbazide (DPC) was procured from Loba Chemie Pvt. Ltd. (India). 250 mg of
diphenyl carbazide was dissolved in 50 ml of acetone to make the diphenyl carbazide solution,
which was then placed in a brown bottle and covered with aluminium foil for storage [Mishra
et al.,2021].

4.8 Sample preparation

Cr (V1) sample (1ml) was transferred to a glass test tube, sulphuric acid (6M, 330ul) and
following the addition of 1,5-diphenyl carbazide (0.25% W/V, 400ul), the mixture was gently
shaken and allowed to sit for five minutes. The formation of purple colour was observed and
the absorbance was measured at 540 nm against the blank reagent using a UV-Visible
spectrophotometer [Saran kumar, et al., 2020].
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Diphenyl carbazide (DPC), under acidic conditions, reacts with a hexavalent form of chromium
ions to form a purple colour complex as diphenyl carbazone (DPCA) as described by the
following reaction (Ghosh et al., 2022):

2Cr0; +3C;H,N,0+8H" —[Cr¥ (CuHpN,0), | o [Eq.2]

Diphenyl carbazide (colourless)  Cr (111)-Diphenyl carbazone comlex (DPCA) Purple

4.9 Batch experiment

Adsorption occurs when adsorbate gets adsorbed on the adsorbent. The physisorption process
involves weak vader Waal force of attraction and low enthalpy of adsorption (AHadsorption=20-
40KJ/mol.) while the chemisorption process involves chemical forces/bond with a high
enthalpy of adsorption (AHadsorption=200-400 KJ/mol.) (Burakov et al., 2018).

Adsorption

Adsorbate + Adsorbent

Adsorbed.Species..............cooiiiiiiiii, [Eq.3]

Desorption

The equilibrium and kinetics studies are the important aspects to analyze the adsorption (Silva,
& Baltrusaitis, 2020 ; Tan & Hameed, 2017).

The mass transfer pathway for adsorbate is described by the following steps (Tan & Hameed,
2017):

i.  Movement of the solute onto the adsorbent particle's surface from the bulk solution.
ii.  Diffusion into the particle.

iii.  Diffusion from the surface back into the bulk solution

250 ml conical flask was used for the batch experiment of Cr (VI) elimination, which was
stirred at 400 rpm with a magnetic stirrer bar. 100 ml aqueous solution of Cr (V1) was diluted
from a stock solution containing 1000 mg/L of Cr (V1) along with 0.01-0.05 g of nanolignin
per flask. Following a reaction time of 20, 40, 60, 80, and 100 minutes, a sample of 2 ml was
taken and filtered using a 0.22um membrane filter. The concentration of hexavalent chromium

[Cr (V)] in the aqueous solution was determined by the Diphenyl carbazide (DPC) method.
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Mean values were taken into account for the calculation, and each experiment was run in

triplicate. The following equation was used to determine the removal efficiency of the Cr (V1).

Removal efficiency (%) = _(COC‘“)

Where, Co is the initial Cr (VI) ions (mg/L) concentration

C: represents the residual concentration of hexavalent chromium [Cr (V1)] ions (mg/L) after

adsorption

The hexavalent metal ions (Cr (VI)) uptake q:, at a particular time, was determined by the

following equations [Ye et al.,2021]:

Qe = T [Eq.5]

m

C,-C,)xV
g, :% ................................................... [Eq.6]

Where, Ce is the equilibrium concentration of hexavalent chromium [ Cr (V1)] ions (mg/L)]
V is the volume of a solution of K>Cr.0O7 used (mL),
m is the mass of nanolignin used as adsorbent (g)

Qe is the equilibrium adsorption capacity of nanolignin (mg/g).

34



CHAPTER-5
RESULT AND DISCUSSION

35



5. Result and discussion

5.1 Characterization of Nanolignin

The main parameters used to characterize the nanolignin are size and shape. To investigate the
surface chemistry of nanolignin, surface charge, and specific surface area were also studied.
The particle size of LNPs is ascertained by TEM and Dynamic Light Scattering (DLS)
methods. Similar kinds of studies have been performed by Khan et al (2024) to characterize
nanolignin derived from woody biomass. The morphology and size of LNPs were determined
by transmission electron microscope (TEM). While surface charge properties of LNPs were
studied from the zeta potential value of the particles. Cong et al., (2024) confirmed the structure
of magnetic lignin-based palladium nanoparticles (Fe304-lignin@Pd-NPs) by SEM, TEM,
XRD, EDS, and Zeta-potential.

5.1.1 Yield of Nanoliglin

The yield of nanolignin derived from coconut coir was determined and found to be 63.67+1.83.
According to Wang et al. (2018), the yield of lignin nanoparticles reached 82.3% as the initial
lignin concentration and the ultrasound intensity increased. Lignin nanoparticals prepared from
coconut coir is shown in Figure 12. Juikar, & Vigneshwaran, (2017) extracted nanolignin from
coconut fibers by controlled microbial hydrolysis using Aspergillus sp. yielded 58.4 %
nanolignin while homogenization and ultrasonication processes yielded 81.4 % and 64.3%
respectively. Fungal isolate consumes a significant amount of bulk lignin for its growth and

metabolism which could be attributed to the comparatively low yield of nanolignin.
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Figure 12 : Lignin nanoparticals prepared from coconut coir

5.1.2 Particle size analyzer

The particle size of nanolignin, in the aqueous phase is measured by dynamic light scattering
analysis [DLS] (Luo et al.,2021). The DLS measures hydrodynamic diameter and is very
sensitive to biological molecules (Tian et al.,2021; Mao et al.,2017). This size includes any
stabilizer bound to the molecule and the scattering of light is due to the Brownian motion of
the particles (Carvalho et al.,2018). Zeta potential, the overall charge that a particle
accumulates in a specific medium, is necessary for stability and size distribution. Zeta potential
value of +/-30 mV and above indicates good stability. It depends on pH and electrolyte solution
(Chen et al., 2021; Sharma et al., 2022).

The particle size and zeta potential of lignin nanoparticles were measured using Malvern
particle analyzer at 25 °C. The size of the nanolignin particles obtained from coconut coir was
found in the range of 311.8-383.9 nm with zeta potential -29.9 to -32.3 mV at a nanolignin
concentration of 1 mg/ml. Perera et al (2023) reported the average particle size of LNPs of

about 220 nm obtained from oil palm empty fruit via ultrasonication. The lignin nanoparticles
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with negative zeta potential can be attributed to the presence of phenolic, hydroxyl, and
carboxylic functional groups over their surfaces [Sharma et al.,2023; Pylypchuk et al.,2020].
The stabilization of lignin nanoparticles in water was determined by the zeta potential, which
ranged from -29.9 to -32.3 mV. The size and zeta potential of lignin nanoparticles is depicted

in Figure 13.
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Figure 13: Particle size (a) and zeta potential (b) of lignin nanoparticles

Sharma et al (2024) reported the zeta potential of lignin nanoparticles in the range of -30 mV.
In another study, Perera et al., (2023) showed that LNPs had a zeta potential of -40 mv, which
was due to an electrical double layer formed by the surface of phenolic hydroxyl groups and

carboxyl groups.

