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Renewable chemicals production from aquatic weed: Pistia stratiotes
Sweeti

ABSTRACT

A renewable chemical that can replace fossil fuels is bioethanol. Pistia stratiotes, an aquatic
weed, was used as the substrate for the synthesis of ethanol in the current investigation. Initially,
chemical composition was analyzed and shows this weed contains ash content (18.36%), total
solid content (92.85 %), moisture content (7.15%), cellulose content (25.90%), hemicellulose
content (18.44%), lignin content (25.25%), starch content (0.6 %), protein content (21.38 %).
This composition shows that it contains a high amount of cellulose and hemicellulose which can
be utilized as a carbon source for ethanol production after pretreatment. Reducing structural
recalcitrance and enhancing hydrolysis efficiency are crucial factors for increasing fermentable
sugars and the production of valuable products. Response surface methodology was employed
to optimize acidic pretreatment and alkaline pretreatment. In the alkaline pretreatment, cellulose
content was exposed and this was further followed by enzymatic hydrolysis, aiming to enhance
the saccharification of Pistia stratiotes. On the other hand in the acidic pretreatment direct
hydrolysis was done and reduced sugar was directly followed by the fermentation process.
Alkaline concentration, time and temperature (0.5 - 3 % NaOH, 30 - 60 minutes, 60 - 120 °C)
were taken as independent variables in the optimization of alkaline pretreatment. The substrate
comprises lignin, hemicellulose, and cellulose. The NaOH concentration during pretreatment
significantly influenced the delignification process, resulting in an increased cellulose content.
The highest cellulose content was achieved with 2.47 % NaOH at 120 °C for 60 minutes, leading
to enhanced cell porosity and facilitating greater enzyme saccharification accessibility. Under
these optimized conditions, the sample exhibited 51.66 % cellulose content. Enzymatic
hydrolysis of this cellulose was performed with a commercially available cellulase enzyme. It
resulted in 31.06 g/L of reduced sugar liberation after 72 hours. In the Optimization of acidic
pretreatment conditions, three independent variables including acid concentration (0.15 - 3.1 %
H>SO4 concentration), time (12.96 - 97.04 minutes) and temperature (93.18 - 126.82 °C) with
responses like sugar and cellulose concentration. Subsequently, the optimized condition was
subjected to fermentation for the production of ethanol using Saccharomyces cerevisiae and
Pichia stipites strains. The physiochemical characteristics of the cellulose obtained after
pretreatment were analysed using SEM, FTIR, and TGA. The maximum amount of sugar is

produced under optimal conditions (2.5% acid concentration) at 120°C for 15 minutes. For the



fermentation stain two microbial strains were procured by NCIM, Pune, these are
Saccharomyces cerevisiae and Pichia stipitis. Initial sugar was taken as 10g/1 in the hydrolysate,
which is consumed by the strains with maximum sugar conversion rate (0.24 g/l/h). The
quantification of the ethanol was done by gas chromatography. Maximum sugar consumption
by S. Cerevisiae and P. stipites was 85.9 % and 87.9 %, respectively. Thus, we present the
optimized acidic pretreatment conditions for maximum production of sugar, and thereby, the
maximum yield of ethanol from Pistia stratiotes using S. Cerevisiae and P. stipitis. This study
demonstrates that acidic and alkaline pretreatment of Pistia stratiotes significantly increased its
reduced sugar content and cellulose content, leading to a higher sugar yield during enzymatic
hydrolysis and maximum ethanol was produced by the P. stipitis strains because it can convert

both pentose and hexose sugar into the ethanol under anaerobic conditions.
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CHAPTER (1)

INTRODUCTION

1.1 Background

In the contemporary economy, fossil fuels are the main source of energy. In 2011, the United
States derived 36% of its energy from petroleum, 26% from natural gas, and 20% from coal
(Sathre, 2014). The current energy situation involves using fossil fuels excessively to meet
demand, which raises the price and greenhouse gases. The Intergovernmental Panel on Climate
Change (IPCC) released a report citing greenhouse gas emissions from anthropological activity
as the cause of global warming. Because of these activities and the use of fuel derived from
petroleum in 2005, the dominant greenhouse gas in the atmosphere, CO2, rose by 280 parts per
million to 379 parts per million. Hydrothermal power, geothermal power, coal, natural gas, and
nuclear energy are the sources of energy used on a global scale. Of the total energy used
worldwide, more than 460 quadrillion comes from petroleum (170 quadrillion). Approximately
50% of petroleum is utilized for transportation (Galbe and Zacchi, 2002). Overall 80 % of
energy is produced in the world by fossil fuel burning (Escobar et al., 2009). Bioconversion,
the process of converting biomass into biofuels, is thought to be a cutting-edge way to lower
carbon emissions and pollution in the environment (Saravanan et al., 2022). A sustainable
method of lowering environmental pollution and the consumption of crude oil is to use biomass
for the production of ethanol. Typically, biomass that contains sucrose, starch, and
lignocellulosic material is utilized as feedstock to produce ethanol. The leaders in biofuel
production are the United States (US) and Brazil. In 2016, the United States produced
approximately 57.7 billion tons of ethanol from corn. Brazil has the capacity to produce

approximately 27.6 billion litres of bioethanol from molasses in a single year (Liu et al., 2019).

First, second and third-generation bioethanol production depends upon the biomass
used in it. In the first generation, the feedstock used for the production is sugars or by-products
of sugar crops and starchy crops. The production of ethanol by these substrates is easy because
of the presence of simple sugars in edible substances as compared to lignocellulosic biomass.
The main disadvantage of the first-generation feedstock is that it is competitive with the food

material. In the second generation, the substrate used for the production is lignocellulosic



biomass. It is commonly a waste material that contains a high amount of carbohydrates, non-
competitive to edible material with, low cost and high availability. Environment pollution can
be reduced by the use of it, which can reduce greenhouse gas emissions as compared to the
first-generation feedstock used (Alonso et al., 2010). The lignocellulosic biomass is divided
into different categories as mentioned in Fig 1.1, the sources of the lignocellulosic biomass
included energy crops and their residues, grasses aquatic weeds, and forest residues with
industrial and municipal waste. Forest residues included softwood and hardwoods with forest

waste. Agricultural waste (straw, husk and cereals) (Zabed et al., 2016a).

. Agricultural
Whole dedicated Forest residues residne aud
Plants and waste waste Industrial waste Municipal waste
e.g. Pine, cedar, e.g. Waste waste e.g. Food waste ,
e.g. Grasses, e.g. Leaves, seed
ferrestrial plants oak, cottonwood, S, e solveqt and paper waste and
e sawdust, branches husk,an d soli (i chemicals kraft waste

from dead plant:
rom dead plants cattle manure

Fig. 1.1 Different lignocellulosic sources for the production of bioethanol

Bioethanol production by LCBs on an industrial scale is very challenging because of some
limitations like complex structure (Fig. 1.2) and some technical barriers which count as hurdles
in the production as compared to the simple sugar used as substrate. The limitations are energy-
consuming pretreatment with the formation of toxic compounds in the hydrolysate. A high
number of conversion steps with different compositions of different types of lignocellulosic
biomass. They contain both the sugar pentose and hexose sugar and the availability of microbes
that can convert both sugars into ethanol after fermentation. Many scientists are working to
resolve these barriers in recent years. The initial step of selection of raw material, the selection
of naturally specific microbes with the development of genetically modified microbes,
development of new strategies for the production of ethanol with low cost production (Zabed
et al.,, 2016.).

The process of producing third-generation bioethanol involves using algal biomass as a

feedstock. The freshwater bodies contained this kind of feedstock. Liquid biofuels are produced



using this. Proteins, lipids, and carbohydrates can be found in the freshwater macroalgae of
India, such as Cladophora, Enteromorpha, Hydrodictyon, Microspora, Mougeotia,

Oedogonium, Rhizoclonium, Spirogyra, Tribonema, Ulothrix, Vaucheria, and Zygnema

(Kumar et al., 2018).

Lignocellulosic Structure

Cellulose

Fig. 1.2 Lignocellulosic biomass structure



Lignocellulosic biomass states to herbal biomass which can be divided into four parts
hardwood, softwood, agricultural waste and grasses on the terrestrial and aquatic levels. This
is obtained from different types of sources like crop waste, forest residue, agricultural waste,
municipal solid waste and aquatic weeds (Kumar et al., 2009)(Sahoo et al., 2022). In the
lignocellulosic biomass, mostly agricultural and energy crops are mainly used. Corn crops and
their residue like corn cob, stem and husk are utilized for ethanol production. Bagasse obtained

from sugarcane is another agricultural waste that is used as a substrate in biofuel production.

Bioethanol production is challenging due to high enzyme cost and technological
barriers, such as biomass recalcitrance, diligent pretreatment and inhibitory product formed
during pretreatment, which decreases the fermentation efficiency. The polysaccharides,
cellulose and hemicellulose, present in lignocellulosic biomass constitute 60% of its total mass
and are reluctant to break it into simple sugar naturally (Wyman and Yang, 2017). The complex
structure of plant cell wall prohibits the degradation of plant biomass into simple sugar.
Different steps such as retreatment, hydrolysis and fermentation are required to convert the

plant biomass into valuable products (Kataria et al., 2018a).

In recent decades, A lot of research has been conducted on the optimization of processes
for maximizing the production of valuable products from lignocellulosic biomass. Animal
dung, agricultural waste, and organic waste are examples of lignocellulosic biomass, which is
pretreated before being transformed into biogas. Due to the complex material's pretreatment
degradation into simple sugars, the results were incredibly effective. Various pretreatment
methods are used for aquatic weeds, but 1% NaOH (alkali) pretreatment is used for Pistia
stratiotes, which increases biogas production (Sinbuathong, 2019). Effective pretreatment
methods are required to increase the accessibility of substrate to the enzymes by changing the
complex lignocellulosic structure into a simpler form (Baadhe et al., 2014). The development
of systematic pretreatment methods resolves the initial obstacle in cellulosic ethanol production
(Mikulski and Ktosowski, 2023). Many pretreatment methods, viz. physical, mechanical and
chemical (acidic and alkaline etc.) pretreatment, have been applied to different types of
lignocellulosic materials. The main motive of these pretreatment methods is to solubilize the
cell wall components (cellulose, hemicellulose and lignin). Acidic pretreatment is much more
effective compared to other pretreatment methods as it does not require hydrolysis of the
sample to solubilization of sugar reducing the energy consumption for the process (Phwan et

al., 2019). H2SO4 is commonly used in pretreatment due to its effectiveness in the removal of



hemicellulose and lignin (Dahunsi, 2019). During acidic pretreatment, lignocellulosic biomass
is heated by an autoclave with a range of 100 °C-120 °C, during this procedure some toxic
compounds were generated, which can be minimized by adding the different

chemicals (Hendriks and Zeeman, 2009).

Aquatic weeds present in freshwater bodies cause complications in irrigation and
aquaculture projects. These weeds grow rapidly in the presence of proper nutrients and restrict
the penetration of light on the lower surface of water bodies, which impairs the growth of
aquatic biota. So it has become a topic of research to use them as a renewable carbon source
for the production of valuable products in a sustainable manner (Gusain and Suthar, 2017). The
main advantages of these aquatic weeds are 1) an economical carbon source, 2) higher CO»
diminution impact as compared to the terrestrial plants, and 3) low lignin content as compared
to the terrestrial plants (John et al., 2011). Extensive studies are conducted for the production

of bioethanol from aquatic weeds due to these advantages.

Pretreatment optimization gives a good direction in the field of bioethanol production.
Besides pretreatment, other barriers in biofuel processing are the commercialization of
lignocellulosic biorefinery, feedstock organization, and ample water consumption for the
cultivation of weeds (Kaur et al., 2019). The aquatic weed Pistia stratiotes is composed of high
carbohydrate content and can grow rapidly in the water. Therefore, it was selected as a substrate
for ethanol production in our study. It was established in the earlier research on Pistia stratiotes
that this weed's dry biomass produces the best results following pretreatment. Following acid
treatment, alkaline treatment was administered (Whangchai et al., 2021). In our study, we have
performed the optimization of acidic pretreatment on this weed to get the maximum sugar,
which was not done previously by any researcher. The parameters used for acidic pretreatment
can be optimized with the help of response surface methodology (RSM) design by Minitab
software. The main objective of this model is to find out the main response in a particular area
of interest, optimize the response, achieve the specific condition using a minimum number of
experiments, and observe the interaction between the parameters (Gunst et al., 1996). A
combination of mathematical and statistical methods in RSM is used for making the model
formation by which optimization of factors is done. The RSM method takes quantitative data
from different experiments to estimate the regression model for optimization of responses
(dependent variable) affected by process variables (independent variables) (Hinkelmann,

2012). Central composite design (CCD) is a fractional factorial design consisting of 2" factorial



runs with 2#z axial runs and centre runs that decide the experimental error. Independent
variables determine the number of runs in the model. If the number of variables increases, the
number of runs also increases in the replicates of the model. RSM method for optimization
consists of three steps. The first step is designing of experiment statistically, the second step is
to calculate the coefficients in the model, and the last determine the response and examine the

competency of the model within the design of the experiment (Mahalik et al., 2010).

The sugar obtained from the optimized conditions was used for ethanol production.
Saccharomyces cerevisiae and Pichia stipites both strains were used for production. Pichia
stipites can use both C5 (e.g. xylose) and C6 (e.g. glucose) carbon sources present in the acid
hydrolysate. This research makes a genuine contribution to the advancement of the technology
used in the production of ethanol and may help in the development of an economical and

sustainable approach for the production of ethanol by acidic pretreatment.

1.2 Conversion Technologies involved in bioethanol production

1.2.1. Pretreatment

Pretreatment is an essential step in the liberation of sugars from plant-based biomass.
Lignocellulosic biomass is mainly composed of complex polymers including, cellulose,
hemicellulose, and lignin. Lignin is the main obstacle to hydrolysis of carbohydrate complex;
it is tightly bound with cellulose and hemicellulose and restricts the saccharification process.
After the pretreatment step, lignin is removed (Fig. 1.3), and the free cellulose or hemicellulose
can be enzymatically hydrolyzed into monomer sugars, these sugars are further used by
microbes for ethanol production. Depending on the biomass composition, different types of
pretreatment methods are used in the process of production of ethanol from different types of
biomasses. The Various classes of conventional pretreatment methods include Physical,
chemical, physicochemical, and biological and many emerging technologies are also there like
microwave irradiation, microwave-assisted solvolysis, microwave-assisted pyrolysis,
ultrasound, a combination of microwave and ultrasound, gamma ray, electron beam irradiation,
pulsed electric field, high hydrostatic pressure and high pressure homogenization (Fig. 1.4)
(Hassan et al., 2018).
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Mechanical extrusion is a technique by which reduction in particle size of the organic
waste is performed, which increases the surface area of the substrates and efficiently
hydrolyzes (Hjorth et al.,2011) It is a promising process of treatment, high pressure is applied
to the substrate, and the liquid fraction is formed after this pretreatment (Cesaro et al., 2021).
Extruders are of two types, 1) single-screw extruders and 2) twin-screw extruders. A single-
screw extruder is made up of a single solid screw while a twin-screw extruder is made up of
two screws that are connected to the motor, hopper, and temperature regulators (Duque et al.,

2017).

Milling is a process in which the particle size of the substrate is decreased by the
grinding instrument. The milling instrument is made up of an electromotor (1.1kW) and a
grinder to decrease the particle size (Q. Liu et al., 2016). Generally, this pretreatment is
performed with a combination of other pretreatment methods. The grinder of electromotor
grinds the substrate and revolves at a particular rpm. The substrate should be chemical-free
during this process. After this pretreatment, centrifuge the slurry for further enzymatic

hydrolysis (Zhang et al., 2021). Water in the substrate affects this process, a low moisture
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content in the substrate speeds up the milling process. A fast grinding and high glucose content

form when there is no water content during the milling process (Gu et al., 2018).

1.2.1.2 Chemical pretreatment

Alkali and acidic pretreatments are efficient pretreatment methods for the accessibility of
enzymes and the breakdown of complex material in plant cells into simple sugars for further
use in bioethanol production. Different acids, such as sulphuric acid, hydrochloric acid, acetic
acid, boric acids, etc. are used for acid pretreatment. Here, mostly hemicellulosic sugars are
recovered. However, for alkali pretreatment sodium hydroxide, ammonia, and calcium
hydroxide are used, which result in the solubilization of lignin components. These chemicals
are used with a combination of temperature and various time duration and concentrations,
depending upon the biomass type. As compared to the acidic pretreatment alkali pretreatment

is most beneficial for enzymatic hydrolysis (Murciano Martinez et al., 2015).

Organosolv pretreatment is used to extract lignin from the lignocellulosic biomass. Many
organic solvents are used with a combination of acid or alkali in this pretreatment. Ethanol,
methanol, acetone, butanol, and diethylene glycol are used as a solvent. Glycerol and methanol
are commonly used for efficient sugar liberation (Joy and Krishnan, 2022). The organosolv
pretreatment method is also used to obtain the highly purified lignin from the lignocellulosic
biomass. About 97% of pure lignin was recovered by using ethanol as a solvent (Parot et al.,

2022).

1.2.1.3 Physiochemical Pretreatment

The steam explosion pretreatment process is performed at high temperature and high pressure
on the biomass. High pressure is generated by a steam generator in the steam explosion
equipment. The biomass is treated with this steam for a short duration of time, which can be
from a few seconds to several minutes and the pressure is released to atmospheric pressure
instantly. The sudden change in pressure causes disruption of the substrate by the release of
sugars and lignin disruption. This pretreatment could be performed alone or in combination
with another pretreatment. In a study, sequential pretreatment is performed, after steam
explosion pretreatment, acidic pretreatment with 1.5 % sulphuric acid is done. Optimized

conditions for banana pretreatment were found to be 219.31 °C temperature with 10 minutes



11

of residence time for PHB production (Mabazza et al., 2020). Acid-catalyzed reaction during
steam explosion gives higher xylose recovery which is further used for pentose utilizing

microbe for the production of value-added chemicals (Cavalaglio et al., 2021).

Liquid hot water pretreatment reduces the recalcitrance property of lignocellulosic
material. It is also called hydrothermal pretreatment and this pretreatment does not release any
toxic materials, hence enhancing enzymatic activity for hydrolysis of cellulose (Martin-Lara et
al., 2020). This treatment is beneficial for the fermentation process because, in the fermentation
step, microbes utilize sugars free from any toxic material. However, the sugar yield is lower in

comparison to other pretreatment processes (Zhuang et al., 2016).

Carbon di-oxide explosion is a technique in which biomass is placed in a reactor that
contains pressurized carbon dioxide. Anaerobic digestion is an essential step in the waste
management process and the pretreatment process for sustainable valuable chemical
production (Ampese et al., 2022). Carbon dioxide works as a solvent in this process and it
mixes with the substrate in the reactor with high pressure which the breakdown of
hemicellulose and cellulose into simple forms of sugars (Das et al., 2021). Benefits of this
pretreatment include; low cost, the release of a low amount of hazardous molecules and this

process needs low temperature (Agbor et al., 2011).

1.2.1.4 Biological pretreatment

Chemical pretreatments release toxic bioproducts in the hydrolysate which become hazardous
to the environment as well as fermenting bacteria. Biological pretreatment is an alternative to
chemical pretreatment. Bacteria and fungi are the main microbes involved in this process.
During biological pretreatment, some controlled factors like pH, inoculum, temperature,
moisture content, and time duration are used to optimize the process. The breakdown of lignin
is the first step for rapid enzymatic saccharification for the production of biodegradable
products (Naik et al., 2021). Microbes such as Cellulomonas fimi, Paenibacillus
compinasensis, Zymomonas mobilis, Azospirillum lipoferum, Pseudomonas, Rahnella are used
as cellulolytic. Some fungus strains such as Byssochlamys nivea can grow on the chemical
compounds and decompose them (Zanellati et al., 2021). Other than microbes, some insect

species like termites, beetles, earthworms, and crickets carry the ability of enzymatic
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degradation of lignin. Various enzymes present in the guts of these organisms are effective for

this enzymatic degradation process (J. Sun et al.,2014).

1.2.2 Evolving technologies for the pretreatment

There are many evolving techniques like microwave irradiation, microwave-assisted
solvolysis, microwave-assisted pyrolysis, ultrasound, a combination of microwave and
ultrasound, gamma ray, electron beam irradiation, pulsed electric field, high hydrostatic

pressure and high pressure homogenization (Hassan et al., 2018).

1.2.2.1 Microwave irradiation

Electromagnetic radiation including in the microwave with wavelength from Imm to 1m.
These waves, which selectively transfer energy to different molecules, are nonionizing and fall
within the electromagnetic spectrum, which spans from 300 to 300000 MHz (Huang et al.,
2016). The first evidence of the effectiveness of microwave radiation in promoting hydrolysis,
esterification, and alkylation was presented by researchers in the 1980s, marking the advent of
the microwave (Gedye et al., 1986). Researchers have discovered that this kind of pretreatment
works well for lignocellulosic biomass. Microwave pretreatment is done for the breakdown of
the lignin. Heat is provided to the sample to disrupt the lignin. The range of heat may be 60-
140 °C with different time ranges (Yan et al., 2021). This technique is majorly used for lignin
extraction, however, the sugar content can decrease under harsh operating conditions (Sun et
al.,2021). This is a potential technique for highly purified lignin extraction (Zhong et al., 2022).
The maximum recovery of sugar by this process obtained is 0.512g/g with corn cob under the
optimized conditions which also enhanced the productivity of bioethanol (Ocreto et al., 2021).
It can be applied in two ways: 1) microwave assisted solvolysis at a low temperature <200 °C,
which breaks down the biomass into simpler bioproducts, and 2) microwave assisted lignin
pyrolysis at a high temperature >400 °C, which breaks down the biomass into bio-gas and bio-
oil. The primary benefit of this kind of treatment over traditional heating is that (a) it produces
results quickly and efficiently. (b) offer consistent and targeted heating (c) be energy-efficient
and simple to use (d) have little distortion and side product formation (e¢) remove more acetyl

groups from the hemicellulose
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1.2.2.2 Ultrasound

Over 97 years ago, the impact of ultrasound treatment was estimated on cellular biomass
(Wood and Loomis, 1927). Ultrasonic pretreatment is performed by an ultrasonic bath reactor
with different frequencies. Single, dual, and multiple frequencies are used in the generator to
perform the pretreatment. Samples in the tube are placed 4 cm deep in this water bath, with
different frequencies such as 20,40, and 60 kHz. Different pretreatment time settings are used
with fixed temperatures (Yan et al., 2021). The combination of alkaline in ultrasonic
pretreatment could increase the saccharification of the lignocellulosic biomass and a sugar

recovery of 90% is obtained (Saratale et al., 2020).

1.2.2.3 Pulse electric field

Pulse electric field is another pretreatment technology, in which a high electric field is applied
on the substrate for milli-seconds at a short pulse. Pulse electric field pretreatment gives better
performance for enzymatic accessibility of the substrate (Kovacic¢ et al., 2021). Lipid extraction
is essential for industrially important chemical synthesis. Wastewater Chlorella pyrenoidosa
(microalgae) could be a good carbon source for biodiesel and other metabolites including PHA
production. For the delignification step pulse, the electric field is an efficient pretreatment
method (Han et al., 2019). Lignocellulosic biomass is treated with a short burst of a high-
intensity electric field for a fraction of second and after that the polymers of the cell wall

breakdown into monomers of sugar for further use in the industry (Haldar and Purkait, 2021).

1.2.2.4 Gamma rays

The radioisotopes cobalt-60 and cesium-137, which are investigated for their potential to treat
lignocellulosic biomass, release gamma rays. These ionizing radiations readily enter the cell
structure, aiding in the disintegration of cellulose and altering the composition of lignin. The
free radicals that decay quickly after the radiation stops facilitated the process's effect (Dai et
al., 2017). The effects of radiation on microcrystalline cellulose in comparison to alternative
pretreatments, such as ionic liquid, acid aqueous ionic liquid, 1% HCL, and 1% H2SO4. The
most effective radiation dose, which was higher than other tested pretreatments and yielded the

same result as the ionic liquid pretreatment, was 891 kGy (Liu et al., 2015). Numerous studies
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have been conducted to demonstrate how radiation affects lignocellulosic biomass and how it

can improve enzymatic hydrolysis (Y. Liu et al., 2016)(Liu et al., 2017).

1.2.2.5 Electron beam irradiation

Electron beam radiation is produced by linear accelerators. It can break down the lignin,
hemicellulose, and cellulose that make up the cell wall's crystallinity. Following this
pretreatment, free radicals with a decrease in the degree of polymerization and decalcification
of cell wall are formed (Grabowski, 2015). This treatment can improve the fermentation and
hydrolysis of the rice straw that has been soaked in water. During the treatment process,
lignocellulosic water-soaked electron beam irradiation does not produce any inhibitory
compounds. Scanning microscopy images demonstrate that lignocellulosic biomass undergoes
surface changes (Bak, 2014). The FTIR spectra show that structural changes occur when the
microcrystalline cellulose is exposed to an electron beam. Lower transmittance was detected
at O-H in these spectra, indicating that the maximum amount of cellulose could be recovered

during pretreatment (Zhang et al., 2018).

1.2.2.6 High hydrostatic pressure

The food industry uses high hydrostatic pressure technology, which uses pressures between
100 and 600 MPa, to pasteurize food without compromising its quality. This method is mostly
applied to the storage of food in the United States, Japan, and Europe. The disadvantage of this
is the relatively high cost of the equipment used. The basic principles of this technique are as
follows: 1) equal pressure is applied to all parts of the substances without taking into account
the size and shape of the biomass. 2) Put pressure on the biomass's volume to decrease
(Eisenmenger and Reyes-De-Corcuera, 2009). During the enzymatic hydrolysis, the
engineering of the enzymatic reaction was influenced by the high hydrostatic pressure. By
changing the pressure and the time affects the rate of hydrolysis. The change in the pressure
(300-400 MPa) and time (15-45 min) increases the 10-15-fold hydrolysis rate after
pretreatment. The optimal pressure in the sugarcane baggies was found 250 MPa which gives
a significant increase in the sugar concentration after pretreatment (Castafion-Rodriguez et al.,

2013).
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1.3  Detoxification

Detoxification is an essential step after the chemical pretreatment, especially acid pretreatment.
Many toxic compounds are generated due to the reaction between substrate and acid. Different
types of material are used for the detoxification of hydrolysates like activated carbon,
membrane Nanofiltration, and calcium carbonate. Charcoal is activated by mixing with NaOH
and then this activated charcoal is added to the hydrolysate slowly for 1 hour. After that, it is
removed from hydrolysate by vacuum filtration. GE-Sepa CF cross-flow module with pressure
pump used for the membrane filtration. Complete removal of toxic material is done by this
filtration unit (Tavares et al., 2022). Calcium carbonate is another chemical that is used during
the neutralization of hydrolysate after the acidic pretreatment which can remove the toxic
materials from the hydrolysate (Ahmed et al., 2019). Ca (OH); is used as a chemical for
detoxification. Optimal over liming gives the best result by reduction of furans, and phenolic

compounds by 51.9% and 41.6% (Martinez et al., 2001).

1.4  Hydrolysis

Hydrolysis is the main step between pretreatment and fermentation, It enhances the
accessibility of sugars for the microbes and enzymes for the production of bioethanol.
Chemical hydrolysis and enzymatic hydrolysis are mainly performed during the production of
valuable products. Enzymes like cellulase and hemicellulase are generally used for
carbohydrate breakdown into simple forms of monomers. The substrate is mixed with the
sodium acetate buffer, enzyme and incubated at 50 °C for a different duration of up to 3-4 days.
The detection of monomeric sugars is performed by HPLC (Van Thuoc et al., 2021). A
successful pretreatment can eliminate lignin and hemicelluloses from lignocellulosic
feedstocks, at least in part, improving the availability of cellulose to cellulases. That being said,
it is not cost-effective to remove all lignin to get purely cellulose materials for enzymatic
hydrolysis because this requires a lot of chemicals and extreme conditions. Thus, it is
imperative to address the issue of lignin's impact on cellulose's enzymatic hydrolysis, which
has been extensively researched in recent decades (Cai et al., 2023). Hydrolysis is also done
by dilute acid; it can be sulphuric acid or hydrochloric acid. Toxic chemical generation after
pretreatment is the main disadvantage of acid hydrolysis. For the removal of these toxic

materials, another detoxification step is to be necessary for further steps (Kucera et al., 2017).
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1.5 Fermentation

To produce ethanol, a combination of pretreatment, enzymatic saccharification and
fermentation are required (Fig. 1.5). In bioprocess engineering, three primary types of
fermentation processes are included. Three methods exist for bioprocessing: consolidated
bioprocessing, simultaneous saccharification and fermentation (SSF), and separated hydrolysis
and fermentation (SHF). These various fermentations were chosen based on the biomass that

was chosen for the procedure (Tomés-Pejo et al., 2008).

1.5.1 Separate hydrolysis and fermentation

The SHF process has been used historically. Hydrolysis and fermentation were carried out
independently in this procedure. This procedure is advantageous since it was carried out at the
ideal pH and temperature. 45°C to 50°C is the ideal temperature range for hydrolytic enzymes,
and 30°C to 37°C is the ideal range for fermenting microorganisms. An additional benefit of
enzymatic hydrolysis is the elimination of insoluble solid matter from the hydrolysate In
addition to the benefits, there are certain drawbacks, such as the buildup of free sugar, which
can impede the enzymatic hydrolysis process and lower the hydrolysis yield (Olsson et al.,
2004). In addition to the benefits, there are certain drawbacks, such as the buildup of free sugar,
which can impede the enzymatic hydrolysis process and lower the hydrolysis yield (Andri¢ et
al., 2010).

This particular set of fermentation proved successful in the lignocellulosic biomass. Both
the semi-simultaneous saccharification and fermentation process (SSSF) and the SHF with
steam explosion pretreatment were applied when using substrate from the cardoon fields. The
experiment was conducted in 5-liter bioreactors, and the results show that the SSSF produced
more ethanol which was 13.64g/100g of biomass than the SHF, which produced 13.17g/ 100 g
of biomass. Throughout the process, the severity conditions in the SSSF method were also

lessened (Cotana et al., 2015).
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1.5.2 Simultaneous saccharification and fermentation (SSF)

Enzymatic hydrolysis and fermentation are done in the same vessel. The main advantage of
this method is a reduction in the cost with reduction in the end product inhibition at the time of
the enzymatic hydrolysis process. The beneficial outcomes during this process are the higher
enzymatic hydrolysis yield, less reaction time and low risk of contamination by which sugar is
converted into ethanol as soon as possible. Both fermentation and enzymatic hydrolysis take
place in the same vessel. This method has primary benefits are cost effective, and decreased
end product inhibition during the enzymatic hydrolysis process. The advantages of this process
include a faster rate of enzymatic hydrolysis yield, a shorter reaction time, and a lower risk of
contamination, all of which help to quickly convert sugar into ethanol (Alfani et al., 2000). A
compatible pH and temperature are needed for this process to facilitate fermentation and
hydrolysis. When the temperature is at 40 °C, which lowers the likelihood of contamination
and lowers the cost of cooling, thermotolerant microbes are needed. However, this
circumstance decreased the fermenting microbes' tolerance to the inhibitory substances (Abdel-
Banat et al., 2010). The considering process between SHF and SSF depends on the biomass
composition, biomass loading, pretreatment method, saccharifying enzymes and fermenting

microbes used in the fermentation process.

1.5.3 Consolidated bioprocessing (CBP)

It consists of integrating the fermentation process, enzymatic hydrolysis, enzyme production
and fermentation into a bioprocessing system. Because it lowers operating costs, this procedure
is economical (Lynd et al., 2005; Kumar et al., 2016). The CBP process involves a large number
of cellulolytic and non-cellulolytic microbes. Most bacteria that are studied are Clostridium
spp. By adhering to the cell surface, these anaerobic bacteria can break down cellulose and
produce sugars (Shao et al., 2011; Jin et al., 2012). Microorganisms that facilitate CPB should
be able to solubilize biomass and generate a high yield of the product on an industrial scale.
Because these characteristics of microbes are not present in nature, genetic engineering is
necessary to create these kinds of microbes. Three groups of microorganisms can be used to
diversify native strategies: fungi, bacteria that form cellulosomes, and bacteria that can produce
and excrete enzymes. The organisms that were discovered to be capable of CBP were producing

a lesser amount of ethanol at that time. Thus, co-cultivating various microorganisms (a
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consortium) is a potential strategy to speed up biomass conversion and boost the yield of
ethanol (Olson et al., 2012). Some bacteria have extracellular enzymatic systems known as
cellulosomes. In the CBP process, Thermoanaerobacterium saccharolyticum and E. coli are

two examples of engineered bacteria (Bokinsky et al., 2011; Chung et al., 2014).

1.6 Bioethanol

It is a first-generation biofuel made through the fermentation and enzymatic hydrolysis
processes. It is simple to blend with gasoline, which helps lessen reliance on fossil fuels. The
Indian national policy for biofuels 2018 provides a suggestive goal of attaining 20% ethanol
blending with petrol by 2030 (Kothari et al., 2020). Because ethanol contains more oxygen,
the blending stability increased and the emission of harmful compounds decreased. The
benefits of blending gasoline and ethanol include reduced hydrocarbon emissions, refined
octane number, and increased combustion efficiency and CO emissions. Due to its polar
properties, ethanol exhibits complete miscibility with water and a strong affinity for it (Kunwer
etal., 2022). Due to the high octane number of ethanol, its blending is possible so that a separate
engine is not required for vehicles because the same engine works for ethanol after blending.
The annual data for ethanol production worldwide is shown in Table 1.1 and Fig. 1.6 (“RFA
Releases 2023 Ethanol Industry Outlook and Pocket Guide: ‘Ready. Set. Go!,”” 2023).

Table 1.1 Ethanol production worldwide in million gallons

Country Year Year Year Year Ethanol
(2019) (2020) (2021) (2022) production
worldwide (%)

United States 15,778 13,941 15,016 15,400 55%

Brazil 8,860 8,100 7,320 7,420 27 %
European Union | 1,350 1,280 1,350 1,330 5%

China 1,010 930 870 1,090 3%

India 460 540 850 920 3%

Canada 497 429 434 460 2%

Thailand 430 390 360 380 1%
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Argentina 290 210 270 290 1%

Rest of World 655 650 820 870 3%

Total 29,330 26,470 27,290 28,160
m United states
1 Brazil

u European Union
# China
India
m Canada
» Thailand
Argentina

1 Rest of World

Fig. 1.6 Ethanol production worldwide in 2022

Biofuel production by renewable feedstock shows the perfect balance between the total amount
of carbon dioxide released and the consumption of carbon dioxide by plants during

photosynthesis.
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1.7 Review literature

In the present scenario, energy demands are fulfilled by fossil fuels, which are rapidly depleted
with the release of an excess number of green house gases like COz and CO during combustion.
To overcome the problem for future perspective, search for fossil fuel alternatives, such as
biobutanol, bioethanol and biodiesel, that work sustainably to clean the environment with fulfil
the energy demand (Karunanithy and Muthukumarappan, 2011). The need for energy has
grown significantly in recent years, placing additional strain on the use of fossil fuels, a
resource that is running out quickly. To meet the demands of the world's expanding population,
significant production and resource extraction will continue to accelerate due to the rising
consumption of natural resources, particularly the non-renewable ones, which power most
countries' economies today (Gu, 2020). Renewable and sustainable energy resources gained
focus as an alternative to fossil fuels due to their lesser impact on the environment. Biomass
from renewable feedstock attains interest in the research and development field due to its
composition containing high amounts of carbohydrates, proteins, and lipids and cost
effectiveness (Sudhakar et al., 2021). Ecofriendly substrate obtained from plants is considered
a renewable energy source with carbon-free emissions (Shrivastava and Sharma, 2023). Many
scientists are employed worldwide in the field of waste-based renewable energy production By
using greener and more innovative methods, renewable energy sources are displacing fossil
fuels. Biofuel is a form of renewable energy obtained from sources such as agricultural waste,
food waste, algae and municipal waste (Wannapokin et al., 2018). One likely way to achieve
the Sustainable Development Goals (SDGs) is through the production of biofuels from
lignocellulosic biomass (LCBs) (Nazari et al., 2021). LCBs contain secondary cell wall
enriched with sugars that are feasible, sustainable and economically directed to the production

of valuable products such as biofuels, polymers and biochemicals (Culaba et al., 2022).

At the industrial level bioethanol has been produced by corn, wheat, sugar beet and
sugarcane are first-generation biomass. However, these feedstocks may have an unfortunate
effect on the farmland, causing conflict in food and fuel crop generation. Lignocellulosic
biomass falls under the second-generation feedstock, such as certain invasive plants, weeds
and other lignocellulosic biomass from terrestrial and aquatic ecosystems. This material could
be used as a carbon source in an economic way for energy production. US (United States of
America), Russia, China, Germany, Brazil and India have taken action to generate bioenergy

products from agriculture and industrial waste (Yadav et al., 2021). Currently United States
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and Brazil are front runners in bioethanol production using corn as a substrate, thereby creating
the deficiency of food crops (Tse et al., 2021). Both on land and in water, a variety of invasive
species can be used as a substrate for the long-term, sustainable production of valuable
products. These lignocellulosic invasive weed species serve as an alternative to food crops in
the same capacity. A lot of work has gone into using terrestrial lignocellulosic substrates to
produce reduced sugars that microbes can use to produce biofuels and biogas (Moerman,
1996). The inability of lignocellulosic biomass to grow quickly due to a lack of agricultural
resources and land presents a barrier to the industrial production of bioenergy (Chen et al.,

2015).

Aquatic biomass could be utilised as a substrate for the synthesis of biofuel to address the
aforementioned issue. The advantage of aquatic weed over terrestrial lignocellulosic biomass
is its lower lignin content and faster growth rate. Because of their components, a variety of
aquatic plants have the potential to produce bioethanol. Aquatic weeds present in freshwater
bodies cause complications in irrigation and aquaculture projects. These weeds grow rapidly
in the presence of proper nutrients and restrict the penetration of light on the lower surface of
water bodies, which impairs the growth of aquatic biota. These weeds have unique biochemical
composition and adaptability in adverse conditions with efficient utilization. The composition
of different aquatic weeds has been described in Table 1.2. So it has become a topic of research
to use these aquatic weeds as a renewable carbon source for the production of valuable products
in a sustainable manner (Gusain and Suthar, 2017; Kaur et al., 2018). The main advantages of
these aquatic weeds are 1) they are an economical carbon source, 2) they have a higher CO>
diminution impact as compared to the terrestrial plants, and 3) they possess lower lignin content
as compared to the terrestrial plants (John et al., 2011). Aquatic weeds come in three different
varieties: 1) emerging 2) floating and 3) submerged weeds. Phragmites australis, Typha
lotifolia, Cyperus difformis are included in emergent weeds; Azolla pinnata, Lemna minor,
Pistia stratiotes Eichhornia crassipes and Salvinia molesta, are free floating weeds; submerged
rooted weeds include Hydrilla verticillate and Utricularua flexuosa, Vallisneria spiralis, Najas
minor, and Potmogeton natans. Extensive studies have been conducted on the production of

bioethanol from aquatic weeds due to these advantages (Alam et al., 2021a).
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Ash Total | Moisture
Cellulose | Hemicellulose | Lignin | Starch
Biomass content | solids | content Reference
(%) (%) (%) | (%)
(%0) (%) | (%)
Water (Gaurav et al.,
1.5 --- --- 24.5 34.1 8.6 -—-
hyacinth 2020)
Azolla (Miranda et al.,
7.3 - 11 21.8 13.5 10.3 6.05
filiculoides 2016)
(Gusain and
L. minor 18.7 --- 3.5 -—- --- --- -—-
Suthar, 2017)
(Gusain and
P, stratiotes | 22.7 --- 5 - - - -
Suthar, 2017)
Eichhornia (Gusain and
24.9 --- 24.9 - --- --- -—-
sp. Suthar, 2017)
(Manivannan and
Eichhornia
- --- --- 35.84 19.42 13.27 | --- Narendhirakannan,
crassipes
2015)
Typh 36.7 16.9 12.5 (Froese et al,
asp. - --- --- . . . -
PRSP 2020)
Eichhornia
) 13.3 88.5 | 11.5 35 24.8 7.72 -—- (Kaur et al., 2019)
crassipes
Azolla
19.7 90.8 |9.2 27.4 15.67 10.13 | --- (Kaur et al., 2019)
microphylla
Lemna
) 7.2 87.95 | 12.05 28.8 22.3 4.1 7.2 (Kaur et al., 2019)
minor
Water 18.2— 3.5- (Zabed et al.,
--- --- --- 48.7-49.2 -—-
hyacinth 184 3.55 2016a)
(Pantawong R.,
Pistia )
23.8 91.25 | --- - - - - Chuanchai A.,
Stratiotes

Thipbunrat P.,
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Unpaprom Y.,
2015)
Water (Mishima et al.,
-—- --- --- 19.7 27.1 --- 4.1
hyacinth 2008a)
Pistia (Mishima et al.,
- --- --- 16.5 17.3 --- 6.4
stratiotes 2008a)
(SAJAD Rabani,
Azolla sp. 1589 | --- 94.70 - - --- -
2019)
Water (THU THI NONG
) 28.37 190.0 |7.28 - --- --- -—-
primrose et al., 2021)
Hydrilla (SAJAD Rabani,
18.32 | --- 90.20 - --- --- -
verticillata 2019)
Ipomoea (Ali and Kaviraj,
7.28 - 80.0 -—- --- --- -—-
aquatica leaf 2018)
Pistia (Sutaryo et al.,
2491 190.27 | 9.73 19.78 25.38 34.85 | ---
stratiotes 2022)
Pistia
18.36 |92.85 | 7.15 25.29 18.44 16.73 | 0.6 This study
stratiotes

Bioethanol production is challenging due to high enzyme cost and technological barriers,
such as biomass recalcitrance, diligent pretreatment and inhibitory product formed during
pretreatment, which decreases the fermentation efficiency. The three primary constituents of
lignocellulosic waste are cellulose, hemicellulose, and lignin. The polysaccharides, cellulose
and hemicellulose, present in lignocellulosic biomass constitute 60% of its total mass and are
reluctant to break it into simple sugar naturally (Wyman and Yang, 2017). The complex
structure of plant cell wall prohibits the degradation of plant biomass into simple sugar.
Different steps such as pretreatment, hydrolysis and fermentation are required to convert the
plant biomass into valuable products (Kataria et al., 2018a). In recent decades, lots of research
has been conducted on the optimization of processes for maximizing the production of valuable
products from lignocellulosic biomass. Animal dung, agricultural waste, and organic waste are
examples of lignocellulosic biomass, which is pretreated before being transformed into biogas.

Due to the complex material's pretreatment degradation into simple sugars, the results were
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incredibly effective (Olatunji et al., 2021). The most abundant material in the environment is
cellulose. To produce bioethanol, the complex plant component must first be broken down into
simple sugar. The cellulose separation is obtained from the hemicellulose and lignin through
pretreatment. The most important stage in the entire ethanol production process is the
pretreatment. Effective pretreatment can be used to avoid the need for reduced biomass particle
size, inhibit the formation of furfural compounds that hinder the growth of fermentative
microbes, and lower costs and energy requirements (Mosier et al., 2005). In addition to these
standards, other factors include the choice of pretreatment technique that yields high
carbohydrate recovery rates, high cellulose digestibility for enzyme accessibility, and the
requirement that sugars be detoxified and released into the liquid fraction (Galbe and Zacchi,

2012).

Pistia stratiotes (water lettuce) is a monocotyledonous weed found in fresh water. It can
obstruct the water channel due to its dense growth connected with the root nodules. This weed's
primary drawback is that it can deteriorate the quality of the water, which is why it's considered
an invasive weed. When used as a substrate for the production of bioethanol, this weed's
drawback can be turned into a useful resource for financial gain (Jayanth, 2000). Early in the
1990s, Pistia stratiotes was discovered to be a valuable carbon source for the creation of
products like biogas. In addition to the weed's anaerobic digestion, which yields biogas,
continuous fermentation also forms an alternative by producing bioethanol (Yang et al., 2022).
Harvesting the aquatic weeds is the first stage in turning them into biofuels. Compared to
alternative strategies, mechanically more efficient methods can be used to remove these weeds
(Alam et al., 2021b). The aquatic weed Pistia stratiotes is composed of high carbohydrate
content and can grow rapidly in the water. Therefore, it was selected as a substrate for ethanol
production in our study. It was established in the earlier research on Pistia stratiotes that this
weed's dry biomass produces the best results following pretreatment. Following acid treatment,
alkaline treatment was administered (Whangchai et al., 2021). Various pretreatment methods
are used for aquatic weeds, but 1% NaOH (alkali) pretreatment is used for Pistia stratiotes,
which increases biogas production (Sinbuathong, 2019). Effective pretreatment methods are
required to increase the accessibility of substrate to the enzymes by changing the complex
lignocellulosic structure into a simpler form (Baadhe et al., 2014). The development of
systematic pretreatment methods resolves the initial obstacle in cellulosic ethanol production
(Mikulski and Ktosowski, 2023). Many pretreatment methods, viz. physical, mechanical and

chemical (acidic and alkaline etc.) pretreatment, have been applied to different types of
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lignocellulosic materials. The main motive of these pretreatment methods is to solubilize the

cell wall components (cellulose, hemicellulose and lignin).

Pretreatment optimization gives a good direction in the field of bioethanol production.
Besides pretreatment, other barriers in biofuel processing are the commercialization of
lignocellulosic biorefinery, feedstock organization, and ample water consumption for the
cultivation of weeds (Kaur et al., 2019). The parameter used for pretreatment can be optimized
with the help of response surface methodology (RSM), a statistical tool designed by Minitab
software. RSM methodology involves combining the results of each experiment to optimise
multiple variables under various experimental conditions (Ali et al., 2015; Manmai et al.,
2020). It is a statistical tool that draws on scientific techniques such as analytical and classical
methods, producing responses that are influenced by a variety of variables and that ultimately
relate to optimisation. Numerous lignocellulosic biomass, including rice straw, napier grass,
switchgrass, and corncob, are optimised using RSM (Basar et al., 2021; Gundupalli et al., 2022;
Selvakumar et al., 2022). The most popular and frequently utilised RSM design is the central
composite design (CCD). Enzymatic hydrolysis requires cellulase enzyme for conversion of
cellulose into reduced sugar. The source of carbon has the lowest concentration limit at which
the balance between newly produced and dead cells keeps the number of living cells relatively

constant (Gao and Gu, 2021).

Lignocellulosic substrates are highly recalcitrant as a consequence of lignin along with
cellulose and hemicellulose in the cell wall of plants. For the saccharifying enzymes to access
the substrate, this is a significant barrier. Pretreatment is necessary to get rid of lignin and
hemicellulose and make cellulose more accessible to hydrolysing enzymes to improve the
saccharification from lignocellulosic biomass (Fillat et al., 2017). Pretreatment raises the
biomass porosity by eliminating lignin and hemicellulose (Asghar et al., 2015). Pretreatment
can be categorized as biological (fungi) like white-rot fungus (Saha et al., 2016), physical
(milling, extrusion, microwave heating), chemical (alkali, acidic, ionic, and with organic
solvents) and physiological (CO; explosion and wet oxidation) (Aguilar-Reynosa et al., 2017).
However, none of these meet the requirements in terms of inherent advantages and drawbacks.
Thus, to improve the effectiveness of the conversion process, a valuable pretreatment
procedure is evaluative. When fungi are co-cultivated during a biological pretreatment, their
combined growth can sometimes inhibit the growth of the individual fungi, but it also has a

synergistic effect on lignin degradation and the expression of lignolytic enzymes (Meehnian et
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al., 2017). When various pretreatment techniques were employed to optimise reduced sugar
content in sugarcane bagasse, it was utilised as a substrate for the production of bioethanol. In
essence, pretreatment with hydrothermal, organosoly, alkali, and alkaline peroxide was carried
out. When the sample was treated with 5% alkaline peroxide, the least amount of energy was
used and the least amount of waste was produced. With the least amount of waste generated
(38.9 kg waste/kg bioethanol), the energy efficiency of bioethanol production was 162 kg
bioethanol/kWh. The production of bioethanol is enhanced by the simultaneous
saccharification and fermentation of 5% w/w H>0O> and NaOH at 25 °C for 24 hours of
incubation (0.101 kg bioethanol/kg biomass) (Raina et al., 2024).

Alkaline pretreatment is a more intently studied technique and has many advantages, such
as effective lignin solubilization in contrast to other pretreatment methods. Alkaline
pretreatment is used for delignification with minimal loss of reduced sugar and unescorted by
inhibitory compound formation (Alvira et al., 2010). Saphonication and solvation are the
causes of swelling in alkaline pretreatment. The lignin and hemicellulose eater bonds break
down as a result of the saponification reaction. The surface area of cellulose increases as the
polymerization and crystallinity decrease as a result of the swelling of the biomass. Alkaline
concentration, reaction temperature, and reaction time are some of the parameters that need to
be optimised to get the most out of the alkaline pretreatment (Kim and Han, 2012). Alkali
pretreatment of Salix viminalis L., the effects of granulation, catalyst concentration (NaOH),
temperature and pretreatment duration were examined. Experiments were conducted, using the
Box-Behnken design for four different factors. Utilising cellulolytic enzymes immobilised on
diatomaceous earth, the pretreated substrate was saccharified. A statistical model for the
ultimate conditions of alkali pretreatment estimation is put forth based on the results obtained.
If saccharification efficiency and cost analysis are taken into account, the optimum conditions
for an alkaline pretreatment are: granular of 0.75 mm with 7 % NaOH concentration for 6
hours, at 65 °C (Lukajtis et al., 2018). A research investigates the impact of alkali pretreatment
on lignocellulosic substrate (paddy straw and sugarcane bagasse), at different concentrations
of NaOH (2% - 10%), as well as how this pretreatment affects the structure of the biomass and
the subsequent production of bioethanol. In comparison to untreated samples, samples treated
with 2% NaOH pretreatment showed a notable reduction in lignin and an increase in reducing
sugar yields. The reduced sugar found from paddy straw was 8.37 g/L. and 7.64 g/L from

sugarcane bagasse (Tharunkumar et al., 2024).
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The cellulose content of C. barbata, a terrestrial lignocellulosic weed, was exposed to a
mildly alkaline treatment with the aid of an autoclave. This cellulose was accessible to
cellulolytic enzymes, which increased the efficiency of saccharification. When the sample was
treated with 2% NaOH for 60 minutes at 110 °C, optimal condition was observed. Following
that, there was a five-fold increase in sugar content over the raw sample, indicating that this
weed may be a possible source of bioethanol (Obeng et al., 2019). Aquatic weed L. flava was
utilised to produce bioethanol following an alkaline pretreatment with varying bases, such as
0%, 1%, 2% CaO, and 2% NaOH, to delignify biomass. The pretreatment's results show that
1% CaO significantly increases reduced sugar, which is then used in the fermentation process
to produce bioethanol. Following this pretreatment, 50.81 g/L of total sugar and 28.88%
reducing sugar were formed, and after 24 hours of fermentation, the yield of ethanol was
6.31+0.72 g/L. Because of the safe and economical treatment, it is appropriate for this
procedure (Mejica et al., 2022). Ludwigia hyssopifolia (water primrose) is a potential source
of biogas production. To increase its productivity, an alkali pretreatment optimisation study
was conducted using 10% of total solids and alkali concentrations of 0,1,2, and 4% w/v of
NaOH solution. the optimal condition was identified at 2% NaOH concentration and a biogas
yield of 8072 ml was formed which was 88.4% higher than without the treated sample. Once
this ideal pretreatment was applied, the energy efficiency was computed, yielding satisfactory
results (Nong et al., 2022). The combination of both alkali pretreatment and ensilage was
applied to the water lettuce for the production of reduced sugar. The biomass was treated with
NaOH to release lactic acid during storage. Even though the alkali pretreated sample did not
increase the water soluble carbohydrate. The reduced sugar conversion ratio was increased with
increased the loss of carbohydrates during the neutralization of the alkali treated sample. More
research was required to improve the procedure and decrease the loss of carbohydrates (Chen

etal., 2015)

Acidic pretreatment is much more effective compared to other pretreatment methods as it
does not require hydrolysis of sample to solubilization of sugar reducing the energy
consumption for the process (Phwan et al., 2019). H2SO4 is commonly used in pretreatment
due to its effectiveness in the removal of hemicellulose and lignin (Dahunsi, 2019). During
acidic pretreatment, lignocellulosic biomass is heated by an autoclave with a range of 100 °C

- 120 °C, during this procedure some toxic compounds were generated, which can be
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minimized by adding the different chemicals (Hendriks and Zeeman, 2009). After a diluted
acidic and hot water pretreatment, bamboo and sugar cane bagasse were taken as
lignocellulosic biomass for the production of valuable products. RSM performed the
optimisation for this comparative study, and the results were extremely pleasing. The
temperature range of 80°C to 150°C, the biomass loading of 5-10 wt.%, and the treatment
duration of 10-20 minutes were considered the independent variables. For the acidic
pretreatment, the acid concentration was kept at 0.5% w/v. When the sugarcane bagasse and
bamboo sample were treated with acidic pretreatment and hot water pretreatment, the
maximum total reduced sugar (23.49 g/L, 26.50 g/L)) was obtained; the conditions were 100
°C, biomass loading of 5%, and treatment time of 20 min (Timung et al., 2015). During the
pretreatment step, a bacteria was added to the acidic pretreatment condition, resulting in a
higher digestibility of the sample. The rice straw sample's lignin droplets that formed following
the acidic pretreatment are acted upon by Cupriavidus basilensis B-8 bacteria. The sample's
surface becomes rough and porous as a result of the bacteria removing these droplets, making
it easier for the cellulolytic enzymes to hydrolyse the material. Thus, there was a 35-70%
increase in rice straw's digestibility. This bacteria enhanced physiochemical procedure provides
the pretreatment with a new direction (Ahmed et al., 2019). After receiving an acidic
pretreatment, the biomass feedstock made from water hyacinth has produced bioethanol with
satisfactory results. The Yamuna River in Delhi, India served as the sample collection site. Five
distinct locations were selected to collect the samples and were optimized to have less sugar.
After the sample was treated with 3% sulphuric acid for 90 minutes at 121°C, the optimal
condition was reached. This ideal setting helped to release the lignin-hemicellulose bond and
extract the most reduced sugar possible from the material (Chauhan et al., 2020). At the
moment, a study comparing the pretreatment methods of sulphuric acid and biphasic, which
contain pentanol/ p- toluenesulfonic acid, is being conducted on the pretreatment of the
pinewood biorefinery. The conclusion was that, in comparison to the traditional acidic methods,
the biphasic pretreatment caused less environmental damage. This biphasic pretreatment has a
13.05 per cent lower environmental impact because it uses less energy, produces more
bioethanol during the process, and produces more xylonic acid (Khounani et al., 2024). To
remove lignin and hemicellulose, wheat straw is physically ground and then chemically

pretreated.
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Following pretreatment, cellulose is created and then treated with a thermophilic cellulase
enzyme that is derived from filamentous fungi Aspergillus fumigatus and manure-detachable
Rhizomucor pusillus. Aspergillus fumigatus with an exonuclease activity of 147.11 U/mg, an
endonuclease activity of 515.9 U/mg, and a total cellulase activity of 453.78 U/mg wheat straw.
The substrate's cellulose is exposed by the pretreatment with 88.91 %. Hydrolysate after
hydrolysis with cellulase (obtained for the Aspergillus fumigatus and Rhizomucor pusillus)
gives 21.88 g/L and 24.02 g/L. ethanol after fermented by Saccharomyces cerevisiae
(Valamonfared et al., 2023). Aspergillus niger and Aspergillus flavus produced the cellulase
enzyme, which was used to extract raw sugar from lignocellulosic biomass. In comparison to
the free enzyme, the immobilized enzyme's maximum temperature stability (between 20 and
70 °C) was measured. The free enzyme's carboxymethyl cellulase (CMCase) activity peaked
at pH 4 (1.26 IU/ml); the immobilized enzyme's activity peaked at pH 5 (2.09 IU/ml). Both A.
niger and A. flavus strains exhibit good CMCase activity when using coffee pulp as a substrate
(7.62 IU/ml and 6.47 1U). When used as a nitrogen source, ammonium sulphate exhibits the
highest level of CMCase activity. In contrast to free S. cerevisiae, the immobilized strain
exhibits the highest rate of ethanol production as fermentation duration increases, reaching a
maximum of 71.39 mg/ml for 4. niger and 11.73 mg/ml for A4. flavus after 72 hours. (Alabdalall
etal., 2023).

Agricultural residues such as corn stover, rice husk, and wheat straw a common substrates
for ethanol production after providing the pretreatment. Rice straw makes an excellent
substrate for the synthesis of bioethanol. Zymomonas mobilis, facultative anaerobic bacteria,
and Pecoramyces sp. F1, a fungus used to produce ethanol, concurrently ferment to ethanol
using the same substrate. After the fourth day, the maximum production was determined to be
0.32 g ethanol/g sugar (Y. Li et al., 2022). Because it is inexpensive and simple to experiment
with, the biochemical pretreatment applied to the corn stover is an advantageous pretreatment
method for preventing the production of toxic compounds through chemical pretreatment. In
comparison to the untreated biomass, the lignocellulosic biomass (corn stover) increased in
density four times when treated with acidic chemicals. There was a strong resistance to
microbial contamination in this dense bed. This kind of pretreatment's primary benefit was its
ease of storage, packing, and transportation. Compared to conventional acidic treatment, dense
lignocellulosic biomass treated at 121 °C in an autoclave has higher enzyme digestibility and

fermentability. After pretreatment, 68.1 g/L of ethanol was produced without any detoxification
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of the biomass (Yuan et al., 2022). The biomass growth rate increases the substrate's efficiency
in producing bioethanol. The next generation of the substrate is made up of aquatic weeds that
can grow in wastewater because they reproduce more quickly, have higher cellulose and
hemicellulose contents, and require less lignin. Because they can grow in wastewater streams,
this biomass has the potential to be beneficial for phytoremediation and bioenergy production,

which can lessen the need for fertilized freshwater bodies and land (Kaur et al., 2018).

Numerous aquatic weeds exist, including Lemna minor, Azolla microphylla, Eichhornia
crassipes, and Pistia stratiotes. They are suitable for producing bioenergy by performing
different sets of experiments. Four distinct treatments were applied to Lemna minor, Azolla
microphylla, and Eichhornia crassipes. (1) Anaerobic digestion and hydrothermal treatment,
followed by fermentation (2) Anaerobic digestion and fermentation followed by
thermochemical treatment; (3) Hydrothermal treatment and fermentation followed by
anaerobic digestion; and (4) sequential hydrothermal and anaerobic digestion. In the first
condition, hemicellulose is removed by 68.5-73.5% while cellulose content is increased by
41.2-54.5%. The ethanol yield was higher under this condition (0.170-0.231 g/g biomass) than
under the other three (Kaur et al., 2019). The efficacy of aquatic weeds L. minor, L. gibba,
Eichhornia sp. and P. stratiotes for ethanol production was estimated. the starch was used for
the production of ethanol by these weeds. The outcome of ethanol from Aquatic weeds
Alternanthera philoxeroides and Brachiaria mutica were employed in the production of
bioethanol. The weeds were first pretreated with an alkali (NaOH), and then the cellulase
enzyme hydrolyzed them. AuNPs were used to immobilize the cellulase enzyme, and calcium
alginate was also used to immobilize yeast cells. Next, fermentation and saccharification were

carried out concurrently (Gusain and Suthar, 2017) .

The immobilized enzymes exhibit the best results regarding the hydrolysis and the
immobilized yeast cells when both conditions are applied for fermentation: the free and
immobilized yeast for fermentation, and the immobilised enzymes and immobilized cellulase
enzyme for hydrolysis. After scarification by cellulase immobilised on the AuNPs, ethanol
production was successfully formed, with 45.09 and 50.1% from the alkali-pretreated sample
of A. philoxeroides and B. mutica substrate (Aarti et al., 2022). The primary issue facing the
ecological niche that negatively affects aquatic and terrestrial life systems is environmental
pollution. Fossil fuel consumption is the primary source of this pollution. The majority of

environmental contaminants are hydrophobic, so they dissolve slowly in the water, which
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restricts microorganisms from utilizing them as carbon sources (Gu, 2016). The fermentation
process of water hyacinth was statistically optimised using Taguchi orthogonal array design.
Simultaneous saccharification and fermentation process was used. E. coli BL21 (DE3) was
used to produce recombinant cellulase (GH5) and hemicellulase (GH43) for the hydrolysis
process. For the fermentation process, the strains Saccharomyces cerevisiae and Candida
shehatae were primarily utilised. Six distinct factors were used in the optimisation process: pH,
temperature, inoculum volumes of S. cerevisiae and C. shehatae, GH43 hemicelluase, and GH5

cellulase. Ethanol was detected at 1.84 g/L under optimal conditions (Das et al., 2016).