5.1.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) test was carried out to investigate the thermal behavior of
the nanolignin using the thermogravimetric analyser. Approximately 2.8 mg of the sample was
heated from 30-600 °C at a heating rate of 10 °C/min under nitrogen atmosphere (Yang et al.,
2019; Qi et al., 2020). The TGA curve of nanolignin is shown in Figure 14. Three-stage
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nanolignin decomposition was observed as per the TGA peaks. In the first stage of
decomposition (30-250 °C ), the initial weight loss in the weight of nanolignin was due to the
evaporation of water. In the second stage wide range of heat degradation between 250 -450 °C
was observed for nanolignin. Decomposition of lignin backbone such as 4-O-5 and (-O-4 at
350—450 °C was noticed. In the last degradation step from 450 to 596 °C, shows constant
decomposition of nanolignin where C-C single bond of nano lignin took place. Similar kinds
of findings were reported by Worku et al (2023) during the characterization of lignin

nanoparticles from Oxytenanthera abyssinica.
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Figure 14: TGA curve of nanolignin
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5.1.4 Differential scanning calorimetry

The curing behavior of nanolignin was tested using a differential scanning calorimeter (DSC).
Measurement was carried out under nitrogen flow in the temperature range from 30-440 °C at
a heating rate of 10 °C/min using DSC thermal analyzer into an aluminium pan (Tian, et al.,
2017). The DSC curve of nanolignin is represented in Figure 15. The heat of the reaction was
measured through DSC. Enthalpy of the reaction for nanolignin was measured as -362.1185
J/g, which suggests that more energy is required to break the bond of nanolignin. Watkins et
al, (2015) investigated a similar kind of study and reported the enthalpy of flax fiber lignin as
190.57 J/g through DSC.
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Figure 15: DSC thermogram of nanolignin
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5.1.5 Scanning Electron Microscopy and energy dispersive X-ray spectroscopy (SEM-
EDS)

By scanning the specimen's surface with an electron beam rather than a light source inside a
vacuum chamber, SEM can be used to study topography and morphology, and grain orientation
of nanolignin (Budnyak et al.,2018; Rismawati, et al.,2020). Elemental analysis is a classical
method to obtain information about the elemental composition of nanomaterials (Daniel et
al.,2021; Silva & Baltrusaitis. , 2020 ; Tran et al.,2017 ). Elemental analyzers are used to carry
out the elemental analysis (C, H, N, S). The energy dispersive -x-ray spectroscopy (EDS) is a

method of elemental analysis (Scimeca et al.,2018).

SEM was used to examine the lignin nanoparticles' size and surface morphology, and the results
revealed spherical and irregularly shaped lignin nanoparticles particles (LNPs) [Behera, et al.,
2023]. The EDS elemental maps confirm the presence of C, N, O, S, and Cr elements in the
sample of nanolignin. The weight percentage of C, N, O, S and Cr are 46.56 %, 10.26 %,
33.24%, 6.70 %, and 3.24 % respectively demonstrating that Cr (V1) has been adsorbed on the
surface of nano-lignin. Thus, the presence of Cr in the sample shows the adsorption of
chromium by nanolignin. SEM-EDS analysis of nanolignin before and after adsorption of Cr
(V1) is represented by Figure 16.
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Figure 16: SEM-EDS analysis of nanolignin to show the before (a, ¢) and after (b,d )adsorption
of Cr (V1) ions

5.1.6 Transmission electron microscopy (TEM) analysis

TEM gives information about the size of the nanoparticles, morphology, crystallographic and
compositional information (Onkarappa et al.,2020 ). The working principle of TEM is the same
as an optical microscope but uses electrons instead of light. The morphology of nanolignin
obtained from coconut coir was analyzed through TEM images. The mixture of irregularly
smaller and spherical structures of nanolignin particles is seen through TEM analysis with a
diameter of 122 nm. The successful preparation of nanoparticles is confirmed as a part of
nanoparticle agglomerates observed through TEM. According to Assaf et al. [2023], alkali
lignin nanoparticles can be prepared with the use of ultrasound in batch mode and confirmed
the similar morphology of LNPs through TEM analysis with a diameter of 126.9 nm. TEM
micrograph of lignin nanoparticles at (a.) 200 nm scale and (b.) 100 nm scale is given in Figure

17.
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(b.)

Figure 17 : TEM micrograph of lignin nanoparticles at (a.) 200 nm scale and (b.) 100 nm scale

5.1.7 X-ray diffraction (XRD)

The crystalline size of nanoparticles is determined by XRD (Juikar and Nadanathangam.,2020).
It offers details about the phase, lattice parameters, crystalline grain size, and crystalline
structure (Li et al., 2023; Mourdikoudis et al.,2018). To analyze the XRD of nanolignin,
powder X-ray diffraction studies were conducted using CuKal radiation at 40 kV and 50 mA.
Based on the XRD pattern depicted in Figure 18, lignin appears to exhibit a mostly amorphous
structure, with some level of crystallinity. The presence of a broad reflection peak around 22°
indicates a semi-crystalline nature and weak intense reflections are observed at 12.8° and 26.7°.
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Pinpointing individual planes may prove challenging, given the amorphous character of lignin.

The Debye-Scherrer equation was used to determine the average size of the crystalline area.

Where, A is the wavelength of X-ray radiation (1.5406A),
B is Full width at half maximum (FWHM) in radians of the XRD peak
0 is the angle of diffraction.

The reflection peaks at 20 = 12.78° and 21.89° are used to evaluate the average crystallite size
of Nano-Lignin, which were found to be 2 nm and 0.77 nm, respectively. After the adsorption
process, the XRD reflection peak at 20 = 21.89° is shifted to 20.42° while the other two peaks
remained relatively unchanged. Worku et al., (2023) reported similar kinds of findings for the

synthesis of lignin nanoparticles from Oxytenanthera abyssinica.
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Figure 18: X-ray powder diffraction (XRD) spectra of nano-lignin before and after adsorption
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5.1.8 Fourier-Transform Infrared Spectroscopy (FTIR)

The functional groups present in (nano)materials are identified using the FTIR (Ruthran et al.,
2022; Theivasanthi, et al.,2018). In order to identify potential structural alterations in
nanolignin following adsorption, the FTIR spectra of the material were recorded using KBr
pellets method for the 4000- 500 cm™! range both before and after Cr (VI) adsorption. The
characteristic difference between lignin and nanolignin was found to be the shifting of the peak
from 1425 to 1458 cm™!, which is caused by the C-H deformation vibrations in the ethylene
glycol found in LNPs. [ Gupta et al., 2014; Juikar & Vigneshwaran ,2017a]. The presence of
functional groups on nanolignin was verified through FTIR spectra analysis. As the stretching
vibrations of hydroxyl groups present in nanolignin have been increased, the peak intensity in
the range of 3000-3600 cm™! was observed in FTIR spectra of nanolignin . LNPs displayed the
peak characteristics of polar groups such as alcohols (3348, 1214, and 1039 cm™"). The decrease
in the intensity of absorption characteristics of hydroxyl groups and aromatic rings during
adsorption is linked to the structural units of nanolignin's involvement in the reduction of Cr
(VI). The FTIR spectra of nanolignin before and after adsorption of Cr (V1) are shown in Figure

19. The functional analysis of lignin nanoparticles based on FTIR is shown in Table 5.
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Figure 19: Fourier transform infrared spectroscopy (FTIR) spectra of nanolignin before and
after adsorption of Cr (V1) ions [----- Before adsorption (Red colour); ----------- After adsorption
(Black colour)]
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Table 5: Functional analysis of lignin nanoparticles based on FTIR

Characteristics peaks of Lignin NPs

Functional group

(LNPs)

3348 cm™ OH

2916 cm™! and 2850 cm™! C-H Stretching vibration

1581 ecm™! Aromatic ring vibration

1499 cm™ Aromatic skeletal vibration

1458 em™! Asymmetric deformation of C—H bond
1329 cm™! C-O stretching in syringyl (S- ring unit)
1214 cm™! C—O-C soft segment

1113 cm™ and 1038 cm™

C-—H stretching of polysaccharides

756 cm ! and 596 cm!

Other C—H peaks

5.1.9 Ultraviolet-visible (UV-vis) spectroscopy

The UV-vis spectra of nanolignin, nanolignin bounded with chromium, and alone chromium
were noted using a spectrophotometer in the 200-700 nm range as shown in Figure 20. As a
reference sample, deionized water was utilised. In the organic phase, chromium gives a single
peak around 364 nm [Ali et al., 2023]. Nanolignin bounded with chromium gives less
absorbance with respect to nanolignin and chromium. This confirms the quantity of chromium

bound to nanolignin during the process of adsorption.
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Figure 20 : Absorbance of Cr (VI), Nanolignin , and Chromium bounded with nanolignin.

5.1.10 Brunauer-Emmett-Teller (BET) analysis

Since the specific surface area of a nanoparticle is crucial for adsorption of metal ions from the
aqueous solution, BET is used to analyze it (Hafidh et al., 2024). BET analysis was carried out
to obtain the pore volume, pore size, and surface area of the nanolignin particles. The isotherm
of the nano lignin exhibits a pronounced increase in N> adsorption at low pressures (P/P0O <
0.01), followed by a sustained high adsorption capacity with hysteresis observed at higher
pressures. The presence of several pore architectures, including micropores, mesopores, and
macro-pores, within the adsorbent material has been observed [ Younesi-Kordkheili, & Pizzi,
2023; Singh et al 2022]. These pore structures offer advantages such as facilitating the
adsorption process and providing a larger surface area for adsorption. The surface area of the
nano-lignin was found to be 4.130 m?/g with a pore volume of 0.006 cc/g and pore radius of
24.393 A. Similar kinds of analysis was reported by Chen et al., (2019) for nanolignin with
specific surface area 5.3765 m*/g and average pore volume 0.0092 cm?/g. In another study,
Younesi-Kordkheili, & Pizzi, (2023) reported that the specific surface area of nanolignin was

found to be 6.1766 m?/g and average pore volume 0.0098 cm?/g.
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5.1.11 Calibration curve for Chromium (VI)

The Cr (VI) concentration standard curve was developed using the absorbance of the known
concentration of Cr (VI) with 0-5.0 mg/L. To determine the linear equation of absorbance at
540 nm vs Cr (VI) concentration (mg/L), calculations were performed by the regression
equation Y=0.3282X-0.0534 with correlation co-efficient (R?) equal to 0.9913 (Liu et al., 2019)

as shown in Figure 21.
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Figure 21: Calibration curve of Cr (VI)

Shakya, & Agarwal, (2019) demonstrated the Cr (V1) removal from water using pipeapple-
derived biochar and estimated its concentration by making a calibration curve with high
regression co-efficient (R?=0.999). Similarly, the amount of Cr (VI) removed from date seed
biochar modified with polyaniline was estimated using a colorimetric technique (Tripathy et

al., 2021).
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5.1.12 Error analysis

To find the best isotherm model for heavy metal adsorption, one can apply linear regression
analysis. Researchers frequently use linear regression analysis to check the consistency of
adsorption models and to perform mathematical analysis of experimental data. On the other
hand, compared to linear regression, the model parameters derived from non-linear regression
are more precise. In the case of heavy metal adsorption, non-linear regression is the better

method for estimating isotherms parameters (Mouhamadou et al., 2023; Chen et al., 2022).

The Microsoft Excel solver function (Microsoft Office 2019, USA) was utilized in this study
to perform regression analysis on experimental data for a variety of isotherm models and
kinetics. To find the goodness of fit curve, different error functions were calculated for

statistical analysis [Akdemir et al., 2022] as shown in Table 6.

Table 6: List of error functions for statistical analysis.

Error function Equation
Sum of square error (SSE) n 2
D (IO TP [Eq.8]
i=1
Sum of absolute error (SAE n
(SAE) (¢ TP T pR— [Eq.9]
i=1
Hybrid fractional error 100 <@ ( 6. —q )2
e,exp e,cal
function (HYBRID) h_ p Zl: q ‘ ............................ [quO]
1= e,exp
Chi-square () test " 2
e =l (Gooo ~Goca) [Eq.11]

i=1 qe exp

Where, ge,exp, and ge,cai represent measured and calculated adsorption capacity; n is the number

of data points ; p is the number of parameters
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5.2 Factors affecting adsorption

The remediation of metal ions such as Cr (VI) from wastewater is affected by several factors
like temperature, pressure, pH, biosorbent dose, initial metal ions concentration, contact time,
and ionic strength. The removal efficiency of the nanoadsorbents is affected by their physical
and chemical properties such as particle size, porosity, surface area, surface functional groups,

etc. (Cheriyamundath & Vavilala, 2021).

5.2.1 Effect of pH on adsorption

At lower pH (2-3), Cr (V]) is reduced by the phenolic group of nano-lignin to form positively
charged Cr (III) ions. Figure 22, illustrates the point of zero charges (PZC) for nano-lignin
particles synthesized by a green method, with a measured value of 6.65. The results of this
study provide compelling evidence that the surfaces of nano-lignin particles synthesized using
green methods exhibit a positive charge when the pH values are below the point of zero charges
(pHpzc). The Cr (V1) species, namely HCrO4- and Cr,07*, are expected to exhibit anionic
properties. Nevertheless, when the pH drops below 4.0, there is a noticeable decline in the
adsorption capacity of nanolignin. This can be attributed to the presence of chromium in the
form of H2CrOs, which competes strongly with protons for adsorption sites. In the presence of
an acidic solution, the functional groups have the ability to undergo protonation, leading to a
robust electrostatic contact between the adsorbent nano-lignin particles and the Cr,07%", ion
(Singh, Anil, et al., 2022; Singh, Naik, et al., 2022). In the pH range of 5.0-7.0, the prevailing
chemical species of chromium (Cr) is the chromate ion (CrO4%). An excessive concentration
of hydroxide ions (OH-) in the chromium solution leads to a competitive interaction with
chromate ions (CrOs%) for adsorption on the surface of the adsorbent material. In this
competition, hydroxide ions tend to dominate the adsorption process. Hence, the adsorptive
capacity of chromium (V1) diminishes when the pH level rises. The adsorption capacity of
nano-lignin particles declined as the pH level increased. The highest adsorption concentration
was observed at a pH of 2.0, while a near-complete decrease in adsorption was observed at a
pH of 7. These findings align with various researchers' prior research on Cr (V1) adsorption
(Singh et al., 2023). Thus, in acidic pH conditions, the oxygen-containing groups that are
negatively charged in nanolignin attract positively charged Cr (III) for its removal during the
process of adsorption. The highest removal efficiency was found to be 92.83 % at pH2 as shown
in Figure 23. The removal of Cr (VI) from the aqueous synthetic solution after treatment with

nanolignin is shown in Figure 24. Thus, pH is one of the important parameters for the
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adsorption of Cr (VI) as H' in the acidic medium is used to reduce Cr (VI) ions as represented
in the Eq.13 [Nagpal et al.,2023].
HCrO4 +12H" +17¢ ------- CrP" +12H2O. .o [Eq.12]