1.8 Research gap

Aquatic weed is a valuable substrate for the production of valuable products like bioethanol,
bioplastic and lactic acid. Many advantages of aquatic biomass as compared to terrestrial
biomass give weight to this type of substrate, like rapid growth rate, minimal land
requirements, and ideal composition. Apart from this, many points need to be addressed by the
scientific community like challenges of harvesting biomass, inefficient pretreatment,
hydrolysis and fermentation processes for the production of biofuel at an industrial level. The
process cost is another issue in this field. For higher production of biofuels, hybrid pretreatment
methods and optimization processes pave the way to this aim. Less research at present on
aquatic weed as compared to terrestrial weed is also a limitation at the scientific level. In
previous studies, optimization of pretreatments is not yet reported on Pistia stratiotes. There is
a need for the identification of advanced biotechnologies to produce bioethanol from aquatic

weeds worldwide.
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1.9 Objectives of the work

The present study demonstrates the production of ethanol from the low commercial-valued
weed Pistia stratiotes. During the fermentation process, this invasive weed is pretreated with
acid and alkali, then reduced sugar is extracted by enzyme hydrolysis and consumed by S.
cerevisiae, which converts hexose sugars to ethanol, and Pichia stipitis, which converts hexose
and pentose sugars through fermentation to ethanol. The aforementioned benefit led to the
following objectives being set out to assess how well aquatic weed Pistia stratiotes produce

bioethanol.

e The major objectives of the present research investigation include

1) Composition of biomass and optimization of alkali and acidic pretreatment conditions
2) Enzymatic hydrolysis of biomass

3) Microbial fermentation for bioethanol production



CHAPTER -2
MATERIAL AND METHODS
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CHAPTER (2)

MATERIAL AND METHODS

2.1 Collection and preparation of biomass

Pistia stratiotes were collected from a pond located at Hauz Rani City Forest Delhi, India
(28.5159°N, 77.2111°E) shown in Fig. 2.1. The average Plant size was 42.6 cm (Fig. 2.2), after
the collection of a sample, it was washed with tap water 4 times and then air dried in shadow
at room temperature for 80 h. The air-dried sample was put in the oven for 3 hrs. at 40 °C and
further ground using an electric grinder. Grounded samples were sieved with particle size 425
um and stored in an air-tight jar for further use at room temperature shown in Fig. 2.3 (Awoyale
and Lokhat, 2021).

In our study, we have performed the optimization of acidic pretreatment on this weed
to get the maximum sugar, which was not done previously by any researcher. The main
objective of this model is to find out the main response in a particular area of interest, optimize
the response, achieve the specific condition using a minimum number of experiments, and

observe the interaction between the parameters (Gunst et al., 1996).
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Fig. 2.2 Average height in plant biomass



(e) Powder

Fig. 2.3 Collection and preparation of sample

(f) Storage

37



38

2.2 Reagents

All the reagents used in this study were of analytical gradient grade. Sulphuric acid and sodium
hydroxide used for the acidic and alkali pretreatment were purchased from Fisher Scientific,
India. For the ethanol analysis, HPLC grade ethanol, purchased from Sigma Aldrich, USA, was

used in GC analysis.

2.3 Composition analysis of the biomass

The composition of biomass is essential to determine its capability for bioethanol production.
Physicochemical analysis was performed on the raw sample through proximate analysis. The
determination of the composition of biomass gives the exact component present in the biomass.
Whenever the composition is identified then further experiments could be planned according
to the component present in the biomass. We have determined ash, total solids, moisture,

cellulose, hemicellulose, lignin, protein and starch content in our weed.

2.3.1 Determination of ash, total solids and moisture content

All of these composition were done by the NREL protocols. The ash content of oven dried
sample was estimated by the muffle furnace. In a pre-heated crucible 1 g sample was burned
at 575 °C for 6 h. Then the crucible was put into a desiccator until it cooled down and weight
was recorded (Fig. 2.4) (Sluiter et al., 2008)(Singh et al., 2017). The moisture content and total
solid content were estimated by oven-dry procedure. The crucible was preheated at 105 °C for
4 h and its weight was recorded. 1g sample was put in the crucible at 105 °C for 4 h and then
the crucible was transferred to the desiccator for cooling and record the weight after heating.
Put the crucible again in a hot air oven for reheating until a stable weight is found (Singh et al.,

2017). The estimation of all the compositions shown in Eqn. 2.1, 2.2 and 2.3.
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Fig. 2.4 Determination of ash content in the sample

Weight (crucible plus ash) — Weight (crucible)
X

0, =
% Ash ODW (sample)

100  (Eq.2.1)

Weight (air dry sample )x % Total solids
opw = Weight (air dry 10p0 )x % ! (Eq.2.1.1)

(Weightdry pan+dry sample) - (Weightdry pan)
Sample initially used

Total solids (%) = X 100 (Eq.2.2)

Total moisture (%) = 100 — total solids (Eq.2.3)

2.3.2 Determination of cellulose content

Cellulose content was estimated by the Up-degraff method (Bauer and Ibafiez, 2014).. Initially,

for washing 70 mg sample was incubated in 1.5 ml of 70 % ethanol at 70 °C for 1 hour and
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then removed out ethanol by an aspirator twice. After that 1 ml of acetone was added for 2
minutes and then aspirated out and put the sample in a fume hood for 3-4 hours, keep the
sample in the oven at 37 °C overnight, resulting in what is known as alcohol-insoluble residue
(AIR). This sample was stored at room temperature for further use. This AIR was then
subjected to a 30-minute treatment at 100 °C in a water bath using 3 ml Acetic nitric reagent
(80% glacial acetic acid: 10 % nitric acid: 20 % Milli-Q). Following this treatment, the sample
underwent rinsing with ethanol and water until cellulose became apparent. After that 4 ml
acetone was added to the sample and evaporated in a fume hood. The resulting residue was
subsequently placed in an oven overnight at 37 °C. Subsequently, 1 ml of 67 % H>SO4 was
added to the sample, and the mixture was placed in a shaker for thorough mixing. After the
cellulose was effectively mixed with the acidic solution then glucose standards were made from
100mg/ml stock solution. Anthrone reagent was prepared by mixing 0.3 % anthrone in H>SOs.
For testing 500 ul sample and blank take out in the Eppendorf and add 1 ml anthrone reagent
in each, now boil each for 5 min and take the OD at 620 nm. The anthrone test was employed

to estimate the amount of glucose present in the cellulose (Kumar and Turner, 2015).

2.3.3 Determination of hemicellulose

Estimation of the hemicellulose content was done by fibre analysis method (Wolfrum et al.,
2009). The difterence between Neutral Detergent Fibre (NDF) and Acid Detergent Fibre (ADF)
gives the total hemicellulose in a given sample (Eqn. 2.4). All the chemicals used in this
experiment were procured from Fisher Scientific Ltd. A neutral detergent solution was prepared
by EDTA, Sodium lauryl sulphate, sodium borate decahydrate, disodium hydrogen
orthophosphate(anhydrous) and ethoxy ethanol whereas cetyl trimethyl bromide (c-tab) and
acetone with 1 N H2SO4 was used for the preparation for acid detergent solution. 1 g sample
was treated with 100 mL Neutral detergent solution with the addition of 2 mL
decahydronaphthalene and 0.5 g sodium sulfite in a refluxing flask for 1 h. The sample was
then transferred to the pre-heated crucible. The sample was filtered and washed two times with
Milli-Q and acetone consecutively. Then the sample was transferred to the hot air oven at 100
°C for 8 h and then put in a desiccator, recording the weight after heating. On the other hand,
for the determination of ADF, 1 g sample was treated with an acid detergent solution in a

refluxing flask for 1 h and the same procedure was followed as for NDF (Holtzapple, 2003).

Hemicellulose (%) = NDF — ADF (Eq.2.4)
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2.3.4 Determination of lignin content

This was performed by the NREL protocols. Before the estimation of the lignin, the extraction
of the sample was performed using Milli-Q in a 1:20 ratio (Zhou et al., 2017). 300 mg extracted
sample with 72% H>SO4 in a pressure tube was put in the water bath at 30 °C for 1 h with
periodic stirring. 4% dilution was done using Milli-Q and the tube was autoclaved for 1 h
shown in Fig. 2.5. The preheated and labelled crucible was weighted, and the sample was
filtered by a filtration unit in the crucible and then washed twice. After that, the sample was
dried at 105 °C for 4 h, cooled in a desiccator, and Acid Insoluble Residue (AIR) was
calculated. Later, the crucible was transferred to a muffle furnace at 575 °C for 24 hours to
calculate the % of ash in the filter (Xia et al., 2022). The lignin content (%) was calculated
using AIR (%) and ash in the filter (%). Acid-soluble lignin was calculated by measuring
absorbance at 280 nm (Nomanbhay et al., 2013). All the calculations were performed using the

formulas mentioned below (Eqn. 2.5, 2.6 and 2.7)

4 »
! ;

Extracﬁon | Acid treated sample Diluted sample

Fig. 2.5 Steps included in the estimation of lignin from the sample

% Acid insoluble Lignin = % AIR — % Ash in filter (Eq.2.5)
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Crucible plus AIR weight — Crucible weight
% AIR = C P g ght)

X .2.5.
Sample loading in Crucible 100 (Eq.2.5.1)

% Ash in filter
_ (Crucible plus ash weight — Crucible weight) 1

00 Eq.2.5.2
Sample weight (Eq )

% Acid soluble lignin

UVabsorbance (280nm) X Voulme of filtrate X dilution

Eq.2.6
Absorptivity X dry weight X pathlength (Eq.2.6)

% Lignin = % Acid insoluble lignin + % Acid soluble lignin (Eq.2.7)

2.3.5 Determination of starch

Starch was estimated by anthrone reagent. Chemicals used in this composition were anthrone
reagent which was prepared in 95% sulphuric acid, 52% perchloric acid and 80% ethanol. The
initial step of this was done by washing the sample with 80% ethanol repeatedly till the colour
of the residue was removed. Then the residue was dried in a hot air oven, mixed with perchloric
acid, and incubated for 20 min. The tubes were centrifuged at 10000 rpm for 10 minutes, and
the supernatant was taken out. The glucose standard was prepared using 1 mg/mL stock
solution. Anthrone is added in the supernatant of sample and glucose standard, and heated at
boiling temperature. After heating, the reading was taken on a spectrophotometer at 630 nm

for colour detection and starch concentration was calculated (Zoric et al., 2019)

2.3.6 Determination of proteins

Protein estimation was performed by the kjeldahl method with N factor 6.25. Three steps are
included for the estimation of nitrogen these are digestion, distillation and titration. For

digestion, 1 g sample was mixed with 7 g K2SO4, 0.8 g CuSO4x 5H20 and 12 ml H>SO4. All
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the chemicals are procured by Fisher Scientific. The sample was poured into the digestion tube
with a blank where the sample was not present in other chemicals. Digestion was done at 420°C
for 1 hour and then cooled for 2 hours for further step which is distillation. The distillation unit
is made up of four subunits which are alkali, receiver, distilled water and wastage tank.
Bromocresol green and methyl red dyes are used as indicators in the boric acid solution.
Distillation was performed automatically by the Foss instrument for protein analyser. Dilution
of the digested sample with 80 ml H>O and then add 50 ml of 40 % NaOH solution in it. The
receiver flask contains 30 ml of receiver solution. The distillation process released the ammonia
from the sample. The whole process takes only five minutes. After distillation titration was
done by 0.1 N HCL for nitrogen estimation in the sample shown in Fig. 2.6 (Appenroth et al.,

2017). Formula used for nitrogen and protein estimation shown in Eqn. 2.8 and 2.9.

O/N_(T—B)XNX14.007X100 Ea.2.8
*Y T T WEIGHT sample (mg) (Eq.-2.8)

T= Sample titration

B= Blank titration

N= Normality of titrant

% Protein=N X F (Eq. 2.9)

F=6.25 for cereals (AOAC 945.18 B)
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Digestion Distillation Titration

Fig. 2.6 Steps included in the estimation of the protein in the sample

2.4 Biomass characterization

The characterization of the sample was done by Fourier-transform infrared (FTIR)
spectroscopy, TGA (Thermo-galvanometric analysis), and scanning electron microscopy
(SEM). The FTIR analysis and TGA were done at the Delhi Technological University, Delhi
(India), while SEM was carried out at AIIMS, Delhi (India). The details for this analysis are

mentioned below.
2.4.1 Fourier-transform infrared (FTIR) spectroscopy

The changes in functional groups after providing the acidic and alkali pretreatment were
analysed by FTIR spectroscopy (PerkinElmer 400 FTIR/FTIR) control with a frequency range
of 4000 cm™ — 400 cm™ with the control sample. The pellet preparation was done with
potassium bromide (KBr) and scanning was performed at 4 cm™ resolution (Kataria et al.,

2018b). 10 mg sample was used and the ratio of KBr and sample was 100:1.
2.4.2 Thermogravimetric analysis (TGA)

The TGA of raw and pre-treated samples were performed by PerkinElmer TGA 4000. 10 mg
samples were heated from room temperature to 600 °C at a heating range of 10 °C min *! with

10 mL/min nitrogen flow rate (Kataria et al., 2018b)(Umesh et al., 2022a).
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2.4.3 Scanning electron microscopy (SEM)

The changes in the morphology of the pretreated sample were investigated with SEM (Model:
EVO018 Zeiss, Germany) with 5 kV voltage at 10,000 magnifications. The breakdown of the
cell wall was identified after SEM analysis (Umesh et al., 2022a)

2.5 Statistical analysis and model fitting in RSM design

A combination of mathematical and statistical methods in RSM is used for making the model
formation by which optimization of factors is done. The RSM method takes quantitative data
from different experiments to estimate the regression model for optimization of responses
(dependent variable) affected by process variables (independent variables) (Hinkelmann,
2012). Central composite design (CCD) is a fractional factorial design consisting of 2" factorial
runs with 2#z axial runs and centre runs that decide the experimental error. Independent
variables determine the number of runs in the model. If the number of variables increases, the
number of runs also increases in the replicates of the model. RSM method for optimization
consists of three steps. The first step is designing of experiment statistically, the second step is
to calculate the coefficients in the model, and the last determine the response and examine the

competency of the model within the design of the experiment (Mahalik et al., 2010).

The statistical tool known as Analysis of variance (ANOVA) was employed for
divination of the statistical factors required in the assessment of the RSM model between the
independent variables and response of parameters. Utilising the software Design Expert,
regression analysis of trial data was employed to generate the Contour plot, Pareto chart, and
optimised condition. The influence of independent variables on the cellulose concentration is
shown by the contour plot and pareto chart. The outcome of the model predicted statistically
significant values by the F test and p-value. If the value was less than 0.05, then the model was
stated as statistically significant with a lack of fit test that is insignificant in the same model.
Independent factors significantly impacting the response were determined by p test value less
than 0.05 with a confidence level above 95 %. The significance of the model was accessed by

R? predicted and R? adjusted value (Ramaraj and Unpaprom, 2019).

In this study, three independent variables (acid concentration (X1, vol.%), time (X2, min)
and temperature (X3, °C) with two dependent variables (reduced sugar (mg/mL) and cellulose

(%)) as response were chosen for experiment design. These three independent variables along
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with their respective ranges were found to be critical parameters for maximum sugar
production. It is expected in the design that the independent variable is managed by
experiments with minor errors. The main aim of this model was to optimize the response
variables (Y). This statistical model gives the approximate correlation between independent
variables and dependent variables (responses) (Gunaraj and Murugan, 1999). Experiments
were run in random order for negligible error in the model. To determine the ideal condition
divided into linear, quadratic, and interactive components, the effects of independent variables

on the dependent variable (response) were estimated using a polynomial equation (Eqn. 2.10).
¥ * 5
Y=p,+ Zﬂixi + Z BuX: + z ‘<‘ﬂ¢jX¢Xi +e  (Eq.2.10)
i=1 i=1 b

where Y is the variable of Response; 8, constant coefficient; §; the linear constant; §;; the

quadratic coefficients; 8;; the interaction effect of coefficients; X; and X; the coded values

used for variable parameters; and e is the random error (Dahunsi et al., 2019).
2.5.1 Optimization of acidic Pretreatment using RSM

Acidic pretreatment was performed with sulphuric acid. The experiment design was done to
optimize the conditions and determine the maximum reduced sugar liberation that was further
used in ethanol production. The biomass sample was mixed with acid with a 10% biomass
loading. Pretreatment was done in an autoclave and neutralization of the sample was done by
the CaCOs for detoxification. After pretreatment, the estimation of reduced sugar is done by
the DNSA method and cellulose is determined by the up-degraff method. Experiment designing
for pretreatment was done by the Central Composition Design (CCD) and the Response
Surface Methodology (RSM) approach was used to analyse the data (Awoyale and Lokhat,
2021). Three variables, including Temperature (93.18 °C, 100 °C, 110 °C, 120 °C and 126.82
°C), Time (12.96, 30, 55, 80 and 97.04 min) and Acid concentration (0.15%, 0.75%, 1.63%,
2.5% and 3.1%) were selected to find out the optimized condition. Reducing sugar and
cellulose was recorded as a response for this design. A total of 20 runs in design with three
levels (-1, 0, +1) with a 1.68 alpha value were performed. Parameters are mentioned with alpha

value in Table 2.1.
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Table 2.1 Independent variables with experimental levels in the RSM model for Acidic

pretreatment
Factors Symbols | Units -1.68 | -1 0 +1 +1.68
Acid A % (whv) 0.15 0.75 1.63 2.5 3.1
Concentration
Time B Minutes | 12.96 |30 55 80 97.04
Temperature | C °C 93.18 | 100 110 120 126.82

After the pretreatment, the detoxification of liquid residue was done by calcium
carbonate (CaCO3) powder. Toxic compounds may be retained in the hydrolysate, which can
inhibit the microorganism’s growth. After pretreatment in an autoclave, the residue was
centrifuged, and the liquid hydrolysate was separated from the solid fraction. This liquid
fraction was detoxified by adding calcium carbonate to liquid hydrolysate and pH was

monitored by the amount of calcium carbonate addition shown in Fig. 2.7 (Ahmed et al., 2019).
2.5.2 Detoxification of hydrolysate

Dry biodetoxification was done by CaCO3 powder because during this biodetoxification
phenolic compounds (furfural, HMF ) were not retained in the hydrolysate which are toxic.
Detoxification of hydrolysate was done after autoclaving it then the hydrolysate and separate
the solid and liquid fractions found after centrifugation. This liquid fraction was neutralized by
calcium carbonate by mixing it with liquid hydrolysate and then removed by centrifugation at
1000rpm for 5 min. On the other hand, neutralization was also done by the aqueous alkali

solution but this detoxification was not done only neutralization was done (Ahmed et al., 2019).



Detoxified reduced sugar

Fig. 2.7 Pretreated sample and detoxification of pretreated sample with CaCO3

2.5.3 Optimization of alkali pretreatment using RSM

RSM is a multivariant statistical tool that provides a new approach for determining the ideal
pretreatment state. Design Expert software assisted in the development of a central composite
design, which was used to determine the effects of various independent variables on cellulose
extraction.

RSM was responsible for determining the results. The variables in this model were
represented by codes, which were represented by the numbers -1,0, and 1. The neighbouring
distance from the value of the central point determines how variables are coded. The
experiment's independent variables, such as the temperature, time, and NaOH concentration,

were transformed into code variables Xi (Eqn. 2.11)

ov-v
Xi=2< n ) (Eq.2.11)

Equation 2 comprises the following terms:

A (difference between largest and smallest values (range)), OV (original variable), and V
(average of the largest and smallest values of variables or mid value). Three independent

variables with lower and higher levels are mentioned in Table 2.2.




Table 2.2 Independent variables

with experimental levels in the RSM model in Alkali

pretreatment
Symbols Independent Unit Relation of codes with original
variables independent variables
-1 0 1
A NaOH °C 0.5 1.75 3
concentration
B Reaction Time min 30 45 60
C Reaction % wiv 60 90 120
Temperature

Three variables, including, NaOH concentration (0.5, 1.75, and 3 %), Time (30, 45, and 60
min) and Temperature (60, 90, and 120 °C) were selected to find out the optimized condition.
Cellulose was recorded as a response to this design. A total of 20 runs in design with three

levels (-1, 0, +1) were performed.

2.6 Enzymatic hydrolysis

After pretreatment, the sample was washed until the neutral pH and then dried for further use.
10 ml of citrate buffer (0.05M, pH 4.8) was added to 150 ml test tubes containing 0.5 g of both
pretreated and untreated samples for enzymatic hydrolysis. The commercially available
cellulase enzyme (40000 U/g) was sourced from IndiaMart, and the Filter Paper Unit (FPU)
was calculated following NREL protocols. The cellulose loading was adjusted to 25, 50, and
75 FPU/g of dry biomass.

The hydrolysis was carried out in an incubator shaker (New Brunswick Innova 44 series,
Germany) with a rotation speed of 150 rpm for 96 hours at 50 °C. Samples were withdrawn at
24, 46, 72, and 96 hours. The reducing sugar was quantified using the DNSA method as
described by Liu et al. (2021). After enzymatic hydrolysis, the sugar yield was determined

using Eqn. 2.12, and each experiment was conducted in triplicate.
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0.9 X reducing sugar (%) X volume (L)

Sugar yield (%) = X 100 (Eq.2.12)

solid cellulose fibre wt.(g)

2.6.1 Total reducing sugar analysis

Total reducing sugars in the liquid hydrolysate were determined by the 3,5-Dinitrosalicylic acid
(DNSA) method (Miller, 1959). DNSA reagent was prepared and stored in an amber bottle for
further use. Glucose stock solution was prepared for standard curve determination. This DNSA
reagent was added to the standards as well as a sugar sample, boiled for 15 min, and cooled
down at room temperature. The sample’s optical density (OD) was measured at 540 nm for the
estimation of reducing sugar with the help of a standard curve (Miller, 1959). The total reducing

sugar of raw and pre-treated samples was quantified.

2.7 Fermentative process

2.7.1 Microorganisms and culture revive

Saccharomyces cerevisiae (ATCC 834) (NCIM 3594) and Pichia Stipitis (NCIM 3498) for
ethanol production were procured from the National Collection of Industrial Microorganism
(NCIM), National Chemical Laboratory, Pune (India) in the slanted form (active culture) at 4°
C. Both of the strains were maintained in MGYP media as shown in Fig. 2.8. For reviving the
stains they were transferred to the petri plate from the active slant by the prescribed media.
For 100 ml of media, 0.3 g malt extract,1 g glucose, 0.3 yeast extract, and 0.5 g peptone in
100 ml milli Q with 2 g agar were taken by adjusting the pH 6.4- 6.8. This media was
autoclaved before pouring media into the petri plates for streaking the culture. After streaking

the plates were inoculated at 28 °C for 24 h and stored the plate at 4 °C for further use.



S. cerevisiae

(@

P, stipitis

(b)

Fig. 2.8 Microbial strains procured from NCIM, Pune and revived on petri plate (a) S.

cerevisiae (b) P. stipitis
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2.7.2 Growth curve of Saccharomyces cerevisiae and Pichia stipites

The growth of these two microbes in the MGYP broth was determined by a shake flask assay.
The first step is to prepare the seed culture in the same media. Inoculate the fresh culture
from the petri plate in the MGYP broth keep on a shaker at 150 rpm for 12 hours and

inoculate it in a secondary culture for growth and sugar analysis.

2.7.3 Inoculum Preparation

S. cerevisiae and P. stipitis were grown in the MGYP media (10g/L glucose, 3g/L. malt extract,
3g/L yeast extract and 5 g/L peptone) (Ben Bader et al., 2022). Seed culture was prepared in
the conical flask with 50 ml of media inoculated with a loopful of cells and incubated in an
orbital shaker at 150 rpm at 30 °C. The mid-exponential phase culture was used to inoculate of
culture media with an optical density of around 0.8, which was measured at 600 nm in a UV-
VIS spectrophotometer (Gongalves et al., 2016). The fermentative media was inoculated with

5% (v/v) of seed culture for ethanol production.

2.7.4 Hydrolysate filtration after pretreatment :

Following the acidic pretreatment, calcium carbonate is used to neutralise the hydrolysate to
detoxify the sample and estimate its sugar content. This sample was filtered with a syringe
filter or vacuum filter to remove any excess solid material before being used for fermentation
with the addition of microbes. Following a vacuum filter, the material was processed into a
pure hydrolysate (Fig. 2.9), which contained sugar and was ready for S. cerevisiae and P. stipitis

to use to convert it to ethanol.
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Fig. 2.9 Pretreated sample prepared for fermentation after vacuum filtration

2.7.5 Fermentation for ethanol production

Fermentation was performed in a 250 mL shake flask with 150 mL working volume containing
synthetic media (malt extract 0.3%, yeast extract 0.3%, peptone 0.5% and glucose 1%) and
hydrolysate detoxified by CaCOs in a triplet. For fermentation, 5% (v/v) of the seed culture
was inoculated in the detoxified hydrolysate. All the experiments were performed for 56 h.
Sample collection was done periodically for determination of cell growth, sugar consumption
and ethanol production. The ethanol was separated by Gas chromatography (Clarus 580
PerkinElmer, USA) equipped with a ZB-wax column (60 m X 0.32 mm internal diameter 0.25 um;
Phenomenex, UK). The oven temperature was set in between 150 °C and 180 °C. Ethanol data
was captured from programmed software (Total Chrome Workstation Ver 6.3) that was pre-
installed. The ethanol estimation in the sample was done by comparing it with the standard of
ethanol (EMSURE ACS, Sigma Aldrich, USA). All samples are performed in triplicates and

the concentration was mentioned in the g/L (Goswami et al., 2022).
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2.7.6 Calculation of ethanol-related kinetic parameters

The kinetic parameters related to ethanol yield were analysed based on the aforementioned

reports (Eqn. 2.13, 2.14 and 2.15) (Pereira et al., 2015)(Pooja et al., 2018)(Mithra et al., 2018).

Ethanol Yield(YE)

Ethanol concentration (%) in fermentation media (Ef)x1

3 (Eq.2.13)
Sugar consumed (Z)

Volumetric Ethanol Productivity

SIS

Ehanol concentation (%) in fermented broth

= Eq.2.14
Fermentation time (h) (Eq )

Ethanol yield(YE)X100
Theoretical ethanol yield

Fermentation ef ficiency(%) = (Eq.2.15)
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In the P. stratiotes, the carbohydrate concentration is high so that it can be used as a carbon

source for ethanol production (Table 3.1). The amount of cellulose is observed as 25.29% with

a low level of lignin (16.73%) in comparison to another study by Sutario et al. The lignin

composition is 34.85% (Sutaryo et al., 2022). In the present study, 18.44% hemicellulose was

observed while Mishima et al. reported 17.3% (Mishima et al., 2008a). This variation in

compositions could be due to cultivation conditions, age, and location. Approximately 60% of

biomass was composed of carbohydrates in this P. stratiotes. P. stipitis utilizes both pentose

and hexose sugar from the hydrolysate by which maximum production of ethanol may be

achieved. Considering the convenience and utilization, this plant was taken as a carbon source

for bioethanol production.

Table 3.1 Composition analysis of Pistia stratiotes

Pistia stratiotes
S. No. Biochemical composition (%)
1 Ash content 18.36 £ 1.31
2 Total solid 92.85+0.11
3 Moisture content 7.15+0.11
4 Cellulose 25.90+0.017
5 Hemicellulose 18.44 +0.71
6 Lignin 2525+1.15
7 Starch 0.6 +£0.03
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3.2 Optimization of alkali pretreatment by RSM and validation

After pre-treating P. stratiotes with alkali (NaOH), which had an impact on the raw material's
depolymerization, cellulose was the final product, with lignin removed. The reduced sugar
obtained from the hydrolysis of cellulose can be used to further produce ethanol. The best
conditions were achieved by optimising biomass using RSM, which resulted in 2.47 (w/v)
NaOH at 120 °C for 60 min after autoclaving. The optimal condition gives the result of 51.66
% cellulose. The result of the alkali pretreatment under various conditions is cellulose, which
is shown in Table 3.2. Cellulose was estimated by the up-degraff method with the help of

anthrone reagents shown in Fig. 3.1.

Fig. 3.1 Cellulose estimation by anthrone reagent

Table 3.2 Experiment list with different levels of independent variables (alkali conc., time and

temperature) with response (cellulose)

Experiment Alkali
no. concentration Time Temperature cellulose (%)
1 1.75 45 90 37.3+2.61

2 1.75 45 120 41.5+£3.51
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3 1.75 45 90 36.92+2.44
4 3 60 120 50.88 +1.40
5 0.5 30 60 27.38+£0.93
6 1.75 45 90 35.01 +£2.95
7 3 30 60 36.31+3.24
8 0.5 60 60 27.64 £2.61
9 0.5 30 120 21.17 £ 1.04
10 1.75 45 90 3439+£2.1
11 1.75 45 60 342+ 1.38
12 1.75 45 90 35.27+0.72
13 3 60 60 27 +3.83

14 3 45 90 32.57+1.91
15 3 30 120 41.12+2.98
16 1.75 45 90 34.08 +2.51
17 1.75 60 90 40.83 £3.25
18 1.75 30 90 34.67+2.34
19 0.5 60 120 4228 £3.41
20 0.5 45 90 29.15+2.39

The factors that affect the expected changes in the mean response when the factors

change from a lower to a higher level, also establish the coded coefficients. The alkali

concentration shows a major positive impact so this parameter has an effect on increased

response (cellulose concentration) proceeding from 0.5 % to 3 %. If the alkali concentration is

higher, than the cellulose concentration will be high. However other factors like time,

temperature, alkali conc.*alkali conc. and alkali conc.*time, shows the negative sign which

successively impacts reducing the response.
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3.2.1 Analysis of Variance (ANOVA)

Table (B) illustrates an ANOVA statistical model for cellulose estimation from CCD. ANOVA
and the lack of fit test are used to analyse the model's fitness. When the experimental data fits
the model, significant regression and non-significant lack of fit are displayed. This model's
statistical advantage was evaluated and attributed to the interactions between the model's
factors and p-value. Table 3.3 shows that the model's p-value for cellulose concentration is
0.000, which is less than 0.050 and suggests that the response to the model is substantial and
meaningful. The model is considered highly significant when the p-value is less than 0.001. A
p-value greater than 0.1 indicates that the model is not significant. However, because of the
large f value (53.79), the model result has a significant impact on the response. This f-value is
probably going to demonstrate the significance of the model. There is only a 0.01 % chance in

the statistical model that a large f value could arise (Pashaei et al., 2020).

Table 3.3 Analysis of Variance (ANOVA) results and statistical parameters of the model

quadratic correlation versus alkaline conc., reaction time and reaction temperature

Source DF Adj SS Adj MS F-Value P-Value
Model 9 818.693 90.966 53.79 0.000
Model 9 79.187 26.396 15.61 0.000
Linear 3 44.593 44.593 26.37 0.000
Alkali conc. |1 15.012 15.012 8.88 0.014
Time 1 30.042 30.042 17.77 0.002
Temp. 1 40.584 13.528 8.00 0.005
Square 3 38.954 38.954 23.04 0.001
Alkali | 1 3.007 3.007 1.78 0.212

conc.*Alkali

conc.
Time*Time 1 3.576 3.576 2.11 0.177
Temp.*Temp. | 1 305.185 101.728 60.16 0.000

2-Way | 3 54.702 54.702 32.35 0.000

Interaction




60

Alkali 1 51.288 51.288 30.33 0.000
conc.*Time
Alkali 1 199.195 199.195 117.80 0.000
conc.*Temp.

Time*Temp. | 1 16.910 1.691

Error 10 8.084 1.617 0.92 0.537

Lack-of-Fit 5 8.826 1.765

Pure Error 5 835.603
Total 19

3.2.2 Model summary

The adjusted R? of 96.15 % and the predicted R? value of 92.48 % agree rationally, indicating
a difference of less than 4 %. This result demonstrates that this model can accurately represent
the percentage of cellulose extraction from P. stratiotes and can be shown as coded variables,

as shown in the regression equation Eqn. 3.1.

Cellulose = 64.90 + 12.18 Alkali conc. - 0.986 Time - 0.697 Temp.

- 2.409 Alkali conc.*Alkali conc.+ 0.00465 Time*Time
+ 0.001267 Temp. *Temp.

- 0.1395 Alkali conc.*Time + 0.0675 Alkali conc.*Temp. +0.01109 Time*Temp.

(Eq. 3.1)

3.2.3 Contour plot

The contour plot describes the impact of different variables on the response change in cellulose
content depending on the temperature and time). The effects of temperature and time on
cellulose are interpreted in Fig. 3.2. A notable increase in cellulose is seen as a result of the
temperature rising over time. A rise in cellulose content of more than 50% was noted after 55—
60 minutes at 110-120 °C. Conversely, after pretreatment, a higher amount of cellulose content
is obtained by raising the temperature and alkali concentration. The maximum cellulose

content, or >50%, is achieved at 120 °C and >2.5 % alkali content, as Fig. 3.3 illustrates.
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Fig. 3.2 Contour plot shows the effect of temp. and time on the cellulose content. An increase

in cellulose content was noticed when temperature increased with time
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Fig. 3.3 Contour plot demonstrates the effect of alkali conc. and temperature on cellulose

content. With the increase in the alkali conc. with temperature, the cellulose content also rises
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3.2.4 Pareto chart

The Pareto chart was used to clearly illustrate the significance and magnitude of the impact of
independent variables on response. The complete values of the regulated effects, arranged from
highest effect to lowest effect, are shown in the pareto chart. The chart's reference line indicates
statistical significance for the effect. The statistical significance is shown by the bar that crosses
the reference line. The cellulose pareto chart is shown in Fig. 3.4. This chart indicates that the
parameters are statistically significant because of time * temperature (BC), alkali conc.* time
(AB), alkali conc.* temp. (AC), alkali conc. (A), alkali conc.* alkali conc. (AA), temp. (C),

and time (B) cross the reference line.

Pareto Chart of the Standardized Effects
(response is Cellulose, a = 0.05)

Term 223

Factor Name

A ALKALI CONC
B TIME

C TEMP.

BC

AC

cC

0 2 4 6 8 10 12
Standardized Effect

Fig. 3.4 Pareto chart of standard effects of independent variables on response. This chart
illustrates that the factors time *temp., alkali conc.*time, alkali conc.*temp, alkali conc., alkali

conc.*alkali conc., temp., and time are statistically significant
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3.2.5 Response outcome after multiple response prediction

RSM was used to determine the response (cellulose content) outcome, and it fit 51.66 % of
the cellulose content with a standard error of 1.06. With a prediction interval ranging from
47.92 to 55.39 %, the confidence interval fell between the range of 49.92 to 54.01 % cellulose
content.. After statistical analysis of the optimisation model, the target cellulose content was
50.87 %, and the objective was to maximise the cellulose outcome with a lower cellulose
content of 21.17 %. The ideal condition was discovered at 2.4 % alkali concentration with 60
min at 120 °C temperature after multiple responses. Post the optimization experiment the

cellulose fit was 51.65 % with 1 % composite desirability.

3.2.6 Optimization plot

Optimization of alkaline pretreatment was performed, optimized condition considered at 2.47
% NaOH, 120 °C with 60 min. This optimized condition was performed separately to check
the reliability. After performing the optimized condition, 51.67 % cellulose was found in the
hydrolysate which shows the reliability of the model. A model created by Minitab software in
which independent variables are adjoined to estimate the target response. Combined
desirability ranges from 0-1 are helpful for the calculation of optimization. Separate desirability
for the optimization experiment is shown in Fig. 3. Cellulose has an independent desirability
outcome of 1.0 as a predicted outcome of 51.65 %. The separate desirability of 1.0 is an
excellent score which shows that response is immediate to their absolute setting. The
optimization of response (cellulose) gives an ideal desirability score as cellulose was an
absolute setting that is included in the justifiable range. The optimized condition established
after the RSM model is represented in Fig. 3.5. The sample colour and texture changed after

performing all the pretreated conditions as shown in Fig. 3.6
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Optimal ALKALI C TIME TEMP.
D' 1.000 High 30 60.0 1200
e Cur [2.4697] [60.0] [120.0]
Low 0.50 300 60.0
Cellulos
Maximum
y = 51.6588
d = 1.0000

Fig. 3.5 Optimized condition demonstrates when the cellulose substrate is treated with high
conc. of alkali (2.47 %) at 120 °C for 60 min then the maximum cellulose content was obtained

with optimal density 1 which is statistically significant.
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Fig. 3.6 Alkaline pre-treated samples after RSM conditions were performed
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Fig. 3.7 Overall process of collection, preparation, composition analysis and pretreatment of

the sample

3.3 Improvisation of the raw and alkali-treated sample

3.3.1 Phonological modulation in raw material (SEM analysis)

The sample's initially smooth surface transforms into a rough texture under the influence of
elevated temperatures and alkaline conditions, causing the breakdown of cellulose and
hemicellulose bonds upon lignin removal. This alteration increases the surface area of the
biomass, enhancing its accessibility to enzymes, as demonstrated by Kataria et al. (2017). Post-
alkaline treatment, noticeable structural changes in the untreated sample are evident, as
depicted in Fig. 3.8. Comparative analysis with the untreated raw material reveals a more
pronounced disruption in the sample following alkaline pretreatment. In Figure (b), the most
significant disruption is observed after alkaline pretreatment. Notably, severe conditions (3 per
cent NaOH concentration) also exhibit substantial disruptions, as illustrated in Fig. (d) In

contrast, mild pretreatment conditions (0.5 % NaOH concentration) are shown in Fig. (c).




2um

EHT = 2000 kV
WD = 19.5 mm

Signal A=SE1
Photo No. = 24

Date -4 May 2023
Mag= 10.00 KX

()

Signal A= SET
Photo No. = 3

Mag= 10.00KX

(b)

67



68

2 pm EHT = 20.00 kV Signal A= SET Date :4 May 2023 SETEeE
- WO = 21.5 rm Photo No. = 7 Mag= 500KX

(©)

WD = 19.5 mm Photo No. = 28 Mag= 5.00KX

2 pm EHT = 20.00 kV Signal A= SE1 Date :4 May 2023 ﬁ

(d)

Fig. 3.8 (a) SEM analysis for untreated (Raw), (b) Optimized condition (2.47 % NaOH
conc.,60 min and 120 °C). (c¢) Mild condition (0.5 % NaOH conc.,30 min and 60 °C), and (d)
harsh (3 % NaOH Conc., 60 min. and 120 °C). The optimized condition shows maximum

disruption due to the removal of lignin and hemicellulose.
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3.3.2 FTIR spectrum of the untreated and treated sample

The functional group and its properties are specifically revealed by the FTIR spectrum. The
treated sample's FTIR spectra (Fig. 3.9) showed a broad, highly intense peak spanning 3500—
3200 cm™! that indicated N-H stretching of primary amines, an increase in free O—H bonds as
a result of extractives being removed, and the presence of cellulose (Lu and Hsieh, 2010).
When the sample is left untreated, an ester bond-related band at 1740 cm™' indicates that the
polymer within is mutually interconnected; however, when the sample is treated with alkali,
xylose solubilization takes place and the band vanishes. (Sills and Gossett, 2012). The treated
sample exhibits more intense peaks at 1430 cm™! and 1320 cm™!, which correspond to C-Ha
and C-H bending, respectively, about cellulose (Sombatpraiwan et al., 2019). The
hemicellulose acetyl ester's stretching vibration is reduced in the treated sample, indicating the
removal of the xyloglucan acetyl group with the COOH group from the lignin hemicellulose
matrix. This is represented by the peak at 1231 cm™! (Trevorah and Othman, 2015) 2015. The
peak at 1024 cm—! represents polysaccharides. The treated sample has high intensity at this
region because of C-O, C=C, and C-C-O stretching for polysaccharides, which correlate with
hemicellulose decomposition (Bano and Irfan, 2019). The aromatic band ranges from 950 to
700 cm™!, which corresponds to the B-glycosidic linkage in cellulose and hemicellulose units
(Gusain and Suthar, 2017). Due to C-O-C stretching in the B-glycosidic linkage in cellulose
and hemicellulose, which makes cellulose accessible to enzymes, the intensity of the peak at

880 cm™ ! increases in the treated sample (Deng et al., 2019).
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Fig. 3.9 FTIR spectra for untreated (Raw), mild, harsh and optimized conditions. The intensity
of the signal in the form of peaks in different wavelengths shows the presence of relevant

molecular bonds found in the polymers of samples

3.3.3 Thermogravimetric analysis (TGA) and Differential thermogravimetric analysis
(DTG)

Fig. 3.10 shows the thermogravimetric analysis of the untreated sample (raw), mild (0.5 %
NaOH conc., 30 min and 60 °C), harsh (3 % NaOH Conc., 60 min and 120 °C), and optimised
pre-treated condition (2.47 % NaOH conc., 60 min and 120 °C) to determine their degradation
characteristics at 0-600 °C. During the TGA analysis shown in Fig. 3.10, four distinct types of
weight reduction were observed in Pistia stratiotes: moisture, cellulose, hemicellulose, and
lignin reduction. Water evaporation causes weight loss to begin at 100 °C. At 200-300 °C,
hemicellulose depolymerizes and breaks down its cellulosic glycosidic bonds. Water loss
causes a mild, raw sample to lose 10—12 % of its weight between 100 and 200 °C. Unexpected
weight loss of approximately 50 % was noted in all samples between 250 and 350 °C as a result
of hemicellulose, cellulose, and lignin degradation. Lignin breaks down between 200 and 500
°C. The primary thermal degradation region was observed to be between ~325 and 345 °C,
indicating the degradation of cellulose and lignin in the sample (Basak et al., 1993). The range
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0f 200 to 500 °C was where the optimised condition's 55 % weight loss occurred. This indicates
the sample's delignification and is the result of the alkaline pretreatment. The optimised
sample's DTG curves show a peak at 345 °C, respectively, with the hydrolyzed sample showing
the strongest signal because of its higher cellulose content. The raw material's maximum
thermal stability, which corresponds to its non-cellulosic content, was measured at 325 °C. Fig.
3.11 illustrates the optimised sample's high thermal stability, with the DTG curve indicating a
maximum stability temperature of 345 °C. The optimised sample's degradation temperature is
higher than that of other lignocellulosic materials that have been reported, such as napier grass
(300 °C) (Reddy et al., 2018), roselle fibres (326 °C )(Kian et al., 2017) and kans grass (340
°C) (Baruabh et al.,2020).
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Fig. 3.10 Thermal profile for untreated (Raw), mild, harsh and optimized condition
thermogravimetric analysis (TGA) curves represent the thermal degradation of the areas of the

major compounds present in the samples
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Fig. 3.11 Differential thermogravimetric (DTG) curves represent the rate of thermal

degradation of treated and untreated samples.

3.4 Effect of cellulase loading on enzymatic hydrolysis

A comparison of the pre-treated and raw samples' enzymatic hydrolysis shows promising
results following pretreatment. 25 FPU, 50 FPU, and 75 FPU cellulase loadings are used to
hydrolyse the raw and pre-treated samples in a shaker at 150 rpm and 50 °C. After hydrolysis
reduced sugar was estimated by the DNSA method as shown in Fig. 3.12. After 72 hours, all
samples were in equilibrium. The sample that was pre-treated and hydrolyzed by 50 FPU of
cellulase is in equilibrium after 72 hours, displaying a maximum concentration of 25 g/L of
sugar reduction Fig. 3.14. With an enzymatic activity of 75 FPU, the pre-treated sample's
maximum reduced sugar of 33.62 g/L was formed in 72 hours. After 72 hours, the pre-treated
sample's maximum sugar yield was discovered, with 75 FPU enzymatic activity of 60.53%
Fig. 14. In contrast, under the same conditions, the raw sample yields 6.68 g/L. of reducing
sugar with 50 FPU in 72 hours following hydrolysis. With 75 FPU, the maximum reduced
sugar of 11.56 g/L. was formed in 96 hours. After 96 hours, the raw sample's maximum sugar
yield of 20.80 % was formed, with an enzymatic activity of 75 FPU shown in Fig. 3.13. It

demonstrates how successful the pretreatment is when hydrolysis occurs. The Mass balance of
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the complete study is determined by the total product formation from the substrate (Njoku et
al., 2013). The mass balance is shown in Fig. 3.15.

(b)

Fig. 3.12 Reduced sugar after enzymatic hydrolysis (a) glucose standard (b) reduced sugar in

a sample
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Fig. 3.13 Profile of reducing sugar concentration at the time of enzymatic hydrolysis of a raw

sample of P. stratiotes at different initial enzyme loading. (50 °C, pH 4.8, rpm 150 with 5 %

biomass loading)
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Fig. 3.14 The profile of reducing sugar concentration at the enzymatic hydrolysis optimized
pre-treated sample at different enzyme loading conditions ( 50 °C, pH 4.8, 150 rpm and 5 %

pre-treated solid content)



75

Cellulase enzyme
(25, 50 and 75 FPU)
(100mg,200mg and

NaOH -2.47 %
Time - 60 min
Temperature — 120 °C

FPU-75
Time of hydrolysis- 72 h

10 ml ﬂ

(37 ml)

Enzymatic Maximum
—>| Pretreatment b di"ol Sis =>| reduced sugar
Sg yaroly obtained
05¢

Pretreated biomass

Sugar yield
(60.53 %)

Fig. 3.15 The mass balance diagram of the complete process from pretreatment to

enzymatic hydrolysis

3.5 Optimization of Acidic Pretreatment by RSM and validation

Sulphuric acid pretreatment has a high impact on the biomass for depolymerization of cellulose

and hemicellulose with the maximum amount of sugar found, which is further utilized in the

fermentation process for ethanol production. After performing all the experiments, maximum

sugar was found at 3.1% acid concentration. After performing the optimization conditions, the

range of sugar content was 3.07% to 24.01%, and the target was to find out 23% sugar content.

Similarly, the range of cellulose content was 4.91% to 24.55%. After the optimization, the best

condition was achieved as 2.5% sulphuric acid, 120 °C with a duration of 15 min. by autoclave.

The outcome of this experiment was 23.44% sugar with 68% hydrolysate.

All the details of independent variables and responses from each experiment in experimental

design are mentioned in Table 3.4.
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Table 3.4 Experimental design with three independent factors (time, temperature and acid

conc.) with cellulose and sugar (dependent factors)

Experiments | Acid conc. | Time Temperature | Cellulose Sugar (%)
(%) (min) (°O) %)

1 3.1 55 110 19.81 +|24.01 £3.87
0.47

2 0.75 30 120 10.88 +|10.36+1.21
1.35

3 2.5 80 120 24.55+1.98 | 19.86 0.0

4 1.63 12.96 110 14.46 +| 1275+ 0.74
0.43

5 2.5 30 120 22+3.14 19.88 +1.31

6 1.63 55 110 16.02 +|15.89+0.34
1.22

7 0.75 80 100 931+£0.58 | 6.76+0.13

8 1.63 55 110 17.7+1.27 | 14.99+0.27

9 2.5 30 100 12.84 + | 13.54+3.82
1.38

10 1.63 55 126.82 17.6 +1.37 | 17.02+0.89

11 1.63 55 110 149+4.17 |16.49+0.52

12 1.63 55 93.18 10.93 +|4.47+0.16
2.02

13 1.63 55 110 15.56 + | 14.72+0.28
1.80

14 0.75 80 120 14.1+1.51 |8.53+0.35

15 1.63 55 110 16.63 +|1533+0.18
0.25

16 1.63 97.04 110 152+1.25 [ 11.79+£0.10

17 2.5 80 100 15.17 +|11.22+0.15
0.86

18 0.75 30 100 8.45+1.19 [4.1+0.11
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19 1.63 55 110 16.79 +|15.75+0.50
2.48
20 0.15 55 110 491+£0.67 |3.07+0.02

3.5.1 Analysis of Variance (ANOVA)

The coefficient of determination and statistical significance were estimated in the current study.
The significance of the model was represented by coded coefficients and analysis of variance
shown in Table 3.5 and 3.6. The optimization model is significant based on the P value. Model
terms acid concentration, temp., square, time*time and temp.*temp were most significant in
the optimization of sugar (p<0.05). This regression model is performed with an alpha value of

1.68.

The R? (coefficient of determination) values are used to determine the goodness of fit
of this statistical optimization model. In this model, the lack of fit F values is 8.26 for
optimization of the dependent variable (i.e. sugar), which is non-significant. This non-
significance of lack of fit suggests our model is reliable. The regression model in this study
gives a regression equation that determines the relationship between the response (i.e. sugar)
and the independent variable uncoded values (acid con., temp. and time). The regression

equation is shown in Eqn. 3.2.

Table 3.5 Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 15.535 0.587 2648 0.000

Acid conc. 5.123 0.389 13.16 0.000 1.00
Time -0.229 0.389 -0.59 0.569 1.00
Temp. 3.230 0.389 8.30 0.000 1.00
Acid conc.*Acid conc. -0.745 0.379 -1.97 0.075 1.02
Time*Time -1.194 0.379 -3.15 0.009 1.02
Temp.*Temp. -1.734 0.379 -4.57 0.001 1.02
Acid conc.*Time -0.396 0.509 -0.78 0.452 1.00
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Acid conc.*Temp. 0.869 0.509 1.71 0.116 1.00
Table 3.6 Analysis of variance for coded coefficients
Source DF| Adj SS Adj MS F-Value P-Value
Model 8 | 570.888 71.361 34.48 0.000
Linear 3 | 501.680 167.227 80.80 0.000
Acid conc. 1 | 358.453 358.453 173.20 0.000
Time 1 | 0.715 0.715 0.35 0.569
Temp. 1 142.512 142.512 68.86 0.000
Square 3 | 61914 20.638 9.97 0.002
Acid conc.*Acid conc. 1 | 8.007 8.007 3.87 0.075
Time*Time 1 | 20.559 20.559 9.93 0.009
Temp.*Temp. 1 | 43.310 43.310 20.93 0.001
2-Way Interaction 2 | 7.294 3.647 1.76 0.217
Acid conc.*Time 1 1.256 1.256 0.61 0.452
Acid conc.*Temp. 1 6.038 6.038 2.92 0.116
Error 11 | 22.765 2.070
Lack-of-Fit 6 | 20.678 3.446 8.26 0.018
Pure Error 5 | 2.087 0.417
Total 19 | 593.653

3.5.2 Model summery

The R? value is 96.17% (R squared is a statistical measurement of data that shows how close

the data is to the regression line) with 93.38% adjusted R? value. From R? and R? (adj.) value

R? (pred.) predicted value was confirmed at 80.34% which indicates the regression model

predicts the responses in new findings very well. The regression equation after performing this

model was shown by Eqn. 3.2.



Total Sugars = —231.0 — (0.91 X Acid conc.) + (0.2305 X Time) +

(3.976 x Temp.) — (0.974 X Acid conc. X Acid conc.) — (0.001911 X Time X
Time) — (0.01734 X Temp. X Temp.) — (0.0181 X Acid conc. X Time) +
(0.0993 x Acid conc. x Temp.) (Eq. 3.2)

Equation no. 1: Regression equation in uncoded unit

3.5.3 Contour plot
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The contour plot represents the two-dimensional (2D) image of factors and responses shows

the relationship between the independent variable and dependent variables (Fig. 3.16). While

keeping the temperature constant, sugar (>20%) was obtained at a combination of acid

concentration (2.5-2.6%) and time (0-75 min) (a). While keeping the acid conc. constant, sugar

conc. (>15%) was obtained at the temperature (110-125 °C) with time (20-85 min) (b).

Similarly, while keeping the time constant, sugar conc. (20-25%) was obtained at acid

concentration (2.2-3.0%) and temperature (107-125 °C) Fig. 3.16 (c).
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Fig. 3.16 Contour Plot shows the detailed information of independent and dependent variable
correlation (a) total sugar vs time and acid concentration at constant temperature (b) total
sugar vs temp. and time at constant acid conc. (¢) total sugar vs temp. and acid conc. at

constant time.

3.5.4 Pareto chart

The Pareto chart determines the significance of the effect of independent variables on total
sugar and cellulose. This pareto chart gives all details of the independent variable in pictorial
form. In the pareto chart of the standardized effect for sugar, the reference line was at 2.20
whereas for cellulose it was at 2.201. the parameters crossing the reference line were
statistically significant. The outcome of the chart determines the acid conc. (A),
temperature(C), temperature*temperature(CC) and time*time (BB) are statistically significant
at 0.05 level. On the other hand significant effect of the independent variable on the cellulose
shown in chart no. (b) in Fig. 3.17. shows acid conc. (A), temperature (C) and acid conc.*acid
conc. (AA) are statistically significant. This statistical significance of the independent variable

proves that this model is valid for the optimization of pretreatment.

Pareto Chart of the Standardized Effects
(response is Total Sugars, a = 0.05)
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Pareto Chart of the Standardized Effects
(response is Cellulose, a = 0.05)
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Fig. 3.17 Parcto chart shows the standardized effect of independent factors on sugar and

cellulose. The parameter of the independent variable combination crossing the reference line

shown by the dotted red line is statistically significant.

3.5.5 Response outcome after multiple response prediction

RSM was used to determine the response (total sugar content) outcome, and it fit 22.043 %

of'total sugar content with a standard error of 2.18. After statistical analysis of the optimisation

model, the target total sugar content was 23 %, and the objective was to maximise the total

sugar outcome with a lower sugar content of 3.07 %. The ideal condition was discovered at

2.8 % acid concentration with 15 min at 120 °C temperature after multiple responses.
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3.5.6 Optimization Plot

After performing the optimization of acidic pretreatment, an optimized condition was found in
which independent variables are acid conc. 2.8%, time 15 min with 120 °C. This condition is
performed separately to find out the reliability of the condition. After performing the optimized
condition maximum sugar was 23.44% in the hydrolysate which shows the reliability of the
model. Minitab software creates a model in which independent variables are added to find the
target response. Optimization is calculated by combined desirability ranges from 0-1 (Yosrey
et al., 2021)(Auwal et al., 2018). For the optimization experiment, the separate desirability for
the entire data is shown in Fig. 3.18. Sugar has an independent desirability result of 0.94448 as
the predicted feedback of 21.8936 which is very close to the target of 23. Cellulose has a
moderate desirability outcome is 0.78804 as the predicted outcome of 20.3871 which is less
than the target of 24.55 as mentioned in the parameter table. The composite desirability of
0.8627 is a good score which represents that both the responses were very close in their absolute
settings. The optimization of responses did not give an ideal composite desirability score as the
sugar and cellulose contents were not in absolute settings but in a justifiable range. The
conditions found after this RSM model are mentioned in the Fig. 3.18. Texture and colour of

the sample changed after performing the pretreated condition shown in Fig. 3.19.



Optimal

D: 0.8627 High

Cur
Low

Composite
Desirability
D:0.8627

Total Su
Targ: 23.0
y =21.8936
d =0.29448

Cellulos
Maximum
y = 20.3871
d =0.78804

Acid con
3.0966
[2.80]
0.1534

Time
97.0448
[15.0]
12.9552

Temp.
126.8179
[120.0]
93.1821

84

Fig. 3.18 Optimized condition after performing RSM shows composite desirability score is

0.8627 which is good define both responses are very close to the entire things in the model.

Sugar has high desirability as compared to cellulose shown by the score, of 0.94448 for sugar

and 0.78804 for cellulose. The outcome of the result was found with 2.8 % acid at 120 °C for

15 min.
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Fig. 3.19 Acidic pre-treated sample according to RSM conditions
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3.6 Characterization of raw and Acidic pre-treated biomass

3.6.1 Morphological changes in biomass after acidic pretreatment (SEM analysis)

The morphology of P. stratiotes changes after acidic pretreatment. It is more destructive after
providing acidic pretreatment to the sample as compared to the raw material. Maximum
disruption was observed in optimized acidic conditions which is denoted by Fig. 3.20 (d).
However harsh condition (2.5% acid conc.) also show a high amount of disruptions denoted
by Fig. 3.20 (b). Mild condition (0.75% acid conc.) in pretreatment is shown in Fig. 3.20 (c).
These disruptions are due to the effect of temperature and acid by which the smooth surface of
the biomass is converted into the a rough surface which shows the bonds between cellulose
and hemicellulose are broken and the removal of lignin from the sample which increases the
surface area of the biomass for increase the accessibility to the enzymes for saccharification.
This type of structural change is seen in the case of elephant grasses when treated with

sulphuric acid (Kataria et al., 2017).
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Fig. 3.20 SEM images of (a) Raw biomass and (b) Harsh pretreatment conditions (2.5% acid,
80 min. with 120 °C (c) Mild pretreatment conditions (0.75 % acid, 30 min. with 100 °C) and
(d) Optimized condition

3.6.2 FTIR spectrum of raw sample and acidic Pre-treated sample

The FTIR spectrum provides detailed information regarding the functional group and its
properties. The FTIR spectra of raw, mild (0.75% acid, 30 min, 100 °C), harsh (2.5% acid, 80
min, 120 °C) and optimized pre-treated samples of P. stratiotes (Fig. 3.21) showed a broad
peak (H) around 3500-3200 cm™ ! in the optimized condition, which shows N-H starching of
primary amines and free O-H stretching of the OH group present in cellulose (Lu and Hsieh,
2010). By acidic pretreatment, these O-H bands were reduced (Dahunsi et al., 2019). The peak
in between 2848-2851 cm™ ! in each pre-treated and raw sample represents the characteristic
C-H stretching, which represents the vibration of cellulose (Luzi et al., 2019). The peak
observed at 1640 cm™ ! (G) shows water absorption and in the optimized pre-treated condition
the intensity of the peak decreased due to aromatic skeletal vibration giving information
regarding lignin removal (Mandal and Chakrabarty, 2011). In the pre-treated condition, the
peak at 1515 cm™! (F) relates to the aromatic skeletal stretching. Acidic pretreatment reduced
the adsorption of bands, but acid soluble lignin occurred in the solid fraction of the pre-treated

sample. The intensity of the peak at 1374 cm™ ! (E) increased due to breakage in ether groups
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present in lignin (Hsu et al., 2010) As compared to the pre-treated sample, the peak at 1316
cm~! (D) in the raw sample is more prominent due to C-H ring vibration, indicating the
presence of cellulose. CH> bending, which represents the cellulose with skeletal vibration of
the C-C bond, shows the presence of cellulose (Jmel et al., 2019). The peak between 1200-
1000 cm™ (C) displays the presence of cellulose and hemicellulose in the sample with C-O
starching and C-H rocking vibration correlating with cellulose structure (Alemdar and Sain,
2008). The range of the aromatic band is 950-700 cm™' corresponding to the B-glycosidic
linkage between sugar units of cellulose and hemicellulose (Gusain and Suthar, 2017). FTIR
indicate the effective removal of other contents apart from cellulose by acidic treatment of P.
stratiotes. The appearance of a peak at 894 cm™ ! (B), the absorption peak for cellulose, in the
pre-treated sample shows the C-O-C stretching in B-glycosidic linkage in cellulose and
hemicellulose (Deng et al., 2019). The peak intensity at 781 cm™ (A) is decreased in the pre-
treated sample as compared to the raw sample, showing the removal of lignin by the acidic

treatment (Malik et al., 2020a).
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Fig. 3.21 FTIR spectra of raw, Mild (0.75% acid, 30 min, 100 °C), Harsh (2.5% acid, 80 min,
120 °C )and Optimized pre-treated sample. This spectra show the changes in the functional
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groups after pretreatment (A-H) denotes the changes in the peaks which shows the breakdown

of the cellulose and removal of lignin

3.6.3 Thermogravimetric analysis (TGA)

Raw sample, mild (0.75% acid and 30 min at 100 °C), harsh (2.5% acid and 80 min at 120 °C),
and optimized pre-treated sample (acid conc. 2.5% and 15 min. at 120 °C) were
thermogravimetrically analysed to differentiate their degradation characteristics. P. stratiotes
biomass contains four types of weight which can be degraded (moisture, cellulose,
hemicellulose and lignin) during the TGA shown in Fig. 3.22. (Kataria et al., 2018a). In all
samples, initial weight loss occurred at 100 °C due to evaporation of water. Temperature from
200 °C - 300 °C leads the way to depolymerization of hemicellulose and breakage of glycosidic
bonds in cellulose. Unexpected loss of weight in mild condition and untreated raw material at
250 °C is due to degradation of hemicellulose. This was primarily degraded due to the presence
of acetyl group as compared to cellulose and lignin. Lignin degradation occurs simultaneously
at the temperature range 200 °C- 500 °C and the range 250 °C - 400 °C is confirmed for
cellulose degradation. Maximum weight loss of the pre-treated sample of approximately 53%
occurs in the range 250 °C — 400 °C due to degradation of cellulose. It is much higher as
compared to the raw sample (Kale et al., 2019)(Umesh et al., 2022b) on the other hand
optimized and harsh conditions degradation goes simultaneously as the same pattern.