With the increase in pH to a certain range, the adsorption of heavy metals on adsorbent
increases but there is no obvious linear correlation between them (Huang et al., 2020). At lower
pH, active sites on the adsorbent get protonated resulting in their electrostatic repulsion
between metal ions, and that prevents more adsorption of ions. pH affects the chemistry of both
the functional group of biosorbent and the chemistry of metal ions (Ali Radha, 2020 ). The
process of adsorption is greatly affected by variations in pH as hydrogen ion itself is a tough
competing adsorbate and as a general rule, the adsorption rate increases for heavy metals with
an increase in pH value because it influences the surface properties of the adsorbents (Pang et
al., 2022 ). Adsorption efficiency decreases at highly alkaline conditions (pH of 10 or higher
). Hydroxide precipitation could be used for the retention of heavy metals which is also pH-
dependent (Qasem et al.,2021). Metal ions could react with calcium hydroxide (lime) to

produce metal hydroxide precipitates and calcium ions (Kumar & Kumar., 2023).

Du et al., (2023) demonstrated that pH 5 is the optimum condition for the adsorption of heavy
metals such as Pb (I1), Cu(ll), and Ni(Il) on lignin-based adsorbent. Their findings showed that
raising the initial pH value (2-5) increased the adsorption capacities. The lower pH values are
unfavorable due to the protonation of -OH, -COOH, and -NH on the surface of the adsorbent.
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Figure 23: Effect of pH on adsorption at initial Cr (VI) ions concentration of 10 mg/L, 0.03 g
adsorbent dosage, 400 rpm agitation, 80 minutes, and 298 K temperature

52



Figure 24 : Removal of Cr (VI) from the aqueous synthetic solution at the concentration of

10 mg/L (A) Before treatment (B) After treatment.

5.2.2 Effect of adsorbent dosage on adsorption

As the dose of nanolignin increases, the tendency of the removal of Cr (VI) is also enhanced
due to the availability of more adsorption sites on nanolignin. The batch experiment was carried
out at pH 2 with an initial concentration of Cr (VI) ions of 10 mg/L. Figure 25, shows that
removal efficiency increased sharply up to a dosage of 0.02 g for the adsorbent and the
maximum removal efficiency of 92.83 % was observed at the dosage of 0.03 g of nanolignin.
Because nanoparticles tend to aggregate, adding more nanolignin to the dosage causes the
active sites on the adsorbent to be hidden, which lowers removal efficiency (92.0 and 91.1% at
the dosage 0f 0.04 g and 0.05 g of adsorbent, respectively) as shown in the graph. Similar kinds
of findings have been investigated in different types of research [Daneshvar et al., 2019; Barad
et al.,2022]. The adsorbent capacity of an adsorbent depends on the optimum quantity of the

adsorbent used (Nguyen-Thi et al, 2024 ). As the heavy metal ion concentration changes, the
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removal efficiency, as well as the adsorption capacity, gets changed. On increasing the dose of
adsorbent more active binding sites for heavy metal adsorption are available for effective
removal of heavy metals (Hashem et al, 2024 a). Kumar et al., (2019) reported that at a constant
dose of 0.015 g, Carboxymethyl nanocellulose stabilized nano zero-valent iron nanoparticles
were able to reduce almost 100% of 15 mg/L of Cr (VI) in 90 minutes. Hashem et al., (2024b)
reported the removal of chromium from tannery wastewater using Carica papaya tree as an

adsorbent at the optimum dose of 3g/50ml, and 84.36% removal of chromium was achieved.
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Figure 25: Effect of adsorbent dosage on adsorption at initial Cr (VI) ions concentration of 10

mg/L, pH 2, 400 rpm agitation, 80 minutes, and 298 K temperature
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5.2.3 Effect of contact time on adsorption

The impact of contact duration on Cr (VI) adsorption was examined at study intervals ranging
from 20 to 100 minutes. The equilibrium was reached after 80 min as in Figure 26. It was
depicted that the percentage removal of Cr (VI) increases with time till it attained the
equilibrium. At the beginning of the adsorption process, the percentage of removing Cr (VI)
ions was higher due to the presence of more active sites on nanolignin. The percentage removal
of 92.83 was achieved after 80 minutes of equilibrium time at an optimum adsorbent dosage
0f 0.03 g/ 100 ml at pH 2 at 298 K. Over the course of the adsorption process, the number of
unoccupied adsorption sites on the surface of nanolignin gradually decreased. Hence until
reaches equilibrium, the adsorption rate becomes slow. Similar kinds of studies were reported
for the removal of Cr (VI) from wastewater by using olive leaves as adsorbent [Rzig et al.,
2022]. The time required to attain equilibrium or contact time is one of the important factors
for the adsorption process. The rate of adsorption increases during the initial period of time and
decreases due to a limited number of active sites over the adsorption time. Finally, the
adsorption equilibrium phase will be reached after a certain adsorption time (Huang et al.,2020;
Kumar & Kumar ., 2022 ). Hokkanen et al., (2018 ) studied the effect of contact time for the
removal of Ni (II), and Cd (II), from an aqueous solution by hydroxyapatite-bentonite clay-
nanocellulose composite as adsorbent. Choudhury et al., (2024) reported the removal of Cr
(VI) and showed that the adsorption capacity of nano zerovalent iron supported by sawdust
remained nearly constant after 180 minutes, which signifying the establishment of equilibrium

at 180 minutes.
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Figure 26: Effect of contact time on adsorption at initial Cr (VI) ions concentration of 10 mg/L,

0.03 g/100ml adsorbent dosage, pH 2, 400 rpm agitation, and 298 K temperature

5.2.4 Effect of temperature on adsorption capacity

The adsorption of Cr (VI) on nanolignin was studied at various temperatures. It was found that
temperature has almost no significance on the adsorption of Cr (VI) on nanolignin and a slightly
increased adsorption capacity from 30.94 mg/g to 31.14 mg/g at 298 K and 313K respectively
was observed. The increase in the amount of Cr (VI) adsorption on nanolignin indicated the
endothermic process. Similarly, when the temperature was raised to 328K, there was a small
drop in the adsorption capacity (29.24 mg/g) of Cr (VI) (Figure 27). Similar kinds of studies
were performed by El Malti et al. (2022) to show the impact of temperature on the adsorption
of Cu (II) and Cd (IT) on the activated carbon of citrus sinensis peel. Adsorption increases
with increasing the temperature up to a certain temperature and then decreases at elevated
temperature. The adsorption process of heavy metals is normally endothermic (Soliman &

Moustafa, 2020 ). The capacity of adsorbent to bind more heavy metals as the temperature
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rises is due to an increase in the rate of adsorbate molecule diffusion across the interior pores
and external boundary layer of adsorbent particles (Ajala et al., 2024) . Sbihi et al (2024)
reported the removal of more hexavalent chromium by Craticula subminuscula from aqueous

solution when the temperature was raised from 15-35 °C.