Degradation in the optimized conditions is seen maximum in Fig. 3.22.
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Fig. 3.22 Thermogravimetric analysis of Raw (untreated), Mild (0.75% acid, 30 min, 100 °C),
Harsh (2.5% acid, 80 min,120 °C) and Optimized pre-treated samples confirm the degradation
of the compounds in the material or lose the stability of material at a particular temperature

optimized condition have high degradation of cellulose and lignin

Optimized acidic pretreated sample

Untreated sample [ J

Optimized alkali pretreated sample

Fig.3.23 Variations in the raw sample after pretreatment
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A difference was observed between the texture and colour of the sample when the sample was

treated with optimized acidic and alkali conditions as shown in Fig. 3.23.

3.7 Fermentation by Saccharomyces cerevisiae and Pichia stipites
3.7.1 Analysis of ethanol by Gas chromatography (GC- FID)

The retention time for the standard of ethanol was 3.61 min with a complete 10 min cycle. S.
cerevisiae used in fermentation have the ability of utilise hexose for ethanol production, while
P. stipitis has the capability for the usage of pentose and hexose for ethanol production. The
fermentation was done with S. cerevisiae NCIM 3594 and P. stipitis NCIM 3498 separately to
find out the maximum outcomes of the fermentation process. Fermentation done by S.
cerevisiae and P. stipitis utilizes all sugar within 52 h. P. stratiotes hydrolysate after
pretreatment contained a maximum of 23.44% sugar, which was further used in the process of
fermentation by S. cerevisiae and P, stipitis . Maximum glucose was consumed within 48 hours
and converted into ethanol. Starting sugar was taken 10.04 g/L. The fermentation condition
was carried out at 30 °C at 150 rpm. In the fermentation maximum of 86% sugar was consumed
from the hydrolysate by the S. cerevisiae while 88% sugar was consumed by P. stipites. During
the initial stage of fermentation, intake of sugar by the strains was slower and cell growth
increased after 14 h when sugar consumption increased. Maximum ethanol concentration was
found by the S. cerevisiae in synthetic media in 30 h while in hydrolysate it comes in 36 h
(3.25g/L) with 0.37 g/g ethanol yield. On the other hand P. stipitis strain utilizes both pentose
and hexose sugars and the maximum ethanol concentration in synthetic media comes in 32 h
while in hydrolysate it comes in 36 h (3.57 g/L) with 0.39 g/g ethanol yield (Table 3.7 and Fig.
3.24). The ethanol concentration in the hydrolysate was approximately similar the synthetic
media because of detoxification of hydrolysate which removes the high amount of toxic
compound from the hydrolysate by which production of ethanol increased. In the Sunwoo 1Y
et al. 2019 (Sunwoo et al., 2019) (Table 3.8) study, S. cerevisiae gave less ethanol yield
(0.32g/g) as compared to the present study (0.37g/g), and P. stipitis gives higher production
(0.39g/g) as compared to S. cerevisiae. This determines that both the stains give a very good
amount of ethanol by this aquatic weed. The kinetic parameters of our study are comparable

just like another study on t sugarcane molasses (Sulaiman et al., 2022).
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Table 3.7 Kinetic parameters for ethanol production by S. cerevisiae and P. stipitis stains with

synthetic media and hydrolysate

Kinetic Saccharomyces | Saccharomyces | Pichia Pichia

parameters cerevisiae cerevisiae stipitis in | stipitis in
Synthetic hydrolysate synthetic | hydrolysate
media media

Initial total | 10.04 = 0.29 10.04 = 1.36 9.97 +19.99 £0.21

sugar(g/1) 0.76

Maximum ethanol | 3.32 £ 0.96 3.26 £0.71 3.57 +]3.57+£2.02

conc.(g/1) 0.31

Maximum time | 30 36 32 36

(hours)

Maximum  sugar | 97.6 £ 0.29 85.9 £1.34 94.9 +|87.9+0.21

consumed (%) 0.74

Ethanol 0.11 £0.04 0.09 +£0.02 0.10 +10.09 £0.06

productivity(g/l/h) 0.01

Growth rate(g | 0.38 £ 0.01 0.30 = 0.004 0.68 +10.56 £0.01

cells/1/h) 0.03

Maximum  sugar | 0.29 £ 0.01 0.24 £ 0.002 0.24 +1{0.24 £ 0.00

consumption 0.001

rate(g/1/h)

Ethanol yield | 0.39 + 0.02 0.37 £0.06 0.41+ 0.39 £0.01

coefficient (g/g) 0.03
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Table 3.8 Comparison of different lignocellulosic biomass capabilities of conversion into

ethanol
Biomass Strains Ethanol  yield | Reference
(2/2)
Lignocellulosic Engineered  Saccharomyces | 0.43 (Tran et al.,
biomass cerevisiae 2023)
Oak S. cerevisiae, SXA-R2P-E 0.43 (Ko et al., 2016)
Rice straw S. cerevisiae, SXA-R2P-E 0.46 (Ko et al., 2016)
Wheat straw S. cerevisiae VS3 044 (Govumoni et
al., 2013)
Corn stover Escherichia coli FBR 5 0.49 (Saha et al,
2013)
Water hyacinth S. cerevisiae , P. stipitis and 0.32 (Sunwoo et al.,
C. lusitaniae 0.44 2019)
0.49
Lemna minor S. cerevisiae 0.258 (Bayrakci and
Kogar, 2014)
Rubberwood waste | S. cerevisiae 0.14 (Nunui et al.,
2022)
Sugarcane bagasse | S. cerevisiae 0.41 (Irfan et al.,
2014)
Sugarcane bagasse | Scheffersomyces shehatae | 0.42 and 0.16 (Dussan et al.,
UFMG HM 522 and 2016)
Scheffersomyces stipitis NRRL
Y-7124
Kans grass S. cerevisiae 0.46 (Kataria and
Ghosh, 2011)
W. globosa S. cerevisiae 170g/kg (Soda et al,

2015)
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Lemna minor Self-flocculating yeast strain | 0.44 - 0.47 (Ge et al., 2012)
SPSCO1 and Saccharomyces
cerevisiae ATCC 24859
Pistia stratiotes S. cerevisiae and 0.37 and 0.39 Present study
P, stipites
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Fig. 3.24 The outcome of the fermentation process in four different conditions using
Saccharomyces cerevisiae (a) with synthetic sugar (b) with hydrolysate, by using Pichia stipitis
(c) with synthetic sugar (d) with hydrolysate, was done by calculation of cell biomass, sugar

consumption and ethanol production
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3.8 Discussion

Biofuels can be produced from biomass, providing an environmentally friendly way to
mitigate the energy crisis. The sustainable development goal is aided by the bioconversion of
lignocellulosic biomass into biogas and biofuel, which lessens the carbon footprints.
Lignocellulosic biomass is composed of lignin, hemicellulose, and crystalline cellulose. Unlike
the first generation, which used sugar directly, intrinsic biomass recalcitrance significantly
hinders lignocellulose's bioconversion by protecting carbohydrates from degradation. The
recalcitrance of wrapped cellulose significantly hinders the recovery of fermentable sugar from
it. This type of biomass degrades slowly, so effective pre-treatment and enzyme dosage are
necessary (Hu et al., 2023a). Pre-treatment is a crucial stage in the bioprocess technology
process as a whole. In modern biorefineries, various pre-treatments such as physical, chemical,
and biological are used to overcome the recalcitration of lignocellulosic biomass (Mankar et
al., 2021). Physical pretreatment is used to reduce the size of particles and increase the surface
area of lignocellulosic biomass by disrupting of structure of cellulose, hemicellulose and lignin
for accessibility of enzymes e.g. grinding (Ji et al., 2017) Chemical pretreatment is more
effective for increasing the hydrolysis and it is a simple procedure with high efficiency.
Different chemicals are used in this process like acids, alkali, organic solvents and ionic liquids,
all of these can break down the lignocellulosic biomass. Acidic pretreatment is specific for
lignin degradation by using different concentrations of acid, reaction time and temperature.
The disadvantage of this pretreatment is its ineffectiveness in the lignin removal and stopping
its hindrance effect on cellulose (Rodrigues Gurgel da Silva et al., 2019). Alkali pretreatment
is helpful for lignin and hemicellulose removal and increases the accessibility to the enzymes
for hydrolysis with a high reduced sugar yield. The expensive neutralization and secondary
contamination are its drawbacks (Malik et al., 2020b) Ionic liquids are advantageous over acids
with non-flammability, thermal stability and chemical adjustability (Abushammala and Mao,
2020). Biological methods use fungi and bacteria, its advantage over other methods is the low
cost of the downstream process, simple procedure, and low energy consumption. The drawback

is its low-efficiency limit and time-consuming process (Rezania et al., 2020)(X. Li et al., 2022).

One abundant and renewable feedstock for making biofuels is grass. Its growth cycle
is short, with low lignin content, and its crystallinity is also less. However, getting a high yield
of biofuels from grass is difficult due to the stiff cellulose-hemicellulose-lignin network that

resists enzyme attack. Consequently, various pre-treatment methods have been applied to
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different types of grass to boost the yield of biofuels (Jin et al., 2015). To use the substrate
going forward, it is first necessary to determine the precise composition of the biomass through
composition analysis. Both terrestrial and aquatic forms of lignocellulosic biomass exist. The
lignin content of aquatic biomass is lower than that of terrestrial biomass, and terrestrial
biomass grows more slowly than aquatic biomass. For aquatic weeds to be more effective as a
carbon source than other lignocellulosic materials. They are readily broken down to create
bioenergy (Anand et al., 2017). Aquatic weeds are classified in the same category as grasses.
Numerous aquatic weeds, such as Eichhornia sp., Pistia stratiotes, Lemna minor, and Lemna
gibba, can serve as good carbon sources for the synthesis of biofuel. The composition of Lemna
minor, Lemna gibba, Pistia stratiotes, and Eichhornia sp. indicates that they are good carbon
sources for bioethanol production, as demonstrated by the bioethanol production from these

weeds in a previous study.

According to the proximate analysis, the following species have adequate ash content:
L. minor (moisture, 3.5%; ash, 18.7%), L. gibba (moisture, 3.6%; ash, 19.46), P. stratiotes
(moisture, 5%; ash, 22.7%), and Eichhornia sp. (moisture, 4.2%; ash, 24.9%). These four
weeds: L. minor, L. gibba, P. stratiotes, and Eichhornia sp. have respective carbohydrate
contents of 310.27 + 3.82, 354 + 25.19, 341.79 + 7.58, and 311 + 11.08 mg/g. The weeds
had sufficient starch content, such as L. minor (290.90 + 60.43), L. gibba (102.90 + 32.25), P.
stratiotes (229.49 + 83.96), and FEichhornia sp. (217.81 + 86.34 mg/g). On the other hand, the
lipid content of these weeds was L. minor (12.60 £ 0.18), L. gibba (17.60 £ 0.08), P. stratiotes
(4.11 £ 0.19), and Eichhornia sp. (16.79 + 0.07). These results indicate that L. gibba had the
highest starch and carbohydrate content, while L. minor had the highest lipid content. In our
study, the ash content and starch content were lower in P. stratiotes as compared to the previous
study (Gusain and Suthar, 2017). Each of these weeds has a different composition. According
to a previous study, duckweed (Lemna minor) contains cellulose 55.2%, hemicellulose 32.6 %,
and lignin 12.2% (Yadav et al., 2017). The composition of water hyacinth before pre-treatment
showed 1.77% acid-soluble lignin, 6.33% acid-insoluble lignin, 32.84% cellulose, and 24.7%
hemicellulose. The results of the thermal pre-treatment were different: by using the autoclave
technique, 1.58% acid-soluble lignin, 8.35 % acid-insoluble lignin, 27.8% hemicellulose,
29.26% cellulose were formed (Barua and Kalamdhad, 2017). Pistia stratiotes contains 49.4
% carbohydrates, 17.8% fibres, and 16.5% protein with 23.8% ash content (Pantawong R.,
Chuanchai A., Thipbunrat P., Unpaprom Y., 2015). Pistia stratiotes L. had an ash content of
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25.12%, which was substantially higher than the biomass of fruit shells, wood, crop straw, and
herbal medicine that had been reported in the literature; the biomass of these other materials
was typically less than 20% (Yang et al., 2022). The total ash content determined by another
study was 21.85 + 0.19 %, which was higher than our study due to changes in the environmental

condition from where we collected the sample (Tripathi et al., 2024).

Any aquatic weed's chemical makeup is correlated with the water's composition where
it grows. Conversely, the chemical makeup of river sediments influences the composition of
certain weeds, such as hippo grass. The water's chemical makeup has an impact on the water
hyacinth. While the river next to the human settlement has aquatic weeds that are highly
concentrated in certain macronutrients, the river next to the industry has weeds that are full of
heavy metals (Kapembwa et al., 2024). A different prior study on the composition of Pistia
stratiotes found that the total volatile solid was 86 + 6.44 % and the ash content was 14 + 5.37,
which was lower than what we found in our study. The biochemical analysis revealed that the
total protein content was 9.7 £ 1.3% and the total starch content was 10 + 2%. Except of starch
content, the total cellulose, hemicellulose, and lignin contents were 9.7 £ 0.31%, 12 £ 1.3, and
10 + 2.1, respectively, lower than in our study. The impact of the environment can alter the

chemical makeup of any weed (Jacob and Banerjee, 2016).

Lignocellulosic biomass includes corn stover, which undergoes enzymatic hydrolysis
and pre-treatment before being transformed into a value-added product (Li et al., 2017).
Organic waste also includes rice straw that is used to optimise the alkali pre-treatment process.
The temperature, time, NaOH concentration, and solid loading were the independent variables.
The sugar reached its peak at 121°C, 40 minutes, 2% w/v NaOH concentration, and 5%
loading. With 50.5 g/L of glucose, 13.5 g/L of xylose, and 1.3 g/L of arabinose, the maximum
sugar content was 65.3 g/L.(Valles et al., 2021). A comparative investigation of diverse
chemical pretreatment was performed on sorghum straw. Six different pretreatment were
applied to it, namely, 2 % (w/v) NaOH, 2 % H2SOa4, 2 % (w/v) Na,COs, 2 % (w/v) oxalic acid,
2.15 % (w/v) H202 and 95% (v/v) glycerol pretreatment. In this study, 2 % NaOH pretreatment
was most effective for lignin removal and enzyme-mediated hydrolysis process (Bhati and
Sharma, 2023). Another optimization of alkaline pretreatment by central composite design with
enzymatic hydrolysis study was performed on the cocoa pod husk. The optimal condition was

5%(w/v) NaOH for 30 min at 120 °C increased the content of cellulose from 27.68 (untreated)
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to 57 % and then enzymatic hydrolysis was performed resulting in 66.80g/L reducing sugar

yield up to 98.75 % (Hernandez-Mendoza et al., 2021) which is higher from our study.

The cellulose content of Pistia stratiotes was extracted in a previous study under
various conditions using bleaching agents. Four distinct conditions were used to optimise the
pre-treatment: (1) 2% sodium chlorite + 2% glacial acetic acid; (2) 4% sodium hypochlorite;
(3) 4% hydrogen peroxide + 4% sodium hydroxide; and (4) 4% soapnut solution. The results
of all the conditions in the form of cellulose yield as a percentage were 38.92, 25.70, 10.7 and
none in the fourth condition (Umesh et al., 2022a). In another study, 1% alkali (NaOH) and
1% H20; were used to treat Pistia stratiotes and water hyacinth. Following this treatment, the
cellulose results in water hyacinth increased from 19.7 to 34.2% and in Pistia from 16.5 to
28.4% (Mishima et al., 2008a). After the Pre-treatment, besides ethanol, other solid-liquid
products are also produced like foliar fertilizers, jet fuels and catalysts from the Pistia stratiotes
(Yang et al., 2022). Twenty distinct pretreatment methods were carried out to enhance the
enzymatic hydrolysis and identify the reduced sugar. Sodium hydroxide and hydrogen
peroxide treatment of the water lettuce and water hyacinth was found to be an effective
chemical pretreatment. Compared to water hyacinth, the reduced sugar content in water lettuce
was 1.8 times higher. Therefore, it appears that water lettuce is a more effective substrate for
the production of bioethanol than water hyacinth (Mishima et al., 2006). A study shows how
beneficial the alkali pretreatment was in helping aquatic weeds produce valuable products. It
used chopped fresh forms of French weed, para grass, water lettuce, and sledge as the substrate.
These weeds underwent co-digestion, both with and without an alkali pretreatment, producing
CHs. That study's conclusion was satisfactory. Substrate, cow dung and Water were in a ratio
0f 10:10:80 . The results of methane with French weed, para grass, water lettuce, and sledge
increased by 15.77%, 16.52%, 4.22% and 31.48% following pretreatment (Sinbuathong,
2019).

The optimization of pre-treatment was done on water hyacinth. Different acids like
HCL/H2SO4/HCOOH (2%v/v) with varied concentrations were used such as 1%, 2%, 3% and
4%v/v to obtain a high amount of reduced sugar. Also, 3% v/v NaOH was used for alkali pre-
treatment. The observed results gave maximum reduced sugar at 37.89 mg/100 ml filtrate with
4 % H>SO4 (dilute acid pre-treatment). With the alkali pre-treatment, 3% NaOH gave 17.185
mg/100ml sugar concentration (Awasthi et al., 2013). In contrast, the highest amount of

reduced sugar detected in our study was 33.62 g/L following 72 hours of enzymatic hydrolysis.
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The pre-treatment of lignocellulosic biomass with enzymatic hydrolysis is crucial. The
saccharification of cellulosic biomass or the low degradation of lignocellulosic biomass for the
production of valuable products is the bottleneck in this field, necessitating the use of
economically used enzymes that are effective in the saccharification process. Enzymes ought
to be less expensive to produce at the industrial scale. The cost of using sugars from the
lignocellulosic biomass reaches 25-30% of the total cost of producing biofuel (Hu et al.,
2023b). Either commercially available or in-house-produced cellulase enzymes can be used for
enzymatic hydrolysis. The primary source of fermentable sugars is plant cell walls. Certain
bacteria possess the ability to break down cellulose, hemicellulose, and lignin. For example,
the bacterium, Trabulsiella sp. is capable of efficiently breaking down the lignin model
compound, guaiacylglycerol-f-guaiacyl ether (Suman et al., 2016). Clostridium thermocellum
is an isolated bacteria that is capable of degradation of cellulose and is used for the
saccharification process. It is isolated by goat rumen and is a thermophilic bacteria that is active

at the temperature of 50-70 °C and works on agro-industrial waste (Hamann et al., 2015).

Apart from bacteria, the fungus is also used for the production of enzymes. Different
types of fungi, like Aspergillus sp. A1C2-06, Talaromyces verruculosus A1C2-05 (Fontes et
al., 2023), Aspergillus niger (Sulyman et al., 2020) and Trichoderma ressei (Wu et al., 2019),
are used for the production of cellulase enzyme. In the previous study, the 4. niger produced
enzymes by using the waste of C. oleifera as a substrate and the conditions were 50 °C at 200
rpm for 24 hours and produced 20.58 g/L sugar (Dessie et al., 2024). Another study shows that
using the same fungus stain and conditions were different than was at 50 °C at 150 rpm for 48
hours on the wheat straw after thermal pretreatment produced 32.90 g/L sugar (Infanzon-
Rodriguez et al., 2022). When alkaline pretreatment was done on the Brassica juncea with a
low concentration of NaOH (0.5 M) at 160 °C for 30 minutes with 10 % loading. The
delignification occurred in the sample and then enzymatic hydrolysis was done by the mixture
of cellulase obtained from A. niger MTCC284, T.  harzianumMTCC8230 and F
incarnatumKU377454. Then 62.35 mg/ml reduced sugar was formed after hydrolysis in 48
hours at 50 °C with 15 % loading (Pant et al., 2021). Commercially available cellulase enzymes
that are suitable for the saccharification process are also reasonably priced. We employed the
inexpensive, readily available commercial cellulase enzyme in our investigation to achieve

successful saccharification results.
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Pistia stratiotes was treated with acid (H2SO4) in the prior study. The H2SO4 solution
of (v/v) 1.5, 2.5, and 3.5% was used as the optimization's parameters, and it was left at a
constant temperature of 25 °C for 15, 30, and 60 minutes. The full optimisation conditions are
composed of two factors with three levels. Following treatment, the hydrolysate is filtered
using grade 6 Whatman filter paper to analyse the sugar content. The result demonstrates that
by raising the HoSO4 concentration by about 3% (v/v) and treating for 40 minutes, the sugar
yield increased to 122.2+5.2 mg/g. The sugar yield dropped when both parameters were raised
because sugar breaks down into harmful substances (Mthethwa et al., 2018) In our study, the
hydrolysate was filtered through a vacuum filter, which effectively removed even the smallest
impurities. CaCO3 was then used to perform the detoxification process. In a different
investigation, the Pistia stratiotes contained 36% cellulose, 23% hemicellulose, and 3% lignin.
For 45 minutes, this raw sample was hydrolysed at a concentration of 2.5% H>SO4 and 1% w/v
biomass to acid ratio (Mthethwa et al., 2019). Pistia stratiotes was given a hydrothermal
pretreatment at 473 K for 30 minutes. A notable sugar yield of 23.70 £ 0.52 g/kg dry mass was
observed (Luo et al., 2011).

Pistia stratiotes and water hyacinth are free-floating weeds that were the subject of an
investigation into the fermentation-based production of bioethanol. Pistia stratiotes and water
hyacinth had the same sugar content, except arabinose. In Pistia stratiotes, there is more starch
than cellulose and hemicellulose. The fermentation of S. cerevisiae was used to measure the
concentration of ethanol; the results for water hyacinth and Pistia stratiotes were 14.4 g/L and
14.9 g/L, respectively. Nevertheless, 16.2 and 16.9 g/L. of ethanol were produced when
recombinant £. coli KO11 was used to perform simultaneous saccharification and fermentation.
It demonstrates that saccharification and fermentation done simultaneously were more efficient
than saccharification and hydrolysis done separately. The yield of ethanol was compared to
agricultural waste: for water hyacinth, it was 0.14-0.17 g/g dry, and 0.15- 0.16 g/g dry biomass
of Pistia stratiotes (Mishima et al., 2008b). Water hyacinth and water lettuce are two examples
of aquatic weeds that successfully produce bioethanol. To boost output, malt and barley extract
were added to the newly taken substrate during the fermentation process. The concentration
was different in different conditions. The water hyacinth and water lettuce samples had the
highest sugar content (0.283 mg/L and 0.228 mg/L) on the second day. In comparison to water
lettuce, the water hyacinth produced the most ethanol on the second day. The fermentation

process was carried out at 30°C in the dark. In comparison to other enhancer mixtures, 1.019
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mg/L of ethanol was produced when 10% barley was used as an enhancer during the process

(Rezania et al., 2014).

Similar to water lettuce, water hyacinth is classified as an aquatic weed. After providing
an acidic pretreatment, this weed produced ethanol through fermentation using four distinct
yeast strains: S. cerevisiae NRRLY-12632, Candida intermedia NRRLY-12854, Pachysolan
tannophilus NRRLY-2460, Pichia stipitis, and a fungal strain called Trichoderma reesei
NRRL-3652 used to produce cellulase enzyme for enzymatic hydrolysis. The pretreatment was
carried out at 121°C for one hour using 0.1%, 0.5%, 1%, 1.5%, and 2% H>SO4. Additionally,
the solid biomass produced used for enzymatic hydrolysis by 7. reesei's in a shaking flask at
30 °C was subjected to enzymatic hydrolysis. The fermentation process lasted 15 minutes at
28 °C and 125 rpm. Using P. tannophilus, the highest ethanol concentration of 0.043g/g was
achieved and by S. cerevisiae 0.015 g/g (Manivannan and Narendhirakannan, 2015). Potential
aquatic weed Spirodela polyrhiza is grown on sewage and is being considered as feedstock for
bioethanol production. It has a high starch content that is useful for certain purposes. This starch
is additionally utilised during the fermentation process to produce ethanol. The enzymatic
hydrolysis of starch by B. amyloliquefaciens crude enzyme extract was a necessary step before
fermentation. Enzymatically hydrolysed 40 g/L of reduced sugar was used to begin the
production of ethanol. S. cerevisiae (109 CFU/ml) was used for the fermentation, which was
conducted for 48 hours at 28 °C in an incubator with a shaker set at 150 rpm. A tonne of biomass
can produce 79.7-80.4 kg of starch. the ethanol yield was obtained at 8.98 % and 0.032 g/g
waste biomass (Patel and Bhatt, 2021). The procedure followed in our study is mentioned in

Fig. 3.25.

A programme called PRADHAN MANTRI JI-VAN YOJANA uses
lignocellulosic biomass and other renewable feedstock to finance integrated bioethanol
projects. This programme is suitable for second-generation (2G) biofuel production. The Indian
government has launched this programme to improve the nation's energy security and lessen
its reliance on imports. The 2018 announcement of the National Policy on Biofuels aims to
accelerate the production of biofuel and blend it 20% with petrol and 5% with diesel by 2030.
2@ bioethanol is produced using agricultural residues, organic waste (such as woody and grassy
waste), and waste materials as a substrate combined with biodegradable industrial and
municipal waste. About 12—16 crore tonnes of these materials are available annually in India.

The projected 2500-3000 crore litres of bioethanol produced annually have the potential to
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lessen reliance on imported crude oil. This policy has the benefit of generating additional
valuable products like compost, liquid CO2, and biogas. This programme improves citizen
health by reducing pollution of the environment, soil, and water. The socioeconomic growth of
rural India along with the formation of other possible by-products like furfural, Xylitol, high
fructose, and L-arabinose, raised the process's profitability. India would be the first time in the
country to use 2G ethanol (“Refinery Division - Second Generation (2G) Ethanol | Ministry of
Petroleum and Natural Gas | Government of India,” n.d.). Our weed is also included in the 2G

feedstock for the production of bioethanol.
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Fig.3.25 Overall process of ethanol production from the Pistia stratiotes in the study
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CHAPTER (4)

SUMMARY, CONCLUSION AND FUTURE SCOPE

4.1 Summary

Pistia stratiotes was chosen from all the aquatic weeds for the production of ethanol after
reviewing the literature. Pistia stratiotes (water lettuce) is an efficient carbon source because
of its composability. It contains a high amount of cellulose and hemicellulose which makes it
suitable for the formation of valuable products. It is easily available and it can grow within a
week and spread like a network in freshwater bodies. It is counted as a weed because it spreads
in the water bodies and consumes all the nutrients in the water bodies which is harmful to the
water ecosystem. The second region of selection of this weed was that less research was
conducted on this weed as compared to other aquatic weeds. Pistia stratiotes was collected
from Hauz Rani city forest, Delhi in the early winter season and monsoon season. It is about
25 kg in weight whenever we collected it, then washed it 2 to 3 times to remove extra dirt from
it with tap water. The washed sample was dried at room temperature for 24 hours and then
dried in the oven for 24 hours at 40 °C. The sample was crushed by a grinder and stored in air-
tight bags for further use. After the preparation of the sample, composition analysis was the
initial step in our study by which we detected the exact carbon content in our weed. The
composition analysis was done with the standardized protocols. Ash content, total solids,
moisture content and lignin content were determined by the NREL methods which is very
common in the renewable energy protocols. Protein analysis was done by Foss Nitrogen
analyzer. Starch was detected by the anthrone method. Cellulose and hemicellulose estimation
was done by up-degraff and detergent method. The composition proves the statement that it is
a good source of ethanol production. 25.90 % cellulose and 18.44 % hemicellulose content
give its weightage to use as a carbon source. Whenever we did the composition the next step
was the extraction of sugar from the raw sample. This extraction of sugar was done by the
optimization of alkali and acidic pretreatment methods. This optimization was done by Minitab
software with Response surface methodology (RSM). In this RSM the independent variables
were taken which have an impact on the dependent variables (responses). In the alkali
pretreatment optimization, we have taken independent variables like alkali concentration, time

and temperature. The range of independent variables was 0.5, 1.75, 3 % NaOH concentration,
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30, 45 and 60 min and 60, 90 and 120 °C. 20 different conditions were formed by central
composite design in RSM. These 20 conditions were performed in the laboratory and set in the
model by which one single optimized condition was formed and this optimized condition (2.47
% NaOH concentration, 60 min at 120° C) was performed individually to reconfirm the results.
After performing the alkali optimization sample was neutralized with diluted sulfuric acid
sulphuric acid. The solid sample was used to detect the cellulose content in the sample.
Maximum cellulose content was formed by the optimized condition and this is further used for
the enzymatic hydrolysis process. In the alkali-optimized condition, the maximum is 51.67 %
cellulose content. This proves that alkali optimized condition increases double fold of cellulose
content from the raw sample. The hydrolysis was done by commercialized cellulase enzyme
which was purchased by India Mart. These commercially available cellulase enzymes make
the process cost-effective. Initially, the filter paper unit was measured by the Whatman filter
paper 1. Whenever the FPU (247 FPU/g) was determined then further hydrolysis was done by
different concentrations of 25 FPU, 50 FPU and 75 FPU. In the initial step, enzymatic
hydrolysis was done in a 10 ml solution with a 0.5 g sample (cellulose). It is performed in
triplicate and three different samples are used for hydrolysis (pure cellulose, raw sample and
hydrolyzed sample) with the addition of 2 % sodium (w/v) to protect the sample from microbial
growth. The maximum hydrolysis was done by 50 FPU within.

In the acidic optimization, different parameters were taken and 20 different conditions were
performed with the help of an autoclave. In the central composite design, o value was also
taken. The independent variables with a values were 0.15, 0.75, 1.63, 2.5 and 3.1 % H>SO4
concentration, 12.96, 30, 55, 80 97.04 min and 93.18, 100,110,120 and 126.82 °C. After
performing all the experiments, the hydrolysate contains many toxic compounds which restrict
microbes during the fermentation process. For the detoxification of hydrolysate, the
hydrolysate was neutralized by CaCOs and then stored at -20 °C for further use. The
hydrolysate contains reduced sugar which is used for the production of ethanol with the help
of microbes. The reduced sugar was determined by DNSA, miller 1959 method. In the acidic
optimization process, both cellulose content and reduced sugar content are carried out as a
response. When the outcomes were put in the model then an optimized condition was obtained.
The acidic optimized condition (2.8 % H>SO4 concentration, 15 min at 120°C). when the
optimized condition was performed individually then it gives 23.44 % reduced sugar which
proves that our model is fit according to the observation. For the fermentation process, two

strains were procured from NCIM, Pune (India). Saccharomyces cerevisiae (ATCC 834)
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(NCIM 3594) and Pichia Stipitis (NCIM 3498) were in the form of active culture. Initially,
they were revived on the MGYP media as mentioned in the instructions in the pamphlet
provided by NCIM (Pune) along with strains. S. cerevisiae convert hexose sugars into ethanol
on the other hand P. stipitis converts both hexose and pentose sugars into ethanol. So both of
these stains are model strains for the production of bioethanol. Initially, the strains were
maintained in the petri plate for storage. The inoculum was prepared and the growth came
within 12 hours. Initially, 10 g/L of reduced sugar was taken in the hydrolysate and the synthetic
media for the fermentation process. The hydrolysate amount was taken as 150 ml in the conical
flask. Inoculate the culture 5 % of total hydrolysate and then fermentation was done and take
out the hydrolysate in every 12 hours for taking the growth rate of S. cerevisiae and P. stipitis
the ethanol concentration in the media. The quantification of ethanol was done by Gas
Chromatography. The retention time of ethanol was 10 minutes. The graph was plotted cell

growth, ethanol concentration vs time.
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4.2 Conclusion

P stratiotes is used as a biomass for ethanol production because of its high
carbohydrate content with the maximum amount of cellulose. To create a high amount of
reduced sugar and better enzymatic hydrolysis and form more reduced sugar for the production
of valuable products, acidic and alkali pretreatment optimisation is helpful. Thus, we used
Response Surface Methodology (RSM) analysis using Minitab Statistical Software to optimize
the condition of acidic and alkali pretreatment. It was discovered that the ideal conditions were
2.47 % alkali content, 60 minutes, and 120 °C for alkali pretreatment optimization. Once
optimised, the highest percentage of cellulose obtained was 51.66 %. The maximum amount
of reduced sugar with 75 FPU/g solid biomass is obtained after performing the enzymatic
hydrolysis by a commercially used enzyme, which is thought to be cost-effective. This is
equivalent to 31.06 g/L in 72 hours as opposed to hydrolysing the raw sample with the same
amount of enzyme, which is 8.51 g/L. Acidic pre-treatment enhances the sugar content
accessible to the microbes used in the fermentation process in the sample. In previous studies
that used P. stratiotes, the optimization of acidic pre-treatment wasn’t performed. Acidic pre-
treatment condition to obtain maximum sugar that is affected by three independent variables,
viz. acid concentration, time and temperature. The optimized condition (2.5 % acid conc. at 15
min and 120 °C) was used to obtain hydrolysate with 23.44% reduced sugar, which was further
detoxified with calcium carbonate and subsequently used for ethanol production. S. cerevisiae
can only use hexose sugar for fermentation, while P. stipitis can use both pentose and hexose
sugar. S. cerevisiae produced ethanol conc. 3.32 g/L with 0.39 g/g ethanol yield from the
synthetic media and in the hydrolysate, ethanol conc. 3.25 g/L with 0.37 g/g ethanol yield was
found. P, stipitis produced 3.57 g/L ethanol conc. with 0.41 g/g ethanol yield from the synthetic
media while in hydrolysate, 0.39 g/g ethanol yield was calculated. Bioethanol from
lignocellulosic biomass is a sustainable approach as it is a requirement to replace fossil fuels.
The current study’s novelty is in lowering operating costs while achieving
the maximum amount of reduced sugar formation with techno-economical results. The
environmental, and socioeconomic impacts need to be evaluated. This is necessary to scale up
the entire biorefinery process and produce valuable products at a higher and more affordable

rate.
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4.3 Future scope

= Agquatic weed used as biofuel substrates could give way for wastewater treatment and
renewable energy production.

= Phytoremediation characteristics of aquatic weeds, and constructed water bodies could
be economical alternatives to the cultivation of aquatic weeds.

= The production of other valuable products could be possible by aquatic weeds like lactic
acids, enzymes and bioplastic.

= Metagenomic sequencing research could give insight into growth patterns, and their
response to the biotic and abiotic factors and find out the particular gene involved in
the carbohydrate production. This technique gives the direction for higher cellulose and
hemicellulose content by gene editing technique and gives a novel way of bioenergy
production.

= To increase biofuel yields, process augmentation and other hybrid pretreatment
techniques, such as biological ones, can be used.

= + Aquatic weed must be fully utilised to achieve economic sustainability. Under an
integrated biorefinery approach, residual biomass after the production of biofuel could
be used for other industrial applications.

= [tis necessary to conduct extensive life cycle analyses and risk assessments of aquatic

weeds to develop and expand biorefineries for a viable future them.
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Abstract

The demand for biodegradable and biocompatible polymers rises because of the environmentally hazardous property of
petroleum-based plastic. Polyhydroxyalkanoates is an advantageous alternative to synthetic plastics. Biodegradable property
of this biopolymer makes it suitable for the environment, human, and animal health. For production of polyhydroxyalkanoates,
several challenges are associated like production cost and use of hazardous chemical during extraction and treatment which
oppose the scale up of the process. To overcome these issues, many strategies such as utilization of cheap carbon source,
optimization of processes, and modified microbial strains are being used for economical production. The use of organic waste
is a suitable option to produce polyhydroxyalkanoates in sustainable manner, which is cost-effective and provide solution of
its management. Modification in downstream process makes it economic and sustainable by which it can be implemented
on the industrial scale. In the application part of these biopolymer, it can be made prominent in medical, agriculture, and

tissue engineering fields by blending option.

Keywords Biodegradable - Environment - Organic waste - Polyhydroxyalkanoates - Sustainable - Waste management

Introduction

Petroleum-based plastic is commonly used because of its
durability and availability; however, the main problem asso-
ciated with plastic waste is its degradation and accumula-
tion. It takes decades to degrade, and it affects the water
resources, soil as well as ecosystem. Plastics accumulate
in form of microplastics by the bioaccumulation process
in humans as well as animals, which causes several health
problems. Commonly used conventional plastics are poly-
ethylene terephthalates (PET), high-density polyethylene
(HDPE), polyvinyl chloride (PVC) and polystyrene (PS),
and all of these conventional plastic cause many diseases
like birth defects, skin diseases, cancer, ulcers, liver dysfunc-
tion.(Saravanan et al. 2022).
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Landfilling and incineration are cost-effective processes
to manage the plastic waste. To resolve these problems of
fossil fuel-based plastic, another alternative approach is
employed, which is to produce biodegradable plastic. These
are biodegradable and biocompatible in nature. This degra-
dation formed in two steps. First step, monomers, dimers,
and oligomers are formed depending upon the depolymer-
ase, and in the second step hydrolase enzymes degrade
dimer and oligomers into the monomers (Jadhav et al. 2022).
Biodegradation nature of bioplastic was evaluated by optical
properties, swelling behavior, and moisture content, which
has a potential to be a sustainable material for various bio-
plastic applications (Rohadi et al. 2022). An addition of the
plasticizers to bioplastic can enhance the tensile strength
and it can reduce swelling and water retaining capability of
organic waste bioplastics. (Ng et al. 2022).

These biodegradable plastics are mechanically strong,
water resistant, and thermally stable with recycling and bio-
degradable properties. Hence these may be an alternative to
fossil fuel-based plastic. It can be degraded rapidly in water
and recycled (Xia et al. 2021). The biodegradable and bio-
compatible nature of PHAs makes them significant in pack-
aging, paints, and the medical area (Khatami et al. 2021).
These polymers are synthesized by both gram-positive and
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gram-negative bacteria as an intracellular energy and carbon
storage material. Some anaerobic bacteria are also reported
to produce of these biopolymers (Valentino et al. 2019).
Wild type, as well as engineered bacterial strains, are used
to produce PHAs. Engineered bacteria seem to be more effi-
cient in terms of contamination resistance, controlling PHA
synthase activity, morphology, and polymer yield. Hence,
these characteristics make the genetically modified bacte-
ria more valuable (Chen and Jiang 2017). Various organic
waste streams provide an opportunity to utilize as renewable
carbon source for PHA accumulating bacteria. This class of
natural polymers can be synthesized by sugarcane and corn;
however, these carbon sources are competent food materi-
als. Hence organic waste streams could be an alternative
substrate. Various classes of waste, including vegetable fat,
waste oils, straw, sawdust, and food waste, could be uti-
lized for sustainable production of polyhydroxyalkanoates
(PHAs). Different conversion technologies like pretreatment,
hydrolysis, fermentation, and extraction are optimized in
order to obtain to increase the efficiency and cost-effective-
ness of production of PHA on the industrial scale.

This review gives an insight of biopolymer PHA and its
biosynthesis in microorganism. Latest strategies for PHA
production from different types of organic waste stream,
including lignocellulosic waste, municipal waste, whey
waste, and kitchen/food industrial waste, are discussed
(Fig. 1). Depending upon type of waste stream, the possible
conversation pathways are outlined in detail for PHA accu-
mulation. The variable composition of substrate affects the
sustainable production of bioplastics. Improvement of PHA
accumulation in microbial strain and advancement in PHA
extraction methods are also discussed, and in later section,

Lignocellulosic waste

Fig. 1 Various type of organic waste for PHA production

* @ Springer

the potential application of this biopolymer is reviewed.
There are several bottlenecks for industrialization of this
product. A few practical explanations are also provided to
overcome the challenges for microbial accumulation of PHA
as only a small number of industries utilizing waste for bio-
plastic production. Hence, it is a great requirement for com-
mercializing of waste to PHA synthesis-based industries by
improving the process design.

PHA, structure and composition

PHAs are polymers that can be easily degraded. It is accu-
mulated in various bacteria intracellularly in the form of
inclusion bodies as a carbon storage material under the stress
environment. During the unbalanced growth condition, this
granular PHA is advantageous for the survival of the bacte-
ria. The properties of PHA are similar to petroleum-based
plastic but produced by microbes in shortage of nutrients
with excessive sugar concentration. The common structure
of PHASs is composed of 3-hydroxy fatty acid subunits. The
carboxyl group monomer is joined with the hydroxy group
of nearby monomers. Various classes of the bioplastic fam-
ily are known to depend upon the alkyl side chain present in
the structure of PHAs. At the carbon-3 position, it may be
aromatic, unsaturated, halogenated, epoxidized, or branched
alkyl group present (Naik et al. 2008) (Fig. 2). Carbon
numbers in monomeric units classified the PHAs. Different
polymers include poly(3-hydroxybutyrate) (PHB), poly(3-
hydroxyvalerate) (PHV), poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) (PHBV), poly(3-hydroxyoctanoate) (PHO),
poly(3-hydroxynonanoate) (PHN), 3-hydroxyhexanoate

Hydrolysis and
fermentation

(microbial
polymerization)
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Fig.2 Molecular structure of polyhydroxyalkanoates (PHA)

(HHXx), 3-hydroxyheptanoate (HH), and 3-hydroxydecanoate
(HD) are the main form of PHAs. Mainly two types of PHAs
are accumulated by bacteria, short-chain length PHAs (scl-
PHAs) and medium-chain length PHAs (mcl-PHAs). A scl-
PHAs contain 3-5 carbon monomers; however, mcl-PHAs
are composed of 6—14 carbon monomers. PHB, PHV, and
PHBY are scl-PHAs, and PHO, PHN, HHx, HH, and HD are
mcl class of PHAs (Li et al. 2016).

Biosynthesis pathways for the synthesis of PHAs

Variation in carbon source gives a way to synthesize different
PHAs in a bacterial cell. Diversification of PHAs depends
on the type of monomer, polymer chain structure, functional
groups, molecular weight, and carbon source available for
its production (Zheng et al. 2020). The monomers present in
the complete chain characterize the type of polymer formed.
There are four types of polymers homopolymers, random
polymers, block polymers, and graft polymers which shows
different properties. Homopolymers are made up of the same
monomeric units, whereas the other three are made of dif-
ferent monomeric units with a different pattern of combina-
tion (Fig. 3). The exact structure of PHA depends on the
type of monomer of carbon utilized in PHA synthase in the
bacterial cell. There are 12 different pathways for synthesiz-
ing the PHAs. However, most three common pathways are
found in the bacterial cell (Fig. 4). These include fatty acid
synthesis pathway, acetoacyl pathway, and beta-oxidation
pathway (Chen et al. 2015). Acetate and formate are highly
toxic compounds generated during the metabolic pathway of
bacteria E. coli, and these toxic compounds are used in the
anaerobic metabolic cycle of bacteria for the production of
PHB and other polymers (Chen et al. 2016).

In the first pathway, acetyl-CoA is converted into ace-
toacetyl-CoA and further proceeds into 3 hydroxy butyryl
CoA. With the help of scl-PHA synthase, it forms PHB. On
the other hand, in the second pathway in situ fatty acid syn-
thesis occurs in a bacterial cell, and phaG converts R-3-hy-
droxyaceyl-ACP into R-3-hydroxyacyl-CoA, and it is further

DIVERSIFICATION OF THE PHA POLYMERS
(scl-PHAs:C3-C5)(mcl-PHAs:C6-C14)

Multiple monomer classes

Various ratio of monomers

Various order of polymer microstructure

1 1

L _ENE EE oW

4

sm D Sortoe®s

Various molecular weight

i 1

MONOMERS

|eocOOec®

FUNCTIONAL GROUPS

CAD

Fig.3 Various ratios of monomers were arranged into four different copolymers (homopolymers, random polymers, block polymers and func-
tional copolymers). These copolymers have different characteristic properties and molecular weight

* @ Springer



2282

International Journal of Environmental Science and Technology (2024) 21:2279-2306

f PATHWAY Il PATHWAY | PATHWAY IlI
oo et s
e CoA ey Fatty
shortened A
PhaA (Acetyl-CoA o o
Acetyltransferase) ” Acyl-CoA
h dehydrogenase
[ B oxidation
’ B-Ketoacyl-CoA TransA2-Enoyl-CoA
o O “ Liydrony acylCoR® Lg-Hydramyl  ENy- oA
p-enoyl-ACP " Enoyl- B-hydroxy acyl- Dehydrogenase acyl-CoA hydratase
reductase Acp ACP dehydrase PhaB (Acetoacetyl-CoA
Fab (3-ketoacyl reductase) Phal (enoyl-CoA
ACP reductase) o hydratase
PhaC (PHA synthase)
PhaC (PHA synthase) PhaC (PHA synthase)
\ /

-

- _FTYAQDS
N\
.

\

Fig.4 Common pathways for PHA production in bacterial cell

converted into mcl PHA with the help of mcl-PHA synthase.
In the third pathway, f oxidation of fatty acid synthesizes
mcl-PHA by mcl PHA synthase (Chen et al. 2016). Various
classes of enzymes include PhaA, PhaB, PhaC, FabG, Phal,
p ketothiolase, acetoacetyl-CoA reductase, and PHA syn-
thase, 3 ketoacyl-acyl carrier protein (ACP) reductase, and
eoyl-coenzyme participate in the whole process (Numata
et al. 2013).

Gram-positive and gram-negative bacteria can produce
PHA and copolymer of PHA. Homopolymers of PHA are
brittle and have low strength. Clostridium, Streptomyces,
Rhodococcus, Staphylococcus, and Bacillus are some
common PHA-producing bacteria. Bacillus can produce
homopolymer and copolymer of PHA. Glucose, glycerol,
and acetate are used as the main carbon sources for the
synthesis. Methylobacterium rhodesianum, E.coli IM109,
and Azohydromonas australica are common gram-negative
bacteria that can produce PHA (Ray and Kalia 2017). E.coli
is the most promising bacteria, which shows binary fission
cell division, and it is beneficial for the accumulation of a
high amount of PHA in inclusion body of the bacterial cell.
However, the main problem is the reduction in the size of a
cell during cell division. Recombinant technologies target

* @ Springer

the genes involved in cell division; hence, the growth pattern
of a cell can be changed from binary division into multiple
fission. FtsZ gene is over-expressed to speed up the cell divi-
sion, and mreB gene increases the size of a cell for PHA
production (Wu et al. 2016b).

In bacteria, PHA is produced intracellularly in the form
of cytosolic granules. The amount of PHA depends upon the
size of the granules. In the C. necator, the size of granules
varies from 0.2 to 0.5 um (Sen and Baidurah 2021). Bacte-
ria experience various biotic and abiotic stress. During this
stress, bacteria synthesized PHA in the form of intracellular
granules which works as a carbon source to cope with the
stress conditions and provide nutrients and energy for cellu-
lar function. However, under higher stress conditions amount
of PHA may decrease (Miiller-Santos et al. 2021).

Waste glycerol contains glycerin, and this sugar is con-
verted into volatile fatty acids (VFAs). These VFAs are fur-
ther utilized by bacteria to produce PHAs. Acetic acid is con-
verted into PHB in the bacterial cell. The product of acetic
acid can be homopolymer PHB and co-polymer (3HV) poly
hydroxyvalerate. These are synthesized by a combination of
acetate and propionate (Ciesielski et al. 2015). When oil is
consumed as a carbon source by the bacteria, triglycerides
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break down into the fatty acids by lipase enzyme, and this
enzyme breaks the ester bond in triglycerides. All of this
breakdown occurs in bacterial cells (Tanikkul et al. 2020).
The B3 oxidation occurs in the cell to break down fatty acids
into the acetyl-CoA for providing the nutrients for further
growth of the cell. This process of turning the fatty acid
into acetyl CoA is costly. Engineering this process could be
a target and helps to increase the PHA productivity (Chen
et al. 2020).

Conversion technologies involved in PHA
synthesis

Pretreatment

Pretreatment is an essential step in the liberation of sug-
ars from plant-based biomass. Lignocellulosic biomass is
mainly composed of complex polymers including, cellulose,
hemicellulose, and lignin. Lignin is the main obstacle to
hydrolysis of carbohydrate complex; it is tightly bound with
cellulose and hemicellulose and restricts the saccharifica-
tion process. After the pretreatment step, lignin is removed,
the free cellulose or hemicellulose could be enzymatically
hydrolyzed into monomer sugars, and these sugars are fur-
ther used by microbes for PHA accumulation. Depending
on the biomass composition, different types of pretreatment
methods are used in the process of production of bioplas-
tic from different types of biomass. The various class of
pretreatment methods includes physical, chemical, physico-
chemical, and biological.

Physical pretreatment

Mechanical extrusion is a technique by which reduction
in particle size of the organic waste is performed, which
increases the surface area of the substrates and efficiently
hydrolyzes (Hjorth et al. 2011). It is a promising process of
treatment, high pressure is applied to the substrate, and the
liquid fraction is formed after this pretreatment (Cesaro et al.
2021). Extruders are of two types (1) single-screw extrud-
ers and (2) twin-screw extruders. A single-screw extruder is
made up of a single solid screw while a twin-screw extruder
is made up of two screws that are connected to the motor,
hopper, and temperature regulators (Duque et al. 2017).
Milling is process in which the particle size of the sub-
strate is decreased by the grinding instrument. The milling
instrument is made up of an electromotor (1.1 kW) and a
grinder to decrease the particle size (Liu et al. 2016). Gen-
erally, this pretreatment is performed with a combination
of other pretreatment methods. The grinder of electromotor
grinds the substrate and revolves at a particular rpm. The
substrate should be chemical-free during this process. After

this pretreatment, centrifuge the slurry for further enzymatic
hydrolysis (Zhang et al. 2021). Water in the substrate affects
this process, and a low moisture content in the substrate
speeds up the milling process. A fast grinding and high glu-
cose content form when there is no water content during the
milling process (Gu et al. 2018).

Microwave pretreatment is done for the breakdown the
lignin. Heat is provided to the sample to disrupt the lignin.
The range of heat may be 60-140 °C with different time
ranges (Yan et al. 2021a, b). This technique is majorly
used for lignin extraction; however, the sugar content can
decrease under harsh operating conditions (Sun et al. 2021).
This is a potential technique to extract highly purified lignin
extraction (Zhong et al. 2022). The maximum recovery of
sugar by this process obtained is 0.512 g/g with corn cob
under the optimized conditions which also enhanced the
productivity of bioethanol (Ocreto et al. 2021).

Ultrasonic pretreatment is performed by ultrasonic bath
reactor with different frequencies. Single, dual, and multiple
frequencies are used in the generator to perform the pretreat-
ment. Samples in the tube are placed 4 cm deep in this water
bath, with different frequencies such as 20, 40, and 60 kHz.
Different pretreatment time settings are used with fixed tem-
peratures (Yan et al. 2021a, b). The combination of alkaline
in ultrasonic pretreatment could increase the saccharification
of the lignocellulosic biomass, and a sugar recovery of 90%
is obtained (Saratale et al. 2020).

Pulse electric field is another pretreatment technology,
in which a high electric field is applied on the substrate for
milli-seconds at a short pulse. Pulse electric field pretreat-
ment gives better performance for enzymatic accessibility of
the substrate (Kovacic et al. 2021). Lipid extraction is essen-
tial for industrially important chemical synthesis. Wastewa-
ter Chlorella pyrenoidosa (microalgae) could be a good
carbon source for biodiesel and other metabolites includ-
ing PHA production. For the delignification step pulse, the
electric field is an efficient pretreatment method (Han et al.
2019). Lignocellulosic biomass is treated with a short burst
of high intensity of electric field for fraction of seconds,
and after that, the polymers of the cell wall breakdown into
monomers of sugar for further use in the industry (Haldar
and Purkait 2021).

Chemical pretreatment

Alkali and acidic pretreatments are efficient pretreatment
methods for the accessibility of enzymes and breakdown of
complex material in the plant cells into the simple sugars
for further use in the PHA accumulation. Different acids,
such as sulfuric acid, hydrochloric acid, acetic acid, boric
acids, are used for acid pretreatment. Here, mostly hemicel-
lulosic sugars are recovered. However, for alkali pretreat-
ment sodium hydroxide, ammonia, and calcium hydroxide
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are used, which result in the solubilization of lignin com-
ponents. These chemicals are used with a combination of
temperature and various time duration and concentrations,
depending upon the biomass type. As compared to the acidic
pretreatment, alkali pretreatment is most beneficial for the
enzymatic hydrolysis (Murciano Martinez et al. 2015).

Organosolv pretreatment is used to extract lignin from
the lignocellulosic biomass. Many organic solvents are used
with a combination of acid or alkali in this pretreatment.
Ethanol, methanol, acetone, butanol, and diethylene glycol
are used as a solvent. Glycerol and methanol are commonly
used for efficient sugar liberation (Joy and Krishnan 2022).
The organosolv pretreatment method is also used to obtain
the highly purified lignin from the lignocellulosic biomass.
About 97% of pure lignin was recovered by using ethanol as
a solvent (Parot et al. 2022).

Physiochemical pretreatment

Steam explosion pretreatment process is performed at high
temperature and high pressure on the biomass. High pres-
sure is generated by a steam generator in the steam explo-
sion equipment. The biomass is treated with this steam for a
short duration of time, which can be from a few seconds to
several minutes, and the pressure is released to atmospheric
pressure instantly. The sudden change in pressure cause dis-
ruption of the substrate by the release of sugars and lignin
disruption. This pretreatment could be performed alone
or in combination with another pretreatment. In a study,
sequential pretreatment is performed; after steam explosion
pretreatment, acidic pretreatment with 1.5% sulfuric acid is
done. Optimized conditions for banana pretreatment found
to be 219.31 °C temperature with 10 min of residence time
for PHB production (Anna Mabazza et al. 2020). Acid-cat-
alyzed reaction during steam explosion gives higher xylose
recovery which is further used for pentose utilizing microbe
for production of value-added chemicals (Cavalaglio et al.
2021).

Liquid hot water pretreatment reduces the recalcitrance
property of lignocellulosic material. It is also called hydro-
thermal pretreatment and this pretreatment does not release
any toxic materials, hence enhancing enzymatic activity for
hydrolysis of cellulose (Martin-Lara et al. 2020). This treat-
ment is beneficial for the fermentation process because in the
fermentation step microbes utilize sugars free from any toxic
material. However, the sugar yield is lower in comparison
with other pretreatment processes (Zhuang et al. 2016).

Carbon dioxide explosion is a technique in which bio-
mass is placed in a reactor that contains pressurized car-
bon dioxide. Anaerobic digestion is an essential step in the

% @ Springer

waste management process and the pretreatment process
for sustainable valuable chemical production (Ampese
et al. 2022). Carbon dioxide works as a solvent in this
process, and it mixes with the substrate in the reactor with
high pressure by which the breakdown of hemicellulose
and cellulose into simple forms of sugars (Das et al. 2021).
Benefits of this pretreatment include low cost; the release
of a low amount of hazardous molecules and this process
needs low temperature (Agbor et al. 2011).

Biological pretreatment

Chemical pretreatments release toxic bioproducts in the
hydrolysate which become hazardous to the environment as
well as fermenting bacteria. Biological pretreatment is an
alternative to chemical pretreatments. Bacteria and fungi are
the main microbes involved in this process. During biologi-
cal pretreatment, some controlled factors like pH, inoculum,
temperature, moisture content, and time duration are used to
optimize the process. Breakdown of lignin is the first step for
rapid enzymatic saccharification for the production of biode-
gradable products (Naik et al. 2021). Microbes such as Cel-
lulomonas fimi, Paenibacillus compinasensis, Zymomonas
mobilis, Azospirillum lipoferum, Pseudomonas, Rahnella
used as cellulolytic in nature. Some fungus strains such as
Byssochlamys nivea can grow on the chemical compounds
and decompose them (Zanellati et al. 2021). Other than
microbes, some insect species like termites, beetles, earth-
worms, and crickets carry the ability of enzymatic degrada-
tion of lignin. Various enzymes present in the guts of these
organisms are effective for all this enzymatic degradation
process (Sun et al. 2014).

Detoxification

Detoxification is an essential step after the chemical pre-
treatment, especially acid pretreatment. As many toxic
compounds are generated due to the reaction between sub-
strate and acid. Different types of material are used for the
detoxification of hydrolysates like activated carbon, mem-
brane nanofiltration, and calcium carbonate. Charcoal is
activated by mixing with NaOH, and then this activated
charcoal is added to the hydrolysate slowly for 1 h. After
that, it is removed from hydrolysate by vacuum filtration.
GE-Sepa CF cross-flow module with pressure pump used for
the membrane filtration. Complete removal of toxic material
is done by this filtration unit (Tavares et al. 2022). Calcium
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carbonate is another chemical that is used during the neu-
tralization of hydrolysate after the acidic pretreatment which
can remove the toxic materials from the hydrolysate (Ahmed
et al. 2019).

Hydrolysis

Hydrolysis is the main step in between pretreatment and
fermentation. It enhances the accessibility of sugars for
the microbes and enzymes for the production of PHAs.
Chemical hydrolysis and enzymatic hydrolysis are mainly
performed during the production of valuable products.
Enzymes like cellulase and hemicellulase are generally
used for the carbohydrate breakdown into simple forms of
monomers. The substrate is mixed with the sodium acetate
buffer, enzyme and incubated at 50 °C for a different dura-
tion of up to 3—4 days. The detection of monomeric sugars
is performed by HPLC (Thuoc et al. 2017). Hydrolysis is
also done by dilute acid, and it can be sulfuric acid or hydro-
chloric acid. Toxic chemical generation after pretreatment is
the main disadvantage of acid hydrolysis. For the removal
of these toxic materials, another detoxification step is to be
necessary for further steps (Kucera et al. 2017).

Fermentation

Fermentation is an important step to convert sugars into
valuable compounds. The sugars obtained after different pre-
treatment and hydrolysis are utilized by various microbes to
generate renewable chemicals such as PHA. In fermentation
step, substrate is added in the initial time in the bioreactor
under the controlled condition until the maximum produc-
tion achieved (Simona et al. 2022). One-step fermentation is
done by the recombinant E.coli for the production of the aro-
matic polymer from a renewable source. (Yang et al. 2018).
Mixed microbial culture (MMC) is enriched with the PHAs
producing bacteria. (Colombo et al. 2017).

Transesterification

The transesterification process is used to convert the fry-
ing oil into ester content with the help of a catalyst which
is further used for PHAs production (Almeida da Silva
et al. 2022). Sodium hydroxide, methoxide, and potassium
hydroxide are used as catalysts of which sodium hydroxide
promises to have the highest potential for transesterification
(Leung et al. 2006; Vastano et al. 2019). Transesterification
of the oil depends upon the fatty acids, catalysts, water in
oils, reaction time, and reaction temperature. Glycerol found

after this process is further used for the PHAs production
(Belkhanchi et al. 2021).

PHA extraction and characterization techniques

Extraction is an essential step in the production of PHA.
Extracted PHAs from the bacterial cells are further char-
acterized. Different methods are used for the analysis and
quantification (Table 1). Various techniques are being used
for the extraction process including solvent extraction, diges-
tion by chemicals, enzymatic digestion method, mechani-
cal disruption method, supercritical fluids, and cell fragility
(Jacquel et al. 2008). Bioextraction method is also suitable
at present scenario.

Solvent extraction method

In the solvent extraction method, different chemical solvents
are used; however, acetone is the most preferred solvent.
PHA s production by the palm oil mill effluent is extracted by
the acetone, and 93% maximum recovery is reported which
is higher in comparison with methyl isobutyl ketone and
ethyl acetate (Shakirah et al. 2020). A simple chloroform
extraction can be performed in the Soxhlet apparatus. A
high-pressure extraction is performed for a longer time of
up to 12 h at high pressure (HPE) with acetone as solvent.
A HPE apparatus is composed of an extraction chamber,
filtration, and precipitation chamber. After the extraction,
the extract is dissolved in acetone, filtered, and followed
by methanol precipitation, and PHAs are recovered (Koller
et al. 2013). The extraction from mixed microbial culture
is done by chloroform and dichloromethane (Samori et al.
2015). A rotary evaporator separates the solvent and polymer
(Jiang et al. 2018).

Digestion by chemicals

Digestion by chemicals is performed by dilute ammonia,
and it extracts highly purified PHAs. Temperature plays an
essential role during the digestion for extraction, a tempera-
ture > 75 °C is appropriate for efficient digestion, and a tem-
perature range 75—140 °C is used for extraction and recovery
of polymer (Burniol-Figols et al. 2020). Sodium hydroxide
(0.1 M) is important for the recovery of P(3HB-co-HHXx)
from the recombinant C. necator pPBBR1IMCS-C2. Polishing
of the extracted polymer is done with methanol, ethanol, and
acetone (Anis et al. 2012).

% @ Springer
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Extraction by detergent

To avoid harsh solvents for PHA extraction, detergents are
used as environmentally friendly chemicals. The recovery
rate depends upon the microbe’s capability of production.
Alkylbenzene sulfonic acid (LAS-99) and sodium dodecyl
sulfate (SDS) were used with microbial cells for extraction at
60 °C. LAS-99 is known to give maximum purity of bioplas-
tic as compared to the other detergents (Yang et al. 2011).

Extraction by enzymes

Another alternative to the solvent is enzymes. The enzyme
extraction and ultra-filtration give a purity of 92.6% for
medium chain length (mcl-PHAs) polymer (Kathiraser et al.
2007). However, enzyme cost could be a limiting factor.