298 313 328

Figure 27: Effect of temperature on adsorption capacity of Cr (VI) on nanolignin at initial Cr
(VI) ions concentration of 10 mg/L, 0.03 g /100 ml adsorbent dosage, pH 2 and 400 rpm

agitation

5.2.5 Determination of adsorption capacity

In order to determine the maximum adsorption capacity (Qimax) Of nanolignin, batch
experiments were conducted at 298 K. The batch study revealed that nanolignin had a
maximum adsorption capacity of 30.94 mg/g at the equilibrium time exposure of 80 minutes
and 0.03g /100ml as adsorbent dosage has been achieved as shown in Figure 28. Kumar and
Chauhan (2019) reported the elimination of Cr (V1) from synthetic aqueous solution by using

biomass from dried water hyacinth roots, which had a maximum adsorption capacity of 1.28

57



mg/g. Akar et al. (2019) investigated the removal of Cr (V1) from platting wastewater by means

of Platanus orientalis bark, which had a maximum adsorption capacity of 13.42 mg/g.
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Figure 28: Kinetic of adsorption at the optimum condition at initial Cr (VI) ions concentration
of 10 mg/L, pH 2, 0.03 g/100ml adsorbent dose, 400 rpm agitation, 80 minutes and 298 K

temperature

5.3 Analytical method for the determination of chromium reduction

The UV-visible spectrum's time dependence in the Cr (VI) and nanolignin reaction mixture is
displayed in Figure 29. The Cr (VI)] is reduced to Cr (III) is facilitated by the hydroxyl group
of nanolignin. At 0 h, Chromium has a sharp peak at 230 nm, 290 nm, and 540 nm which
decreased with time and disappeared at 540 nm when the reaction proceeded up to 60 minutes
at pH 2 with 0.03 g dose of nanolignin. These results demonstrate that the reduction of Cr (VI).

K>Cr207 in an aqueous solution has been taken as control which shows characteristic maxima
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at 257 and 350 nm. Chen et al. (2015) used a UV-visible spectrum of the reaction mixture with

time dependency to explain the mechanism of hexavalent chromium with sugarcane molasses.
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Figure 29: UV-visible spectrum of the reaction mixture at 10 mg/l of Cr (VI) at pH 2 with the
adsorbent dosage of 0.03 g/100 ml of nanolignin.

5.4 Adsorption kinetic model

Adsorption kinetics modeling may be useful to comprehend the Cr (VI) ions adsorption
mechanism on nanolignin. The adsorbed amount of Cr (V1) versus contact time was examined
in the current work using pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic

models to identify the rate-limiting steps [Jimenez-Paz et al., 2023].

kt

lo —qg )=Ilo R Eq.13
9(a, —q,)=logq, 5303 [Eq.13]
t_ 1t _—
—= e qg-.

g, l(zqe2 g,
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Where, ki is the rate constant of pseudo-first-order kinetic model (PFO) in min and

k2 is the rate constant of the pseudo-second-order kinetic model (PSO) in (g mg™? min™).

The adsorption of Cr (V1) on nanolignin by pseudo-first order (PFO) and pseudo-second-order
(PSO) kinetic models are presented in Figure 30 and 31 respectively. Since the coefficient
correlation values R? of the PSO model are higher and closer to unity than those of the PFO
model, the kinetic study of Cr (VI) was well represented by pseudo-second-order kinetics as
represented in Table 7. A good agreement for this adsorption was confirmed by the similarity

in calculated gc values and the experimental q. values.

0.5

70

log(qe-qt)

-0.5

y =-0.0464x + 1.8043
R*=0.9582 ]

-1.5
time (min.)

Figure 30: Pseudo-first order kinetic model for the adsorption of Cr (V1) ions on nanolignin at
initial Cr (VI) ions concentration of 10 mg/L, 0.03 g/100ml adsorbent dosage, pH 2, 400 rpm
agitation, and 298 K temperature
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Figure 31 : Pseudo-second order kinetic model for the adsorption of Cr (VI) on nanolignin at
initial Cr (VI) ions concentration of 10 mg/L, 0.03 g/100ml adsorbent dosage, pH 2, 400 rpm

agitation, and 298 K temperature

Experimental data were analyzed by the Weber Morris intra-particle diffusion model to get

information about the rate controlling the adsorption (Benmahdi et al., 2024; Saad et al., 2024

Where q; is the adsorption capacity at time t, t'/? is the half-life time in minutes, Kaifr (mg/g
min 2) is the rate constant of intraparticle diffusion and C represents the value of the

thickness of the boundary layer (mg/g).
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The movement of Cr (VI) from the fluid layer around the nanolignin surface to the interior
adsorption sites utilizing pores is described by intra-particle diffusion model where they

determine the rate of diffusion. The q; vs t ”* is represented in Figure 32

35
y =1.3259x + 19.984

R? = 0.8667 )

= N N
(6] o (6]

qt (mg/g)

=
o

0 1 2 3 4 5 6 7 8 9 10
t/2 (min.)Y/2

Figure 32: Intra-particle Diffusion Model for Cr (VI) adsorption onto nanolignin

Sohni et al., (2023) used an intra-particle diffusion model to show the adsorption of lead from
aqueous solution on lignin nanoparticles reduced graphene oxide-based hydrogel to explore the

kinetics of adsorption and Kaifr was found as 0.92.
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Table 7: Kinetics model constant for Cr (VI) adsorption on nanolignin

Kinetic | qe Rate Error functions Experiment

model | (mg/g | constant al value of
) R? SAE | SSE HYBRI | ° ge (mg/g)

D

Pseudo | 63.67 | ki=0.1068 | 0.958 | 0.483 | 0.1446 | 1.729 0.00487 | 30.94

-first- | 9 5 (min?) 4

order

(PFO)

Pseudo | 33.67 | ko=0.0047 | 0.999 | 0.009 | 4.27x1 | 0.592 3.131x1 | 30.94

- (g mg? 4 0° 0

second- mint)

order

(PSO)

Intra- - Kair=1.32 | 0.866 | 2.489 | 2.179 | 8.83 0.077 30.94

particle 59 7 5

diffusio

n

model

5.5 Adsorption isotherm model

Adsorption isotherms plot was used to determine Cr (V1) ion adsorption on nanolignin from an
aqueous solution. In this batch study, two isotherms were taken into consideration i.e Langmuir
and Freundlich isotherms. Langmuir and Freundlich isotherm models are expressed by the

following equations [ Singh et al., 2023].
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—+
g (Ka,)C. a,
1
Ing, =InK; +Hln C, -mmmmmmmmmm e [Eq.17]

Where, Ki is Langmuir adsorption constant (L/mg),
Qmax IS the maximum adsorption capacity of nanolignin (mg/g),
Kt is Freundlich constant related to adsorption capacity (mg/g) and

n is another Freundlich constant.