Biological methods for extraction

The recovery of the polymer by the biological method is sus-
tainable and eco-friendly. Mealworm digestion system works
significantly to recover PHB. Cupriviadus necatorH16 is
common bacteria that can store PHB in the cell. These bacte-
ria are consumed by many insects, and recovery of PHAs is
done in their fecal material. Mealworms, small cockroaches,
and crickets are some insects, eat bacterial cells, and excrete
the polymer (Ong et al. 2018). Mealworms can give 97%
pure PHB. Fecal matter is further washed with water and
1% sodium dodecyl sulfate to increase the purity (Murugan
et al. 2016.).

Bacteriophage-mediated lysis: Intracellularly produced
PHB is extracted by cell lysis method. This cell lysis occur
in the cell by lytic phase infection. It is ecofriendly method
of extraction. Pseudomonas putida BXHL strain is bioengi-
neered for main two property: First genetically programmed
apoptosis, it extracts out the PHB which is regulated by the
exogenous protein holin. Secondly, it is cheap and harmless
for the environment as compared to the detergent or chemi-
cal recovery (Haddadi et al. 2019).

Predatory system: Bdellovibrio bacteriovorus is a bacte-
rium which act as a predator/ectoparasite for the gram-neg-
ative and gram-positive bacteria for essential biomolecules
so that it is used in isolation of PHB. However, it has PHA
depolymerase activity which hamper the maximum recov-
ery of PHB. Engineered B. bacteriovorus (Bd3709) used for
extraction in which PHA depolymerase is not encoded. The
extraction by recombinant stain is higher than the wild stain,

and extraction formula is in Eq. 1. Martinez et al. 2016;
Haddadi et al. 2019; Vu et al. 2021).
PHA extraction formula:

PHAs weight

PHA (%) = ————
(%) Cell dry weight

100 (1)

Microbial conversion of the organic waste
stream to PHA

Different organic waste streams can be utilized as feedstock
in the industrial process of production of PHAs. (Table 2).
This organic waste can be kitchen/industrial food, lignocel-
lulosic, waste, and dairy waste. PHA is the most common
byproduct which is formed by the microbes by consuming
the waste materials (Povolo and Casella 2003; Silva et al.
2021; Argiz et al. 2021) as microbes store the PHA gran-
ules in their cytoplasm under stressed conditions and with
a suitable amount of carbon source increase the amount of
PHA in bacterial cells (Tyagi et al. 2021). In some cases, two
different bacteria would be compatible with each other and
increase the production of PHA, such as Ralstonia eutropha
and Bacillus subtilis, which are compatible and produce
poly(3-hydroxybutyrate-co-hydrovalerate) copolymer by
use of sucrose as a carbon source (Bhatia et al. 2018). Dur-
ing the acid pretreatment of the substrate, toxic bioprod-
ucts are generated, and these chemicals could be microbial
inhibitors and cause obstacles in PHA production. For the
removal of these inhibitors, detoxification is performed to
remove these toxic chemicals (Pradhan et al. 2017; Kovalcik
et al. 2018). The double limitation condition can increase
its production when imposed at the C/P ratio in the reactor
(Korkakaki et al. 2017). Under the stressed condition like
gas exchange limitation with the increase in carbon source,
boost the PHB accumulation in the bacteria (Samantaray and
Mallick 2015). Four different types of waste are converted
into PHAs by different methods which are shown in Fig. (5).
Different waste contains different composition. Cellulase,
hemicellulose, lignin, and glycerol are main component of
the organic waste. All these components are breakdown in
the simpler form by the pretreatment, and then these are used
by the enzymes for the PHA production (Table 3).

Production of PHA from kitchen waste

Food waste and kitchen waste are the daily wastes gener-
ated in households and food industries. The most common

% @ Springer
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Table 2 (continued)

18

References

PHA accumulation

Technical specification with economic

details

Microbes involved

Type of waste

(Li et al. 2022)

0.31 g PHA/g CDW (cell dry weight)

microbial condition does not require

sterilized conditions
PHA production done by the batch fer-

Batch experimental reactor. Mixed

Mixed microbial culture

Rubber wood waste

Springer

(Loan et al. 2022)

PHB content of from waste cooking

Cupriavidus necator H16

Waste cooking oil and waste fish oil

oil are 76.9 wt % with productivity

of 1.73 g/L/h with yield 0.92 g/g, by
the waste fish oil the PHA content.

1.73 g/L/h an yield is 0.92 g/g

mentation and shake flask. These waste
are inexpensive substrate for PHA

production industrially

waste released from the kitchen and industries is cooked
food, vegetables, meat, baked foods, and beverages (Tsang
et al. 2019). Many value-added products that can be synthe-
sized from food waste are bioethanol, enzymes, bioplastics,
and biohydrogen with the help of the fermentation process
(Ravindran and Jaiswal 2016). Bioplastic is an attractive
molecule as an alternative plastic for the environment. Most
bacterial cells produce PHAs by metabolizing food waste.
In nutrient-deficient conditions, bacteria cannot reproduce
but the size of bacterial cells increases rapidly because of
the accumulation of PHAs (Albuquerque and Malafaia
2018; Jogi and Bhat 2020). For the breakdown of complex
substrate materials into a simpler form, pretreatment of
feedstock is a necessary step to increase production. Differ-
ent pretreatment technologies including biological, chemi-
cal, and physical generally are used for the accessibility of
microbes (Chong et al. 2021). Various microbes are used in
the fermentation process to convert the nutrient, mainly car-
bon source of food waste to PHA (Pan et al. 2021). Higher
production of PHAs reported in the mixed microbial cul-
ture at 29.2-33 °C in the sequence batch reactor of the food
waste (Valentino et al. 2020). During covid-19, biowaste in
the form of personal protective equipment (PPE) kits was
a big issue to solve, and researchers took initiative to make
the PHBV from the kitchen waste. This PHBV is efficient
to make PPE which is helpful to reduce the medical waste
(Hathi et al. 2022).

Production of PHA from oils and fatty acids

For the production of PHAs from the oils, beta-oxidation
process is performed in which triacylglycerol converts into
fatty acid, and it further used by the microbes for the produc-
tion of the bioplastic (Talan et al. 2020). Different types of
oils such as coconut oil, date seed oil, olive oil, palm oil, and
jatropha oil are used (Ganesh Saratale et al. 2021). Crude
and emulsified oils contain fatty acids with different compo-
sitions, and these are utilized by the microbes for the produc-
tion of valuable products including PHBV. Lauric, myristic,
palmitic, stearic, oleic, linoleic are some common fatty acid
found in the plant-based oil. Different surfactants are used
for emulsification to cultivate the bacterial strain on these
oils for the PHA production. (Ingram and Winterburn 2022).
Both pure culture and recombinant microbes have been used
to produce the PHAg from oil waste. Different microbes
including Cupriavidus necator H16, Pseudomonas mendo-
cina, H. mediterranei, P. putida KT2440, and recombinant
Cupriavidus nectaor H16 are used for PHAs accumulation
(Ganesh Saratale et al. 2021; Pernicova et al. 2019). Native
Pseudomonas resnovorans and recombinant E.coli accumu-
lated medium chain length PHAs (more than 1.5 g/L) in
waste food oils. Chilled methanol is used for precipitation
(Vastano et al. 2019). Food waste oils are converted into the



International Journal of Environmental Science and Technology (2024) 21:2279-2306 2291
& O
g wh
Food waste Lignocellulosic biomass Vegetable oils Whey product
Cellulose Hemicellulose Lignin
Pretreatment X 8 Acetobacter spp.
! Extraction :
Chemical prftreament
Enzymatic hydrolysis Pure oil Crude oil Acetic acid formation
Fermentation L salccharrﬁcatlon Transesterification p——,
‘ : ; ‘ PHA produclni bacteria
Separation Detoxification ﬁT
S l‘ — I ptaie o ) Fermentation
Harvest PHA rich biomass Fermentation Fermentation
¢ y Y PHA
Raw PHA Product recovery PHA
PHA
Fig.5 Conversion of four different type of waste into PHA
Table 3 Composition of different organic waste
S.No Waste Composition Product formed References
1 Kitchen waste Carbohydrates-141.64 g/kg wet Biogas (Hu et al. 2022)
weight
2 Lignocellulosic waste Cellulose, hemicellulose and lignin 114.16 mg/L mcl-PHA by use of  (Sohn et al. 2022)
lignin
3 Lignocellulosic waste Cellulose and hemicellulose rich ~ PHAs (Sohn et al. 2022)
waste
4 Oils waste Fatty acids,oil parameters like acid Biopolymer by Cupriavidus neca- (Ingram and Winterburn 2022)

value, saponification, ester value
and free fatty acids

5 Waste whey Cheese whey mother liquor:
total solid-18.44% Carbo-
hydrates-13%, fat- <0.05,
lactose-12.6, cheese whey: total
soild-13.15%, protein-2.46%,

lactose-15.10%

Apple pomace: cellulose-47.49%,
hemicellulose-27.77%,
lignin-24.72% and pectin,
Sugars: fructose-3.025%, glu-
cose-0.76, sucrose-1.26%

7 Waste cooking oil (WCO) WCO: linoleic acid-55%, oleic

and waste fish oil acid-22%,palmitic acid-12%,

(WFO) linolenic acid-8% and stearic
acid-4% WFO: oleic acid-
38.6%,palmitic acid-30.6%,
linoleic acid-9%, stearic acid-
8.2%, myristic acid-4.2% and
palmitoleic acid-2.5%

6 Apple industrial waste

tor DSM545

Scl-PHASs formed by Paracoccus
homiensis

Pseudomaonas sp. and Cupri-
avidus necator are used for PHA
production

C.necator H16 bacteria used
consume waste oil for produc-
tion of PHB

(Mozejko-Ciesielska et al. 2022)

(Liu et al. 2021; Muneer et al. 2020)

(Loan et al. 2022)
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PHAs by the fermentation process by pseudomonas alcali-
genes with optimization of temperature and inoculum size
(Pan et al. 2021).

PHA production from waste whey

Cheese whey is generated during the production of the
cheese production process. Several bacteria such as Bacillus
spp., Streptomyces spp., and Pseudomonas spp accumulate
PHAg, using waste whey stream (Bugnicourt et al. 2016;
Zotta et al. 2020). Cheese whey is converted into a two-
step process: Firstly, it is transformed into the acetic acid by
Acetobactor pasteurianus C1, and then further acetic acid
is metabolized into the PHAs by the Bacillus sp. (Chang
et al. 2021). Under optimized production conditions, 11.5
folds of increased production of PHAg by Bacillus megate-
rium is reported (Israni et al. 2020). Bacillus flexusAzu-A2
strain isolated from the aquatic environment and used in
conversion of cheese whey waste into 0.95 g/l PHA (Khattab
et al. 2021). Mixed microbial culture is another technique by
which PHAs can be formed by providing a carbon source to
these microbes. Cheese waste whey contains sugars that can
be converted into the organic acid and further converted into
the PHAs by MMCs (mixed microbial culture) (Asunis et al.
2021). Mixed microbial culture found popularity in last dec-
ade because there is no need of pure culture, processed sub-
strate, and sterilized conditions which make overall process
costly (Tu et al. 2019). Other third-generation technology for
PHA production is by used of CO, as feedstock. It is also
called photoautotrophic conversion. It is beneficial to reduce
the impact on the environment during downstream process
as compared to the other production methods (Koch et al.
2022). Cyanobacteria with some archaeal genera accumulate
CO, as carbon source for this purpose (Khatami et al. 2021).

Production of PHA from lignocellulosic biomass

Plants-based wastes such as agricultural residues, forestry
waste, and waste streams from paper and pulp industries
are categorized under lignocellulosic waste. Lignocellu-
losic biomass comprises cellulose (35-50%), hemicellu-
lose (20-35%), and lignin (10-25%) (Sawant et al. 2016).
Cellulose and hemicellulose derived PHAs are formed by
lignocellulose biomass-derived sugars, and these sugars
are utilized by the microbes by different pathways. (Sohn
et al. 2022). All of the lignocellulosic components are very
complex, and the breakdown of complex structures into sim-
pler forms needs to be done for the accessibility of enzymes
(Allegue et al. 2021). Pretreatment technology is used for
the accessibility of enzymes, on the substrate for hydrolysis.
Further, in the fermentation process sugars are converted
to PHAs (Al-Battashi et al. 2019). For reducing the cost

% @ Springer

of production, many techniques have been applied, and hot
water pretreatment is one of the commonly used pretreat-
ment methods by which improvement in the saccharification
process and yield of the PHAs increased (Yan et al. 2021a,
b). The extracted sugar utilized by microbes and the inclu-
sion body in the bacterial cell accumulates polymer. Other
than this carbon source nutrition deficiency (nitrogen and
oxygen) is also an important factor to achieve high PHA
production. Bacillus megaterium Ti, produces 57.8% PHA
from the corn husk (de Souza et al. 2020).

Bacillus subtilis is efficient microbe for conversion of
agro-industrial waste (dairy effluent, paper mill effluent
and the sugarcane molasses) into PHA production (Rathika
et al. 2019; Hassan et al. 2019). Industrially production of
PHBHHXx by the waste is done by a China-based company
Bluepha Co. Ltd. in which alternative carbon source (crop
and kitchen waste) is used with recombinant C. necator bac-
teria (Alves et al., 2022).

Recombinant strains and their impact
on PHA accumulation

Microbial strains are capable of the production of PHA by
utilization of carbon sources. Production of PHA can be
maximized by the addition of recombinant or genetically
modified strains of bacteria (Table 4). Several recombi-
nant strains are used for high PHA accumulation, such as
recombinant Ralstonia eutropha H16 (Kahar et al. 2004).
It can utilize xylose for PHB production (Kim et al. 2016).
Recombinant E.coli (Balakrishna Pillai et al. 2018; Sara-
nya and Shenbagarathai 2011), Alcaligenes eutrophus
(Salamanca-Cardona et al. 2013)(Lee et al. 1998), pseu-
domonas strains (Huisman et al. 1992), and Halomonas
campaniensis LS21 (Yue et al. 2014) impacted on the
accumulation of PHA. By changing genes involved in
the cell division pattern in E.coli JM109, it can divide
in multiple fission rather than binary fission so that the
accumulation of PHA rises in the bacterial cells (Wu et al.
2016a). phbCAB Operon from Ralstonia eutropha was
introduced by genetic engineering in the E. coli IM109SG,
which resulted in an increase in cell size and higher PHA
accumulated in modified bacterial cells (Jiang et al. 2015).
Recombinant E.coli strain (K24K) produces PHB which
has a high glass transition temperature of approximately
20 °C than the naturally PHB producer bacterial cells
(Nikel et al. 2006). Recombinant Ralstonia eutropha PHB,
composed of phaC,PsQKST produced scl-mcl-PHA with
high no. of PHB (Shen et al. 2011). Recombinant E.coli
produced mcl-PHA from the non-fatty acid carbon source
with a new synthesis pathway, and the production of this
polymer also rises 400 mg/1 and 11.6% per DCW (Wang
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et al. 2012). Ferulic acid is a phenolic compound present
in the lignocellulosic material, and it is cross-linked with
hemicellulose and lignin. Metabolically engineered pseu-
domonas putida converted it into the mcl-PHA. Genome
editing in the pseudomonas putida is done with integrated
CRISPR/Cas9n. The mutation in the genome increased the
utilization of ferulic acid for mcl-PHA production (Zhou
et al. 2020). Hence, recombinant bacteria can produce a
high amount of PHA in the form of an inclusion body in
the cytoplasm.

Applications of PHAs in biotechnological
prospects

PHAs have advantageous properties in the biomedical,
agricultural, and industrial fields. Polymers and copoly-
mers could be favorable materials for bone tissue engineer-
ing (YJ et al. 2009) as PHA is thermoplastic, tensile in
strength, and elastomeric in nature. Due to these specific
properties, PHA is used in the medical implantation, con-
struction of artificial organs (Abitha et al. 2020), implan-
tation and regeneration (Jiang et al. 2021), vascular graft
and tissue engineering (Wang and Chen 2019), advanced
proteolytic detector polyHydroxyAlkanoates(AL-PHA)
beads, which is bioplastic based protease biosensors and
in drug delivery sectors (Kelwick et al. 2021).

Drug delivery metrics system

The efficiency of polymeric material as a matrix for drug
delivery depends on the diffusion, dissolving ability, and
degradation of the matrix in which the drug is embedded.
To achieve the therapeutic demands, the carrier matrix must
have the potential for the bioavailability of the drug and esti-
mated release kinetics (Macha et al. 2019). PHAs are com-
patible with blood cells, and these polymers do not activate
the hemostasis process in the blood cells but also activate
the coagulation. PHB and PHBYV are used in the biomedical
process after the purification of these polymers. An injury
in the human body can be classified based on chronic and
acute wounds. For the cure of these injuries, a drug should
be provided for the healing of wounds (Demidova-Rice et al.
2012). Drug delivery vehicles should be cheap, biocompat-
ible, sustainable, rapid to synthesize, and non-toxic to the
body. Synthesis of the agarose bioplastic with glycerol as
plasticizers is used to create a drug delivery carrier (Awa-
dhiya et al. 2017).PHB-carboxymethyl chitosan(CMCh)
makes a complex and product forms as nanoparticles,
which are further used for cancer treatment (Akbal et al.
2016). Poly(lactide-co-glycolide)-block-poly(ethylene

glycol)-block-poly(lactide-co-glycolide)(PLGA-PEG-
PLGA) copolymer prepared in situ which injected and
able of carried high amount of drug sustainably released
on tumor (Zhang et al. 2018). A copolymer such as poly
(ethylene glycol) (PEG) and poly (3-hydroxyoctanotate-
co-3-hydroxyhexonate) (PHOHHX) is self-assembled and
form a micelle in hydrated media. This copolymer is prom-
ising for drug delivery (Babinot et al. 2012). Recently, a
new research finding is reported about the treatment of
protein aggregation disease (PAD). This disease can harm
the nervous system. PHA-767491 inhibits cell checkpoint
kinase CDC7/CDKO9 and also degenerates the TDP-43 phos-
phorylation by which the neural disability is cured. It has
also anti-inflammatory and antitumor activity (Chung et al.
2020). Poly(hydroxybutyrate-co-hydroxyhexonate) (PHB-
HHx) is hydrophobic, it encapsulates the insulin which is
hydrophilic, and it makes insulin phospholipid complex
encapsulated with the polymer (PHBHHXx) nanoparticles
(INS-PLC-NPs). This complex increased insulin release in
diabetic conditions (Peng et al. 2012).

Tissue engineering and implantation

In biomedical advancement research, it is possible to get
engineered tissue, drugs, implant organs, and artificial
organs. For this purpose, ceramic and metallic implants are
used but they are not much compatible. Synthetic/natural
polymers are known to be efficient in tissue formation and
implantation (Lutolf and Hubbell 2005; Malafaya et al.
2007). PHA copolymer PHBHHXx contains hydroxybu-
tyrate and hydroxyhexanoate which have a high capability
of peripheral nerve regeneration (Evans et al. 1999). PHB,
PHBYV, P3HB4HB, and PHBHHXx films are used in the
preparation of scaffolds. After a spinal cord injury, neural
treatment and axon repair are crucial for the normal func-
tioning of the body. Here, implantation of alginate hydrogel
with neonatal Schwann cells is done. (Novikov et al. 2002).
Neural stem cells are capable of regeneration of the central
nervous system and peripheral nervous system. Nanopoly-
mer is used for repairing neural cell because of its biocom-
patible property and promote cell-cell adhesion, migration,
and proliferation characteristics (Xu et al. 2010).

Different types of PHAs such as PHB, PHBV, and PHB-
HHx are tested for the scaffolding efficiency (Sadat-Shojai
et al. 2016). 3D fabrication is most common technology for
polymer scaffolding and for making the scaffolds. electro-
spinning, melt moldings, extrusion leaching, solvent caste
leaching, paraffin template emulsion freeze-drying, freeze-
drying, gas foaming, and 3D printing fabrication technolo-
gies are used (Yuan Li et al. 2012).
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Artificial organ

PHAs s have flexible and mechanical strong properties which
make them potential molecules in the biomedical field. The
most common form of PHA is PHB and other copolymers of
PHB which have been used for the manufacture of artificial
organs or tissues for treatment (He et al. 2017) repair patches
(Narancic et al. 2020) cardiovascular patches (Chaudhuri
et al. 2017), orthopedic pins (Singh et al. 2015), cartilage
of arteries (Ye et al. 2009), nerve suture, bone tendon treat-
ment, bone marrow regeneration (Wang et al. 2005), and
wound dressing (Shishatskaya et al. 2016). Biopolymer-like
poly(3-hydroxyoctanoate) P(3HO) is a form of mcl-PHA
and from this polymer. Cardiac patches are manufactured
which are compatible with the cardiomyocytes so they can
be implanted without any deleterious effect on the body
(Bagdadi et al. 2018). Poly(3-hydroxybutyrate) P(-3HB)
and poly(3-hydroxyoctanoate) P(3-HO) are blended, and the
mixture is used in the coronary stents to reduce the block-
age of arteries (Basnett et al. 2013). Synthetic biomaterials
mimic the natural extracellular matrices. The application
of synthetic biomaterials in different therapeutic areas is as
follows: bone repairing, neuron regeneration, and induction
of angiogenesis (Malafaya et al. 2007).

PHA as antimicrobial agents

A re-establishment of the tissue or organ in the body, by
implantation, is carried out by tissue engineering. The main
problem arises that the bacterial biofilm surrounds the
implanted tissue, and it can create a chronic infection in the
body. For resolving this issue, some antimicrobial properties
should be there in the implanted material. Staphylococcus
epidermidis is a pathogen that can infect the tissue; for this
amylin and despersin B, both are used for the formation of
activated PHA to prevent microbial activity (Piarali et al.
2020). Fungal infection is also a more common infection,
and its target includes mucosa, skin surface area, nails, and
hairs (Katharina Kainz et al. 2020). Candida spp. can cause
chronic infection in the human body, and it can resist anti-
microbial drugs (Roilides et al. 2015). mcl-PHA is used to
make the drugs in the form of biofilms. The properties and
the structure of the mcl-PHA are capable of resisting the
growth of the various fungus (C.albicans, C. parapsilosis,
Trichophyton mentagrophytes, Microsporum gypseum, and
A. fumigatus) (Pekmezovic et al. 2021). PHB, PHBYV, and
PHB4HB are used for the coating of tantalum (Ta). It is a
bio-metal that is used for implantation after bone fracture.
The coating by PHB4HB gives the best results in compari-
son with the other two forms of PHAs, against Staphylo-
coccus aureus and E. coli bacteria (Rodriguez-Contreras
et al. 2019). Albumin and wheat-based protein are used for

making the bioplastic with the addition of oregano essential
oil to introduce antimicrobial properties in the bioplastic
(Martinez et al. 2013). The bacterial PHA is a second-gen-
eration polymer that can be implanted in the human body
because of its antibacterial properties. It has thioester groups
on the side chain that’s why it has this unique property. It
shows antimicrobial activity against S. aureus (Dinjaski
et al. 2014).

Packaging for industrial applications

The application of PHA in the packaging industry is ben-
eficial as it is, biodegradable, renewable, and non-toxic in
comparison with petroleum-based packaging material. PHA
is hydrophobic so it can be used for coating. To increase
the utilization of PHA in the food packing industries, some
modifications are necessary. In biopolymers like PHBYV, clay
loading improved the gas and vapor barrier and UV blockage
for packing material (Sanchez-Garcia and Lagaron 2010).
PHA is highly fragile, to increase the mechanical strength
of PHB, and it is blended with the PCL (polycaprolactone).
PHB-PCL blended bioplastic becomes flexible and ductile
and improves the degradation temperature which can be used
for packaging (Garcia-Garcia et al. 2016). PHA is used in
the manufacturing of bottles, films, containers, laminates,
and sheets. PHB and its copolymers have tensile strength, oil
resistance capability, temperature stability, and are easy to
dye (Mangaraj et al. 2018). PHA produced from the peanut
oil as a carbon source increased elongation and permeability
which makes it suitable for the packaging material (Pérez-
Arauz et al. 2019).

Agricultural applications

Bioplastic plays an important role in the agricultural field,
and different products used in the agricultural field are
packed in the bioplastic envelopes. Bioplastics are used in
the mulching of the field which persists the land wet and
avoids the land to direct sunlight which increases the earth-
worm number in the agricultural field and improves the field
quality. Polylactic acid (PLA) and PLA blended with PHA
provide mulching (Hablot et al. 2014). Sprayable bioplastic
can control the microbial activity in crops. This bioplastic
forms a film on the seeds of crops (Accinelli et al. 2016).
The bioplastic coating is done by mixing the insecticide
(imidacloprid) and fungicide (pyraclostrobin) (Accinelli
et al. 2018).

Application for the construction industry

Bioplastic is highly valuable in the construction industry
to reduce non-biodegradable plastic waste. Some bioplastic
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products such as bioplastic foams, construction slits, and
dust fences are generated. However, there is an issue with
the strength of the material, so the blending overcomes
this problem. PLA is blended with polytetrafluoroethylene
(PTFE) and PHA to increase the strength of foam (Lee et al.
2020). Apart from this, PHBV foam is modified by the addi-
tion of nanocellulose (Nc) to increase the cell density and
porosity of the foams. This foam works as an insulator in the
walls of the building construction (Panaitescu et al. 2020).
Bioplastic is biodegradable, so it would not be of any use
in the construction industry in long run. The products used
during the construction made of bioplastic reduce the area
for disposal of construction waste which is environmentally
friendly. Bioplastic sheets, foams, liners, and cement bio-
plastic bags can be left in the soil for degradation (Ikada
and Tsuji 2000).

Current scenario and future aspects
for sustainability

PHA is better alternative than other conventional plastic in
many aspects due to its biodegradable property which is
considered to solve the main problem of waste management.
It is biocompatible in nature by which it can be used in the
medical field like in tissue engineering, drug delivery, drug
coating, for making the artificial organ and implantation;
on the other hand, conventional plastic is toxic in nature
which is not suitable in the medical field. It is sustainable in
environment when mixed in agricultural fields for mulching
because of its biodegradability. Poly (lactic acid) is another
biodegradable plastic, and it has lesser biodegradability than
PHA, so that PHA is better in terms of biodegradability than
PLA (Othman et al. 2022). PLA has high permeability for
moisture and oxygen so that it cannot be used in the food
packaging material because it can spoil the food material,
on the other hand PHA is a good option for packaging mate-
rial. PHA has high glass transition temperature as compared
to the PLA by which PHA is better than the PLA in use
of high-temperature applications. PHA is applied in the
implantation on the other hand polybutylene succinate (PBS)
which is also an alternative of PHA and has limited applica-
tions in this area. PHA is better than PLA in the mulching
properties because PLA increases the acid concentration in
the soil which is not beneficial for the agriculture.

Merits of PHAs
e Biodegradable property of PHA makes it sustainable

to the environment. The degradation of the polymer is
performed in the water, soil, and sewage where microor-
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ganisms have capability to degrade it into the methane
(Basnett et al. 2017). The enzyme PHA depolymerase,
excreted by the fungi and bacteria, degrades PHA extra-
cellularly. Petroleum-based plastic takes many years for
degradation so it is considered a good alternative to tra-
ditional plastic. (Kaniuk and Stachewicz 2021).

e Biocompatibility property makes it suitable in the medi-
cal field; on the other hand, conventional plastic is harm-
ful (Lim et al. 2017).

e Bioplastic is considered to be a beneficial option com-
pared to the conventional plastic used for food packaging
under the safety guidelines (Zhang et al. 2022).

e [t is a sustainable material because it does not require
non-renewable material for its production and provide
equilibrium in natural resources and environment com-
pared to the conventional plastic which is produced by
nonrenewable sources (Mohapatra et al. 2021).

e Itenhances agricultural productivity by mulching process
and does not affect the ecosystem as it is eco-friendly
material compared conventional used plastic (Mohapatra
etal. 2021).

e [t is non immunogenic and non-carcinogenic in nature
by which it can be used as nanocarrier in drug delivery
because of nontoxic nature as compared to the conven-
tional plastic. (Prakash et al. 2022)

Limitations

e At present scenario, PHA gains popularity because of
its biodegradable and biocompatible nature; however, a
high production cost is a major limitation (Sharma et al.
2021). Also, for industrially scale production an estab-
lishment of process is required. Processes like pretreat-
ment and sugar extraction methods need to be optimized
with individual feedstock/substrate. (Sharma et al. 2021).

e PHA create obstacles in their application part of drug
delivery. PHA acts as carrier in the drug delivery but it
hamper the solubility of drug because it is hydrophobic
in nature. To overcome this problem, PHB copolymer is
blended with polyethylene glycol (PEG) by transesteri-
fication process. Then it will become suitable as carrier
(Prakash et al. 2022).

e PHB has poor thermal stability so that it is a challenge
to use in the medical field. Copolymerization is best way
to resolve this. PHB is copolymerized with 3-hydroxy-
valerate (3HV) increasing the thermal stability of poly-
mer which is further used in drug delivery (Prakash et al.
2022).

e In the agriculture field mulching is essential. For mulch-
ing, PHA does not contain high biodegradability. So that
for increase the biodegradability PHA and polycaprolac-
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tone (PCL) are used as mulch in the dual layered film by
the process of hot press method (Othman et al. 2022).

e In order to produce a pure forms of bioplastic various
chemicals are used at downstream processing. These
chemicals are not eco-friendly. However, alternatives of
these chemical during extraction process and this limita-
tion can be overcome.

e Landfills of this bioplastic release methane emission
which cause negative impact on environment, and this
problem can be resolved by chemical recycling like
pyrolysis and solvolysis into alternative feedstock. (Fredi
et al. 2021).

Economical aspects for PHA production

PHA from the second-generation biowaste is economically
and environmentally performed better as compared to other
polymers and PHA from the first generation (Andreasi Bassi
et al. 2021). Crude glycerol is the main carbon source for
C. necator for the optimal production of PHA economically
and environmentally (Leong et al. 2016). The economic
improvement during the PHA production depends upon
the raw material from which PHA is produced. The carbon
source should be cheap and easily available. The unwanted
waste streams are a potential source for the production of
bioplastic, which is economically and environmentally sus-
tainable (Leong et al. 2016). Biogas valorization from waste
treatment plant produces the PHA efficiently. The PHA-pro-
ducing bacteria use the methane from biogas and accumulate
PHA (Pérez et al. 2020). In the present scenario, the main
focus goes on the production of bioplastic with minimum
cost. Several industries are involved in the production of bio-
plastic by using low-cost carbon sources (Table 5). Biogas
is used as a cheap source for PHA in the waste treatment
plants by which its production cost will be reduced (Pérez

Table 5 Global industries for microbes mediated PHA producers

et al. 2020). Mixed microbial culture is an advantageous
platform to produce PHA in the wastewater treatment plant
(de Souza Reis et al. 2020). The market of PHA is calcu-
lated as USD 62 million in 2020 but in the projection, it is
estimated that it will be USD 121 million by 2025 (Polyhy-
droxyalkanoate (PHA) Market Global Forecast to 2025 |
MarketsandMarkets) (Palmeiro-Sanchez et al. 2022). There
is a requirement for PHA production with economic and
environmental suitability.