The multilayer adsorption process that takes place on heterogeneous surfaces is the basis of
Freundlich isotherm whereas the Langmuir isotherm model postulates monolayer adsorption
Cr (V1) metal ions onto a homogeneous surface with no interaction among adjacent adsorbed

ions.

The isotherm was examined by plotting 1/ge vs 1/Ce for Langmuir isotherm or In ge vs In Ce
for Freundlich isotherm for the best-fit curve using R-squared values. If the value of Freundlich
constant (n) is greater than 1, adsorption will be favourable. The validation of Langmuir and
Freundlich isotherm models for Cr (V1) adsorption on nanolignin is shown in Figures 33 and
34 respectively. Table 8, displays the experimental data that best fit the Langmuir isotherm for

Cr (VI) adsorption on nanolignin.
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Figure 33: Validation of Langmuir isotherm model for Cr (V1) ions adsorption on nanolignin
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Figure 34 : Validation of Freundlich isotherm model for Cr (V1) ions adsorption on nanolignin
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Redlich-Peterson's empirical adsorption model is the combination of Freundlich and
Langmuir isotherm. Hence it does not follow the ideal monolayer adsorption (Yadav et al.,

2024; Perera et al., 2023). The following equation represents the linear form of isotherm

In (g—) Yo LY. NS [Eq.18]

Where, A (I./mg) and B (L./mg) are the Redlich-Peterson isotherm constant.

This isotherm is evaluated by plotting In (Ce/ge) vs In (Ce) and represented in Figure 35.

0
06 04  -02 0 02 04 06 08 1 1.2 1.4
0.5
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y = 0.5231x - 3.5945
15 R2=0.9991
— 2
(D)
o
D 25
O
N
£

In Ce

Figure 35 : Redlich-Petersons isotherm for adsorption of Cr (V1) onto nanolignin

Moon et al., (2023), exhibited Redlich-Peterson model to describe the adsorption isotherm. The
adsorption equilibrium could be illustrated by Redlich-Peterson isotherm (Liu et al., 2023).
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Table 8: Adsorption isotherm constant for Cr (VI) adsorption on nanolignin

Adsorption | Parameters | Values Error functions

isotherm R? SAE | SSE HYBRID | ¥

Langmuir | Omax 200 mg/g 0.9758 | 0.003 | 4.84 13.636 0.00026
Qe 33.67 mgl/g x10®
KL 0.282 L/mg

Freundlich |n 1.759 0.9672 | 0.122 | 0.0092 | 3.3003 0.00252
Kt 33.18 mg/g

Redlich- A 3.5945 (L/g) |0.9991 | 1.026 | 0.528 | 2.306 0.0119

Petersons B 0.5231(L/mg)

5.6 Adsorption thermodynamics

The adsorption feasibility of Cr (VI) ions onto nanolignin was assessed using adsorption

isotherms to calculate Gibb's free energy (AG°,, ) of adsorption. The constant of

thermodynamic equilibrium (K, ) has a relationship with the Gibb's free energy ( AG,,, ) of

ads

adsorption as shown in the following equations [Sinha et al.,2022]:

AGgy = —RT IN K =mmmmmmmmmmmmmmmm oo [Eq.20]

Where, A Gags? is Gibb's free energy (J/mol) .
R is the ideal gas constant (8.314 J/mol K),

T is the absolute temperature (K),
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The value of AG® was negative at room temperature (298 K), indicating spontaneous and
endothermic adsorption. The value of Gibb’s free energy (AG®) was found to be -9.327.65
KJ/mol at 298 K for the adsorption of Cr (VI) on nanolignin.

Dehghani et al., [2016] reported the A Gags®= -5.577 kJ/mole at 298 K during the elimination
of Cr (VI) using waste newspaper as low-cost adsorbent. In another study, Giri et al., (2021)
showed A Gags®= -5.23 kJ/mole at 313 K for the use of pomegranate peels as an adsorbent in

the remediation of Cr (VI). Table 9, summarises the comparison of bioremediation of Cr (V1)

ions using different adsorbents.

Table 9: Comparative analysis of the removal of Cr (V1) using various adsorbents

Adsorbent pH and | Initial ~ Cr(VI) | Maximum References
material Temperature ions adsorption

concentration capacity (mg/g)

(mg/L)
Microalgal pH 2, Temp. 22 | 10 25.19 Daneshvar et
based materials | °C al., 2019
Maghemite pH 2.5, Temp. | 1-5 Barad et
nanoparticles 25,30,35°C al.,2022
Micellar pH 2-12, Temp | 5-12 Sarfraz et al.,
modified 25-30 °C 2022
adsorbents
Filamentous pH 8, Temp |5 0.77 Singh et
algae 303K al.,2021
Aegle- pH 2, Temp 30 | 25 Mathai et al.,
marmelos leaves | °C 2022
Lagerstroemia pH 2, Temp 303 | 50 41.92 Nawaz et al.,
speciosa  seed | K 2023
hull biochar
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Corncob pH 3, Temp. 25 | 10 25.94 Van et al., 2019

magnetic °C

biochar

Olive stones pH 2, Temp 20 ° | 10 2.34 Amar et al,
C 2020

Pomegranate- pH 4, Temp. 25 | 30 16.23 Chen et al.,

peel-derived °C 2023

biochar

Pomegranate- pH 2, Temp. 25 | 100 20.87

peel °C Girietal., 2021

Nanolignin pH 2, Temp. 25 | 10 30.94 Present study
°C

5.7 Application of nanoliglin as adsorbent for the elimination of Cr (VI) from

tannery wastewater

Tannery wastewater (TWW) sample was collected from the leather industry located in Bootan

Mandi area of Jalandhar city, Punjab, India with latitude and longitude coordinates 31.306456

°N and 75.564067 °E, respectively. The removal capacity of nanolignin for Cr (VI) was tested

at initial and optimum conditions. Tannery wastewater is basically dark brown-colored waste

with a pungent odor and high content of TDS, chromium, phenolics, etc. The colour of the

tannery effluent was similar as reported by Chowdhary et al (2015).

The chemical properties of wastewater from tannery are shown in Table 10., and the batch

treatment of TWW is shown in Figure 36.

Table 10: Chemical characteristics of Tannery wastewater (TWW) of Jalandhar

Parameters Values unit
pH 4.6

TDS ( Total dissolved solids) | 2650 mg/L
Electrical conductivity 54.8 mS/cm
Cr (V]) 2.143 mg/L
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Table 10, shows that the pH of the TWW sample collected was 4.6, suggesting that the effluent
was somewhat acidic in nature. The recommended range of pH of tannery effluent (TE) is 5.5
-9.5, however, TE's average pH can range from 6.0 to 9.0. [ Shaibur et al., 2022; Ludvik, &
Buljan, 2000]. Nigam et al (2019) reported the pH of the TWW sample as 3.9.

Figure 36 : Batch treatment of tannery wastewater from the leather industry (A) Before

treatment (B) After treatment

Through the use of nanolignin, an adsorption study was conducted to remove Cr (VI) and 44.09
% of chromium (VI) removal from the tannery wastewater was observed at optimum removal
conditions of pH 2, adsorbent dosage 0.03g/ 100 ml at 298 K and 400 rpm. The removal
efficiency of Cr (VI) from tannery wastewater at both initial and optimum pH values is
displayed in Table 11. The presence of other competing ions, such as phosphate, sulfate, etc.,

may be the reason for the decrease of nanolignin removal efficiency of Cr (VI) from TWW.
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Table 11: Adsorption study of nanoliglin for Cr (VI) removal from tannery wastewater

Tannery pH Co (mg/L) Ce(mg/L) % Removal (R)
wastewater

Initial condition | 4.6 2.127 1.983 6.77

Optimum 2 2.143 1.198 44.09
condition

In this study, TDS of tannery wastewater was increased from 2650 mg/L to 3300 mg/L after
treatment with nanolignin. The electrical conductivity was decreased from 54.8 mS/cm to 39.5
mS/cm when exposed to nanolignin for wastewater treatment. Hashem et al (2020) reported
that the TDS of tannery wastewater increased from 44.3 + 0.6 mg/L to 48.9 £ 0.2 mg/L when
treated with water hyacinth biochar. Similarly, Nigam et al (2019) investigated that the
electrical conductivity of tannery wastewater decreased from 45.2 mS/cm to 21.5 mS/cm when

treated with tea waste.

5.8 Mechanism of chromium adsorption on nanolignin

The remediation of Cr (VI) through nanolignin is governed by the adsorption sites, adsoption
capacity, mechanical stability, regeneration and reusable potential (Dotto & McKay, 2020).
Several functional groups have been demonstrated to be present in nanolignin, such as
carboxylic (-COOH), carbonyl (C=0), phenolic and aliphatic hydroxyl (-OH), and others. The
phenolic hydroxyl group of nanolignin is involved in the elimination of Cr (IV) ions by
reducing it to Cr (IIT) [ Li et al., 2023]. The uptake of Cr (VI) on nanolignin involves
electrostatic interactions between the functional groups bound to the surface of nanolignin and
reduced forms of Cr (VI) [Garg, et al.,2023; Zhang et al., 2021]. Hexavalent chromium can be
found in nature as hydrogen chromate (HCrO4!) and chromic acid (H.CrO.) which are the
predominant form of Cr (V1) at lower pH (less than 3) in aqueous solution, while with the rise
in pH from acidic to alkaline medium HCrO4 is converted to chromate (CrO4?) and dichromate
(Cr207%) [Saouli et al.,2023]. At lower pH values, the best elimination of Cr (V1) ions was
noted on oxygen-based functional groups of nanolignin due to an increase in electrostatic

attraction at the acidic condition (Sinha et al., 2022). It has been reported that chromium in an
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aqueous solution possesses opposite net charges under different oxidative states as Cr (111) has
a net positive charge while chromate (CrO4%) and dichromate (Cr.07%) have net negative
charges (Ifthikar et al.,2021). Through the studies, it has been suggested that the process by
which Cr (VI) ions are adsorbed by adsorbents is electrostatic attractions, adsorption, and

reduction or simple adsorption [Narayanan et al., 2023; Kumar, & Kumar, 2023 ].

5.8.1. Electrostatic interaction

At acidic conditions (pH<pHpzc), the OH atom of nanolignon get protonated to produce OHa+.
Then, the negatively charged Cr (V1) species such as CrO4*’Cr.07% migrated toward the

positively charged surface of nanolignin through electrostatic interaction.

Nanolignin.surface —OH +CrO;~ — Surface —OH =CrO; .....c.ccccrrmmrmmrrmnnnene [Eq.21]
—~OH +CrO;7 /Cr,07 — Surface —OH = CrO; ™ / Cr,OZ oo eveeseennnnns [Eq.22]
—~COOH +CrQ; /Cr,0?" — Surface —COOH =CrO; / CrL,OZ ...cooorreeveeeerrerirsssesne [Eq.23].

5.8.2. Surface complexation

The Cr (V1) ions could form the inner sphere complexes with the function groups of nanolignin
using the co-ordination chemisty principles.

O O ) e (02 (] OO [Eq.24]

5.8.3. Reduction

At the acidic conditions, -OH groups of nanolignin are involved in Cr (V1) reduction as these
groups are the main electron donor for the reduction of Cr (VI). Dichromate gets ionized as
chromate ions and hydrogen ions when dissolved in water (Bandara et al., 2022). At acidic pH,
chromate in solution forms an equilibrium with HCrO4". As HCrOy4" is highly reducible in the

presence of an electron donor resulting in the transformation of Cr (V1) to Cr (111).
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HCrO, + 7TH " 4387 =2 CI® 4 4H,0 oo eeesssssss s ssssss s ssssss s [Eq.25]

CrOZ 4 H " 22 HCIO, coooooooevvevevee oo ssssssssses s ssssssssss s s sssssssseses s [Eq.26]
HCrO, + 7TH" 4387 =2 Cr¥ + 4H, 0w eeesessmss s sessssssssss s ssssseens [Eq.27]
o g (AN o ]| I OO [Eq.28]

The schematic representation of the binding mechanism of hexavalent chromium [Cr (V)] on

nanolignin is shown in Figure 37.
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Figure 37: Diagrammatic illustration of the hexavalent chromium [ Cr (VI)] binding on

nanolignin.
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6. Summary and Conclusions

One of the most serious environmental pollutants that nano adsorbents can mitigate is heavy
metal pollution. Heavy metal removal from wastewater has been studied in relation to the
function of nanoliglin, a lignocellulosic-based nanoparticle. Conventional methods of heavy
metal removal from wastewater such as chemical precipitation resulted in the generation of
secondary pollutants. Similarly, ion-exchange methods are highly dependent on the resin
structure and solution of the environment. In the current study coconut coir-derived nanolignin
was characterized by BET, XRD, FTIR, SEM-EDX, TEM, TGA, DSC, and particle size
analyzer. The low initial concentration of Cr (VI) contributes to improved adsorption capacity
at the active site of nano-lignin adsorbent.The adsorption of Cr (VI) on coconut coir-derived
nanolignin is affected by the initial pH of the solution. The maximum Cr (VI) removal
efficiency was observed to be 92.8% at acidic pH of 2, 0.03 g/ 100 ml of adsorbent dosage, and
80 minutes as equilibrium time has been investigated in batch studies by altering the pH,
contact time, and dose of nanoadsorbent. Thus, nanolignin particles show good adsorption
capacity for Cr (VI) in an aqueous solution. Thus, nanolignin has potential to remove heavy
metals such as Cr (VI) from wastewater. The ability of nanolignin to eliminate Cr (VI) metal
ions from alkaline water will be improved in the future by surface modification.

e The majority of the literature addresses methods like adsorption, chemical treatment,
and membrane separation methods as the practical way of treating wastewater. Heavy
metals remediation studies were performed using synthetic wastewater with one or a
few metal types. Therefore, studies need to be performed on actual wastewater to fill
the gap in knowledge. Although a lot of improvement has been observed in the
preparation of lignocellulosic-based nanomaterials and their composites, still the issues
such as higher binding efficiencies of nanoadsorbents at a wide range of pH require
further research and development.

e Batch reactors were limited to most of the adsorption studies and it’s time to be
transferred to adsorption columns filled with lignocellulosic-based nanomaterials as a
porous structure for continuous filtration in wastewater treatment.

e The implementation of lignocellulose-based nanomaterial technologies on a large scale
requires other reactors such as continuous reactors (CSTR), fixed bed reactors and
fluidized bed reactors whose use is limited because still, the technologies are still at a

nascent stage for the elimination of heavy metals ions from wastewater.
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¢ In the future, optimization of adsorption conditions will help in the improvement in the
performance of nanobiosorbent, and in combination with other treatment processes
such as membrane technology will find ways for future research. Thus, hybrid
adsorption membrane technologies are promising technologies for the elimination of
heavy metal pollutants from wastewater.

e The commercialization of lignocellulosic-based nanoparticles depends on their price,
greener method of synthesis, scale-up process, and regulatory hurdles. The better
recycling performance of lignocellulosic-based nanomaterials helps in its

commercialization.

Thus, the lignocellulosic-based nanomaterials show great potential as a component of new
green material for wastewater treatment. As most of the nanomaterials are difficult to recycle
and easy to agglomerate, how to solve these disadvantages will be a futuristic challenge for
scientists. Hoverer, chemical modification of nanolignin such as the addition of functional
groups, esterification, acetylation, grafting, etc, and physical dispersion techniques such as
mechanical stirring, ultrasonication, and high shear homogenization are some of the strategies
in practice to overcome the problem of agglomeration of nanolignin. In the future, surface
modification of nanolignin will enhance its utility for the removal of hexavalent forms of

chromium present in alkaline water.
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APPENDIX A

BET Analysis

t-Method
BJH/DH method Moving pt. avg.: off
Adsorbate modelNitrogen

Radius

]

A

17.
19.
21.
24.
28.
32.
38.
47.
61.
85.
150.
786.
1996.

0157
0732
5048
3931
0048
6231
7743
6309
2394
7442
1219
0514
9404

Thermal Transpiration: onEff. mol. diameter (D):

Calc. method: de Boer

Data Reduction Parameters

Ignoring P-tags below 0.35 B/Po
Temperature 7.

Cross Section: 16.200 Az

Meolec. Wt.: 28.013
Pore Volume Pore Surf dv(r
Area

celg m?/g ce/b/g

8.1117e-04 §.5344e-01 4.2814e-04
9.1076e-04 1.057%e+00 4.4762e-05
1.7544e-03 1.8425e+00 3.1873e-04
3.908%e-03 3.6090e+00 6.8664e-04
3.908%e-03 3.6090e+00 0.0000e+00
3.908%e-03 3.6090e+00 0.0000e+00
4.2574e-03 3.77887e+00 4.8733e-05
4.2574e-03 3.7887e+00 0.0000e+00
5.2545e-03 4.1143e+00 5.9862e-05
5.2545e-03 4.1143e+00 0.0000e+00
5.2545e-03 4.1143e+00 0.0000e+00
5.8702e-03 4.1300e+00 5.2387e-07
5.8702e-03 4.1300e+00 0.0000e+00

Pore

350K

ds(r)
m2/A/g

.0441e-01
.6937e-02
9736e-01
.6298e-01
.0000e+00
.0000e+00
.5137e-02
.0000e+00
9550e-02
.0000e+00
.0000e+00
.3329e-05
.0000e+00

= = e =T U = R = L Y U S

BJH desorption swmary

Surface Area
Pore Volume
Radius Dv(r)

4.130 m?*/g
0.006 cc/g
24.393 A
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dv (logr)

cclg

e R = - T T N P e e

.6797e-02
.9636e-03

5812e-02

.8514e-02
.0000e+00
.0000e+00
.3385e-03
.0000e+00
.3888e-03
.0000e+00
.0000e+00
.3260e-04
.0000e+00

3.54 AEff. cell stem diam. (d): 4.0000 mm

Liquid Density: 0.808 g/cc

ds (logr)

cclg

= = = R =N =T FUR S R

.9742e+01
.0590e+00
.4706e+01
.1577e+01
.0000e+00
.0000e+00
.2378e+00
.0000e+00
.7397e+00
.0000e+00
.0000e+00
.8640e-02
.0000e+00
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ORIGINAL ARTICLE

Coconut Coir Derived Nanolignin for the Removal of Chromium (VI)
from Aqueous Solution: Adsorption Characteristic and Mechanism

Ajay Kumar'© . Vineet Kumar'

Received: 27 July 2023 / Accepted: 23 October 2023
© The Tunisian Chemical Soclety and Springer Nature Switzerland AG 2023

Abstract

Heavy metals such as chromium-loaded wastewater from anthropogenic activities greatly concern the environment and human
health. Industries in clectroplating. dyes, pigments, and tanning extensively use chromium and its compounds. Several con-
ventional techniques such as membrane separation, coagulation, precipitation, and flocculation are intensively investigated to
remove chromium from wastewater. The removal of chromium using the adsorption technique by green nanomaterial is one
of the promising techniques. Lignin has been extracted from coconut coir by the soda pulping method and nanolignin was
obtained through the ultrasonication method. The obtained nanolignin from coconut coir was characterized by particle size
analyzer, Fourier transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDS), transmission electron microscopy (TEM) and Brunauer-Emmett—
Teller (BET). The chromium'’s maximum removal efficiency was 92.8% at acidic pH of 2. nanoadsorbent dosage (0.03 g).
and contact time (80 min) as investigated in the batch study. The kinetic study of Cr (VI) was well represented by pscudo-
second order and isotherm data were best fitted with the Langmuir model. Thus, nanolignin can be used as an adsorbent for
the removal of Cr (VI) from wastewater.

Graphical Abstract

Keywords Nanolignin - Chromium (V1) - Adsorption - Coconut coir - Kinetics

Extended author informati lable on the last page of the article
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ORIGINAL ARTICLE

Checa for
| upaies

A Comprehensive Review on Application of Lignocellulose Derived
Nanomaterial in Heavy Metals Removal from Wastewater

Ajay Kumar'® - Vineet Kumar'

Received: 13 January 2022 / Accepted: 18 April 2022
© The Tunisian Chemical Society and Springer Nature Switzerland AG 2022

Abstract

In the present scenano. heavy metals in wastewater are among the most severe environmental problems. Wastewater treat-
ments remain a critical issuc to date despite advancements in technologies. Global transition for greener and sustainable
materials focused on lignocellulosic derived nanomaterials for wastewater treatment and investigated as one of the suitable
solutions in industrial scale for environmental remediation. This review provides detailed information about the produc-
tion of lignocellulosic-based nanomaterial. their adsorption kinetics, applications of reactors, and membranes methods for
large-scale remediation of heavy metals from wastewater. The nanosized lignin and cellulose show superior adsorption
behavior for the adsorption of heavy metals. Nanocellulose based membranes and filters have been developed to decrease
the concentration of heavy metals from wastewater. Several reactors such as batch, continuous, fixed bed. and fluidized bed
have been studied to remove heavy metals based on the adsorption phenomenon. The different thermodynamic and kinetic
models of lignocellulose-based nanomaterials in context with heavy metal removal have been summanzed. The future per-
spective and challenges linked to lignocellulosic-based nanomaterials and their viability and commercialization have been
highlighted in the present review.

Graphical Abstract

Pure

‘ water

Keywords Lignocellulosic biomass - Nanomatenial - Reactor - Membrane - Adsorption - Models
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