Challenges in production of PHA
and possible overcome strategies

PHA production from food crops such as sugarcane or
corn is not a sustainable process. The replacement of waste
stream as substrate for microbial PHA accumulation would
be sustainable, economical, non-competitive to food crops.
During the production of PHA at industrial scale, there are
many challenges which resist scaling up of the production.
The utilization of expensive carbon source, low substrate
conversion for industrialization, costly extraction step for
production (Khatami et al. 2021) are some of the challenges
need to be addressed.

The production cost could be reduced by replacement of
synthetic sugars by cost-effective ceap substrates. For indus-
trial process, the establishment of process is to be done adja-
cent to the sources of organic waste or wastewater treatment
plant, by which investment on the transportation reduces and
it works in the field of zero waste biorefinery. Conversion of
substrate to PHA can be increased by metabolic engineering
and synthetic biology. Extraction by biological method is
efficient and non-hazardous to environment. It maintains a
contamination-free environment. Hybrid biological system
such as mixotrophic cultivation could increase the PHA yield
by providing the substrate to autotrophic and heterotrophic

Industry Country and year ~ Substrate Polymer Production References
of establishment

Dupont - Corn Fiber plastic — (Iles and Martin 2013)

Banimer scientific USA Canola oil Bioplastic 13,600 tonnes/year (Dietrich et al. 2017)

bruksem - Sugarcane polyethylene — (Iles and Martin 2013)

Bio-on Italy since 2017 Sugar beet and sugarcane PHB, PHBV > 10,000 tonnes/year (Vandi et al. 2018)

Metabolix USA since 2002 Corn sugar PHA 55 Kilo tonne/year (Rosenboom, Langer, and Traverso
2022)

Nature works USA Plant resources PLA 70Kt/year (Rosenboom, Langer, and Traverso
2022)

Chemi linz Austria Carbohydrates PHB <50 tonne/year (Koller et al. 2017)

Polyferm Canada since 2013 Vegetable oil and sugar mcl PHA - (Tan et al. 2014)

Tianan biologic China since 2000  Corn sugar PHBV 2000 tonnes/year (Pakalapati et al. 2018)
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bacteria like cyanobacteria. It synthesizes PHA during day
time by use of CO, as a substrate, and during night time,
heterotrophic condition follows because of sodium and phos-
phorous limitation in night (Afreen et al. 2021). Other than
production part, more research required toward the enhance-
ment of mechanical strength of poly (3-hydroxybutyric acid)
(PHB) with use of natural cross-linker incorporation in the
blending of bioplastic.

For commercialization of PHA production, one of the
main challenges exist is expensive infrastructure, high energy
requirement which elevates the cost of the process. Hence
improved and economical infrastructure is needed to estab-
lish for industrial process. In conversion pathways, different
thermal and chemical process could be replace by mild condi-
tions and low chemical concentration. These process could be
optimized for processing time, temperature, and concentrations
of chemicals. These technologies are environmental friendly
and reduce the overall process cost. Several modeling and pre-
diction tools such as artificial intelligence (Al) and artificial
neural network (ANN) are also applied for an efficient prac-
tices for the thermal and biochemical conversion pathways.
The socioeconomical aspect could be evaluated by life cycle
assessment (LCA) for industrial production of PHA.

Conclusion

Polyhydroxyalkanoates are potential replacement of conven-
tional plastic due to its durability as well as biodegradation
property. The waste stream is composed of significant quantity
of carbohydrate, which could be uitilzed for economical bacte-
rial PHA accululation. Depending upon the waste stream type,
different conversion technologies and pathways are important
for high yield of polymers accumolation. It is still challeng-
ing to produce economical PHA in industrial scale by using
waste stream. To overcome this, bioconversion of cheap waste
streams, utilization of less toxic chemicals, optimization of
pretreatment and extration processes, to explore high produc-
tion yield microorganisms and establishment of mathamati-
cal tools including Al, ML, and LCA, needed to be explore
for industrial scale setup. These natural polymers have wide
range of applications in medical, agriculture, industries sec-
tors because of its biocompatibility and non-toxicity. Hence,
bioplastics from waste streams give a sustainable opportunity
for waste management and maintain a clean environment.
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Abstract

Bioethanol is a renewable chemical that can replace fossil fuels. Pistia stratiotes, an aquatic weed, was used as the sub-
strate for the synthesis of ethanol in the current investigation. The presence of high amount of cellulose (25.90%) and
hemicellulose content (18.44%) makes it suitable to produce bioethanol. Optimization of acidic pre-treatment conditions
was performed using response surface methodology where independent variables acid concentration (0.15-3.1% H,SO,),
time (12.96-97.0 min) and temperature (93.18-126.82 °C) were taken. The responses were recorded as sugar and cellulose
concentrations. Subsequently, optimized condition was subjected to fermentation for the production of ethanol using Sac-
charomyces cerevisiae and Pichia stipitis strains. The maximum amount of sugar was produced under optimal conditions
(2.5% acid concentration) at 120 °C for 15 min. Initial sugar was taken as 10 g/L in the hydrolysate, which is consumed by
the strains with maximum sugar conversion rate (0.24 g/L/h). Maximum sugar consumption was observed by S. cerevisiae
and P. stipitis and was 85.9% and 87.9%, respectively. Thus, we present that the optimized acidic pre-treatment conditions
for maximum yield of ethanol from Pistia stratiotes using S. cerevisiae and P. stipitis were observed to be 0.37 and 0.39
respectively. Hence, this study showed an effective conversion of plant biomass into ethanol.

Keywords Bioethanol - Fermentation - Independent variables - Pre-treatment - Optimization - Sugar

1 Introduction

In the present scenario, energy demands are fulfilled by
fossil fuels, which are rapidly depleted with the release of
an excess number of greenhouse gases like CO, and CO
during combustion. To overcome the problem for future
perspective, searching for fossil fuel alternatives, such as
biobutanol, bioethanol and biodiesel, that work in a sustain-
able manner for a clean environment will fulfil the energy
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demand [1]. Renewable and sustainable energy resources
gained focus as an alternative to fossil fuels due to their
lesser impact on the environment. Biomass from renewable
feedstock attains interest in the research and development
field due to its composition that contains a high amount of
carbohydrates, proteins and lipids and cost-effectiveness [2].
Ecofriendly substrate obtained from plants is considered a
renewable energy source with carbon-free emission [3]. At
the industrial level, bioethanol has been produced by corn,
wheat, sugar beet and sugarcane which are first-generation
biomass. However, these feedstocks may have an unfortu-
nate effect on the farmland, causing conflict in food and
fuel crop generation. Lignocellulosic biomass falls under
the second-generation feedstock, such as certain invasive
plants, weeds and other lignocellulosic biomass from terres-
trial and aquatic ecosystems. This material could be used as
a carbon source in an economic way for energy production.
USA, Russia, China, Germany, Brazil and India have taken
action to generate bioenergy products from agriculture and
industrial waste [4]. The Indian National Policy on Biofuels
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in 2018 provides a suggestive goal of attaining 20% ethanol
blending with petrol by 2030 [5].

Bioethanol production is challenging due to high enzyme
cost and technological barriers, such as biomass recalcitrance,
diligent pre-treatment and inhibitory product formed during
pre-treatment, which decreases the fermentation efficiency.
The polysaccharides, cellulose and hemicellulose, present in
lignocellulosic biomass, constitute 60% of its total mass and
are reluctant to break it into simple sugar naturally [6]. The
complex structure of plant cell walls prohibits the degrada-
tion of plant biomass into simple sugar. Different steps such
as retreatment, hydrolysis and fermentation are required to
convert the plant biomass into valuable products [7].

In recent decades, a lot of research is conducted on the
optimization of processes for maximizing the production
of valuable products from lignocellulosic biomass. Animal
dung, agricultural waste and organic waste are examples of
lignocellulosic biomass, which is pre-treated before being
transformed into biogas. Due to the complex material’s pre-
treatment degradation into simple sugars, the results were
incredibly effective [8]. Various pre-treatment methods are
used for aquatic weeds, but 1% NaOH (alkali) pre-treatment
is used for Pistia stratiotes, which increases biogas produc-
tion [9]. Effective pre-treatment methods are required to
increase the accessibility of substrate to the enzymes by
changing the complex lignocellulosic structure into a sim-
pler form [10]. The development of systematic pre-treatment
methods resolves the initial obstacle in cellulosic ethanol
production [11]. Many pre-treatment methods, viz. physi-
cal, mechanical and chemical (acidic and alkaline etc.) pre-
treatment, have been applied to different types of lignocel-
lulosic materials. The main motive of these pre-treatment
methods is to solubilize the cell wall components (cellulose,
hemicellulose and lignin). Acidic pre-treatment is much
more effective compared to other pre-treatment methods as
it does not require hydrolysis of the sample to solubilization
of sugar reducing the energy consumption for the process
[12]. H,SO, is commonly used in pre-treatment due to its
effectiveness in the removal of hemicellulose and lignin
[13]. During acidic pre-treatment, lignocellulosic biomass
is heated by an autoclave with a range of 100-120 °C, and
during this procedure, some toxic compounds were gener-
ated, which can be minimized by adding the different chemi-
cals [14].

Aquatic weeds present in freshwater bodies cause compli-
cations in irrigation and aquaculture projects. These weeds
grow rapidly in the presence of proper nutrients and restrict
the penetration of light on the lower surface of water bodies,
which impairs the growth of aquatic biota. So it has become
a topic of research to use it as a renewable carbon source for
the production of valuable products in a sustainable manner
[15]. The main advantages of these aquatic weeds are (1)
they are an economical carbon source, (2) they have a higher
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CO, diminution impact as compared to the terrestrial plants
and (3) they possess lower lignin content as compared to
the terrestrial plants [16]. Extensive studies are conducted
for the production of bioethanol from aquatic weeds due to
these advantages.

Pre-treatment optimization gives a good direction in the
field of bioethanol production. Besides pre-treatment, other
barriers in biofuel processing are the commercialization
of lignocellulosic biorefinery, feedstock organization and
ample water consumption for the cultivation of weeds [17].
The aquatic weed Pistia stratiotes is composed of high
carbohydrate content and can grow rapidly in the water.
Therefore, it was selected as a substrate for ethanol produc-
tion in our study. It was established in the earlier research
on Pistia stratiotes that this weed’s dry biomass produces
the best results following pre-treatment. Following acid
treatment, alkaline treatment was administered [18]. In our
study, we have performed the optimization of acidic pre-
treatment on this weed to get the maximum sugar, which
was not done previously by any researcher. The parameters
used for acidic pre-treatment can be optimized with the
help of response surface methodology (RSM) design by
Minitab software. The main objective of this model is to
find out the main response in a particular area of inter-
est, optimize the response, achieve the specific condition
using a minimum number of experiments and observe the
interaction between the parameters [19]. Combination of
mathematical and statistical methods in RSM is used for
making the model formation by which optimization of fac-
tors is done. The RSM method takes quantitative data from
different experiments to estimate the regression model for
optimization of responses (dependent variable) affected
by process variables (independent variables) [20]. Central
composite design (CCD) is a fractional factorial design
consisting of 2" factorial runs with 2n axial runs and cen-
tre runs that decide the experimental error. Independent
variables determine the number of runs in the model. If
the number of variables increases, the number of runs
also increases in the replicates of the model. The RSM
method for optimization consists of three steps. First step
is designing of experiment statistically, the second step is
to calculate the coefficients in the model and the last is to
determine the response and examine the competency of the
model within the design of the experiment [21].

The sugar obtained from the optimized condition was
used for ethanol production. Saccharomyces cerevisiae and
Pichia stipitis both strains were used for production. Pichia
stipitis can use both C5 (e.g. xylose) and C6 (e.g. glucose)
carbon sources present in the acid hydrolysate. This research
makes a genuine contribution to the advancement of the
technology used in the production of ethanol and may help in
the development of an economical and sustainable approach
for the production of ethanol by acidic pre-treatment.
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2 Materials and methods
2.1 Collection and preparation of biomass

Pistia stratiotes was collected from a pond located at Hauz
Rani City Forest, Delhi, India (28.5159° N, 77.2111° E). Aver-
age plant size was 7.57 cm, and after the collection of a sam-
ple, it is washed with tap water 4 times and then air dried in
shadow at room temperature for 80 h. Air dried sample was
put in the oven for 3 h at 40 °C and further ground using an
electric grinder. Grounded samples were sieved with particle
size 425 pm and stored in an air-tight jar for further use at
room temperature [22].

2.2 Reagents

All the reagents used in this study were of analytical gradi-
ent grade. Sulphuric acid used for the acidic pre-treatment
was purchased from Fisher Scientific, India. For the ethanol
analysis, HPLC grade ethanol, purchased from Sigma-Aldrich,
USA, was used in GC analysis.

2.3 Composition analysis of the biomass

Composition of biomass is essential to determine its capabil-
ity for bioethanol production. Physicochemical analysis was
performed on the raw sample through proximate analysis. The
characterization of the sample was done by Fourier-transform
infrared (FTIR) spectroscopy, TGA (thermo-galvanometric
analysis) and scanning electron microscopy (SEM). The FTIR
analysis and TGA were done at the Delhi Technological Uni-
versity, Delhi (India), while SEM was carried out at AIIMS,
Delhi (India). The details for these analyses are mentioned
below.

2.3.1 Determination of ash, total solids and moisture
content

All of these compositions were done by the NREL protocols.
Ash content of oven dried sample was estimated by the muf-
fle furnace. In a pre-heated crucible, 1 g sample was burned
at 575 °C for 6 h. Then, the crucible was put into a desiccator
until it cooled down, and weight was recorded [23, 24]. The
moisture content and total solid content were estimated by
oven-dry procedure. The crucible was pre-heated at 105 °C
for 4 h, and its weight was recorded. One gramme sample was
put in the crucible at 105 °C for 4 h, then the crucible was
transferred to the desiccator for cooling and the final weight
was recorded [24].

(Weightdry pan+dry samp]e) - Weight dry pan

100
Weight sample as received

Total solids (%) =

Total moisture(%) = 100 — total solids

2.3.2 Determination of cellulose content

Cellulose content was estimated by the Updegraff method
[25]. In the first step, alcohol insoluble residue (AIR) was
prepared using ethanol. This AIR was further mixed with
the acid nitric reagent and then put in a water bath at boil-
ing temperature for 30 min. It was washed with Milli-Q and
then ethanol until the cellulose appears. This residue was
then kept in the oven at 37 °C overnight. The next day, 67%
H,SO, was added to it and put on a shaker for the complete
dissolution of cellulose. The cellulose estimation of the sam-
ple was done by anthrone reagent [26].

2.3.3 Determination of hemicellulose

Estimation of the hemicellulose content was done by fibre
analysis method [27]. Difference between neutral detergent
fibre (NDF) and acid detergent fibre (ADF) gives the total
hemicellulose in a given sample. All the chemicals used in
this experiment were procured from Fisher Scientific Ltd.
One gramme sample is treated with 100 mL Neutral deter-
gent solution with the addition of 2 mL decahydronaphtha-
lene and 0.5 g sodium sulfite in refluxing flask for 1 h. The
sample was then transferred to the pre-heated crucible. The
sample was filtered and washed two times with Milli-Q and
acetone consecutively. The sample was transferred to the hot
air oven at 100 °C for 8 h and then put in a desiccator. On
the other hand, for the determination of ADF, a 1 g sample is
treated with an acid detergent solution in a refluxing flask for
1 h and the same procedure was followed as for NDF [28].

Hemicellulose (%) = NDF — ADF

2.3.4 Determination of lignin content

This was performed by the NREL protocols. Before the
estimation of the lignin, the extraction of the sample was
performed using Milli-Q in 1:20 ratio [29]. Three hundred
milligrammes extracted sample with 72% H,SO, in a pres-
sure tube was put in a water bath at 30 °C for 1 h with
periodic stirring. Four percent dilution was done using
Milli-Q, and the tube was autoclaved for 1 h. Pre-heated
and labelled crucible was weighted, and the sample was
filtered by a filtration unit in the crucible and then washed
twice. After that, the sample was dried at 105 °C for 4 h
and cooled in a desiccator, and acid insoluble residue
(AIR) was calculated. Later, the crucible was transferred
to a muffle furnace at 575 °C for 24 h to calculate the per-
centage of ash in the filter [30]. The lignin content (%) was
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calculated using AIR (%)and ash in the filter (%). Acid-
soluble lignin was calculated by measuring absorbance at
280 nm [31]. All the calculations were performed using
the formulas mentioned below.

(crucible plus AIR weight — crucible weight) 1

% AIR = x 100

sample loading in crucible

(crucible plus ash weight — crucible weight) <
sample weight

% Ash in filter = 100

% Acid insoluble lignin = % AIR — % ash in filter

UV ibsorbance (280nm) X Volume of filtrate X dilution

% Acid — soluble lignin =
’ € absorptivity X dry weight X pathlength

2.3.5 Determination of starch

Starch was estimated by anthrone reagent. Chemical used
in this composition was anthrone reagent which was pre-
pared in 95% sulphuric acid, 52% perchloric acid and 80%
ethanol. Initial step of this was done by washing the sam-
ple with 80% ethanol repeatedly till the colour of the resi-
due was removed. Then, the residue was dried in a hot air
oven, mixed with perchloric acid and incubated for 20 min.
The tubes were centrifuged at 10,000 rpm for 10 min, and
the supernatant was taken out. The glucose standard was
prepared using 1 mg/mL stock solution. Anthrone is added
to the supernatant of the sample and glucose standard and
heated at boiling temperature. After heating, the reading
was taken on a spectrophotometer at 630 nm for colour
detection, and starch concentration was calculated [32].

2.3.6 Fourier-transform infrared (FTIR) spectroscopy

The changes in functional groups after providing the acidic
pre-treatment were analysed by FTIR spectroscopy (Perki-
nElmer 400 FTIR/FTIR) control with a frequency range
of 4000—-400 cm™! with the control sample. The pellet
preparation was done with potassium bromide (KBr), and
scanning was performed at 4 cm™! resolution [33].

2.3.7 Thermogravimetric analysis (TGA)
The TGA of raw and pre-treated samples was performed by
PerkinElmer TGA 4000. Samples were heated from room

temperature to 600 °C at a heating range of 10 °C min™!
with 10 mL/min nitrogen flow rate [33, 34].
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2.3.8 Scanning electron microscopy (SEM)

The changes in the morphology of the pre-treated sample
were investigated with SEM (Model: EVO18 Zeiss, Ger-
many) with 5 kV voltage at X 10,000 magnifications. The
breakdown of the cell wall was identified after SEM analysis
[34].

2.4 Response surface methodology (RSM)
experimental design

In this study, three independent variables (acid concentra-
tion (X, vol.%), time (X,, min) and temperature (X5, °C)
with two dependent variables (reduced sugar (mg/mL) and
cellulose (%))) as response were chosen for experiment
design. These three independent variables along with their
respective ranges were found to be critical parameters for
maximum sugar production. It is expected in the design that
the independent variable is managed by experiments with
minor errors. The main aim of this model was to optimize
the response variables (Y). This statistical model gives the
approximate correlation between independent variables and
dependent variables (responses) [35]. Experiments were
run in random order for negligible error in the model. This
empirical model is formed by the responses which show
the correlation of independent variables with the help of a
polynomial equation:

k k k
Y =0,4 ) BX+ Y BX+ D BX X +e
i=1 i=1

i<j

where Y is the variable of response, f,, is the constant coeffi-
cient,ﬁ> is the linear constant, ﬂ>> is the quadratic coefficients,
ﬁﬂ is the interaction effect of coefficients, X> and X‘ are the
coded values used for variable parameters and | is the ran-
dom error [36].

2.4.1 Design of pre-treatment experiments

Acidic pre-treatment was performed with sulphuric acid.
The experiment design was done to optimize the condi-
tions and determine the maximum reduced sugar libera-
tion that was further used in ethanol production. Biomass
sample was mixed with acid with a 10% biomass loading.
Pre-treatment was done in an autoclave and neutralization
of the sample is done by the CaCO; for the detoxification.
After pre-treatment, the estimation of reduced sugar is done
by the DNSA method, and cellulose is determined by the
Updegraff method. Experiment design for pre-treatment
was done by the central composition design (CCD), and the
response surface methodology (RSM) approach was used to
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Table 1 Composition analysis of Pistia stratiotes

Pistia stratiotes

S. No Biochemical composition (%) of component
1 Total solid 92.85+0.11

2 Ash content 18.36 +1.31

3 Moisture content 7.15+0.11

4 Cellulose 25.90+0.017

5 Hemicellulose 18.44+0.71

6 Lignin 2525+1.15

7 Starch 0.6+£0.03

analyse the data [22]. Three variables, including temperature
(93.18 °C, 100 °C, 110 °C, 120 °C and 126.82 °C), time
(12.96, 30, 55, 80 and 97.04 min) and acid concentration
(0.15%, 0.75%, 1.63%, 2.5% and 3.1%), were selected to
find out the optimized condition. Reducing sugar and cel-
lulose were recorded as a response for this design. A total of
20 runs in design with three levels (— 1, 0,4+ 1) with a 1.68
alpha value were performed.

After the pre-treatment, the detoxification of liquid resi-
due was done by calcium carbonate (CaCO;) powder. Toxic
compounds may be retained in the hydrolysate, which can
inhibit the microorganism’s growth. After pre-treatment in
an autoclave, the residue was centrifuged, and the liquid

hydrolysate was separated from the solid fraction. This lig-
uid fraction was detoxified by adding calcium carbonate to
liquid hydrolysate, and pH was monitored by the amount of
calcium carbonate addition [37].

2.5 Total reducing sugar analysis

Total reducing sugars in the liquid hydrolysate were deter-
mined by the 3,5-dinitrosalicylic acid (DNSA) method
[38]. DNSA reagent was prepared and stored in an amber
bottle for further use. Glucose stock solution was prepared
for standard curve determination. This DNSA reagent was
added to the standards as well as a sugar sample, boiled for
15 min and cooled down at room temperature. The samples’
optical density (OD) was measured at 540 nm for the esti-
mation of reducing sugar with the help of a standard curve
[38]. The total reducing sugar of raw and pre-treated samples
was quantified.

2.6 Fermentative process

2.6.1 Microorganisms

Saccharomyces cerevisiae (ATCC 834) and Pichia Stipitis
(NCIM 3594) for ethanol production were procured from the

National Collection of Industrial Microorganism (NCIM),
National Chemical Laboratory, Pune (India) in the slant

Table 2 Experimental design

X . Experiments Acid conc. (%) Time (min) Temperature ('C) Cellulose (%) Sugar (%)

with three independent factors

(time, temperature and acid 1 3.1 55 110 19.81+047  24.01+3.87

?g:;e)ng;gt‘ f:g;‘lg;e and sugar -, 075 30 120 10884135 1036121
3 2.5 80 120 24.55+1.98 19.86+0.0
4 1.63 12.96 110 14.46+0.43 12.75+0.74
5 2.5 30 120 22+3.14 19.88 +1.31
6 1.63 55 110 16.02+1.22 15.89+£0.34
7 0.75 80 100 9.31+0.58 6.76+0.13
8 1.63 55 110 17.7+1.27 14.99+0.27
9 2.5 30 100 12.84 +1.38 13.54+3.82
10 1.63 55 126.82 17.6+1.37 17.02+0.89
11 1.63 55 110 14.9+4.17 16.49+£0.52
12 1.63 55 93.18 10.93 +2.02 4.47+0.16
13 1.63 55 110 15.56 +1.80 14.72+0.28
14 0.75 80 120 14.1+1.51 8.53+0.35
15 1.63 55 110 16.63+0.25 15.33+0.18
16 1.63 97.04 110 152+1.25 11.79+0.10
17 2.5 80 100 15.17+0.86 11.22+0.15
18 0.75 30 100 8.45+1.19 4.1+0.11
19 1.63 55 110 16.79+2.48 15.75+0.50
20 0.15 55 110 4.91+0.67 3.07+0.02
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form (active culture) at 4 °C. Both of the strains were main-
tained in MGYP media Petri plates.

2.6.2 Inoculum preparation

S. cerevisiae and P. stipitis were grown in the MGYP media
(10 g/L glucose, 3 g/L malt extract, 3 g/L yeast extract and
5 g/L peptone) [39]. Seed culture was prepared in the conical
flask with 50 mL of media, inoculated with a loopful of cells
and incubated in an orbital shaker with 150 rpm at 30 °C. The
mid-exponential phase culture was used to inoculate culture
media with an optical density of around 0.8, which was meas-
ured at 600 nm in a UV-vis spectrophotometer [40]. The fer-
mentative media were inoculated with 5% (v/v) of seed culture
for ethanol production.

2.6.3 Fermentation for ethanol production

Fermentation was performed in a 250-mL shake flask with
150 mL working volume containing synthetic media (malt
extract 0.3%, yeast extract 0.3%, peptone 0.5% and glucose
1%) and hydrolysate detoxified by CaCOj in triplet. For
fermentation, 5% (v/v) of the seed culture was inoculated
in detoxified hydrolysate. All the experiments were per-
formed for 56 h. Sample collection was done periodically
for the determination of cell growth, sugar consumption
and ethanol production. The ethanol was separated by gas
chromatography (Clarus 580, PerkinElmer, USA) equipped
with a ZB-wax column (60 m X 0.32 mm internal diameter
0.25 um; Phenomenex, UK). Oven temperature was set in
between 150 and 180 °C. Ethanol data was captured from
programmed software (Total Chrome Workstation Ver 6.3)
that was pre-installed. The ethanol estimation in the sam-
ple was done by comparing it with the standard of ethanol
(EMSURE ACS, Sigma-Aldrich, USA). All samples are per-
formed in triplicates, and the concentration was mentioned
in the grammes per litre [41].

Ethanol-related kinetic parameters The kinetic parameters
related to ethanol yield were analysed based on the afore-
mentioned reports [42—44].

ethanol concentration( f )in fermentation media(Ef) X 1

Ethanol yield(YE) = sugar consumed (£)
s s B

= | los

Ehanol concemation(% )in fermented broth
- fermentation time (h)

Volumetric ethanol produclivity(

ethanolyield(YE) x 100

F tation effici %) =
ermentation efficiency(%) theoretical ethanol yield
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3 Result and discussion
3.1 Composition analysis of raw sample

In the P. stratiotes, the carbohydrate concentration is high
so that it can be used as a carbon source for ethanol pro-
duction (Table 1). The amount of cellulose is observed as
25.29% with a low level of lignin (16.73%) in comparison
to another study by Sutaryo et al. The lignin composition is
34.85% [45]. In the present study, 18.44% hemicellulose was
observed, while Mishima et al. reported 17.3% [46]. These
variations in compositions could be due to cultivation condi-
tions, age and location. Approximately 60% of biomass was
composed of carbohydrates in this P. stratiotes. P. stipitis
utilizes both pentose and hexose sugar from the hydrolysate
by which maximum production of ethanol may be achieved.
Considering the convenience and utilization, this plant was
taken as a carbon source for bioethanol production.

3.2 Characteristics of pre-treated Pistia stratiotes
3.2.1 Acidic pre-treatment

Sulphuric acid pre-treatment has a high impact on the bio-
mass for depolymerization of cellulose and hemicellulose
with a maximum amount of sugar found, which is further
utilized in the fermentation process for ethanol production.
After performing all the experiments, maximum sugar was
found at 3.1% acid concentration. After performing the
optimization condition, range of sugar content was 3.07 to
24.01%, and the target was to find out 23% sugar content.

Table 3 Analysis of variance for coded coefficients

Source DF AdjSS AdjMS F-value P-value
Model 8 570.888  71.361  34.48 0.000
Linear 3 501.680 167.227 80.80  0.000
Acid conc 1 358.453 358.453 173.20 0.000
Time 1 0.715 0.715 0.35 0.569
Temp 1 142,512 142512  68.86 0.000
Square 3 61.914  20.638 9.97  0.002
Acid conc.*acid conc 1 8.007 8.007 3.87 0.075
Time*time 1 20.559  20.559 9.93  0.009
Temp.*Temp 1 43.310 43310 20.93 0.001
2-way interaction 2 7.294 3.647 1.76  0.217
Acid conc.*time 1 1.256 1.256 0.61 0.452
Acid conc.*Temp 1 6.038 6.038 292 0.116
Error 11 22.765 2.070

Lack of fit 6 20.678 3.446 8.26 0.018
Pure error 5 2.087 0.417

Total 19  593.653
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Fig. 1 Pareto chart shows stand-
ardized effect of independent
factors on sugar and cellulose.
Parameters of independent
variable combination crossing
the reference line shown by
dotted red line are statistically ¢
significant

Term 220

Pareto Chart of the Standardized Effects
(response is Total Sugars, a = 0,05)
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Pareto Chart of the Standardized Effects
(response is Cellulose, a = 0.05)
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Similarly, range of cellulose content was 4.91 to 24.55%.
After the optimization, the best condition was achieved as
2.5% sulphuric acid, 120 °C with a duration of 15 min. by
autoclave. The outcome of this experiment was 23.44%
sugar with 68% hydrolysate.

All the details of independence and responses from each
experiment in experimental design are mentioned in Table 2.

3.2.2 RSM model for pre-treatment

The coefficient of determination and statistical significance
were estimated in the current study. The significance and
analysis of variance for coded coefficients are represented
in Table 3. The model for optimization is significantly

based on the P-value. Model terms acid concentration,
temp., square, time*time and temp.*temp were most
significant in the optimization of sugar (P <0.05). This
regression model is performed with an alpha value of 1.68.

The R? (coefficient of determination) values are used to
determine the goodness of fit of this statistical optimiza-
tion model. In this model, the lack-of-fit F-value is 8.26 for
optimization of the dependent variable (i.e. sugar), which
is non-significant. This non-significance of lack of fit
suggests that our model is reliable. The regression model
in this study gives a regression equation that determines
the relationship between the response (i.e. sugar) and the
independent variable uncoded values (acid con., temp. and
time). The regression equation is shown in Eq. 1.
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Fig.2 Contour plot shows the
detailed information of inde-
pendent and dependent variable

Contour Plot of Total Sugars vs Time, Acid conc.
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Fig. 3 Optimized condition

N Optimal
after performing RSM shows D: 0.8627 TEP
that the composite desirability Low
score is 0.8627 which is good
definition that both responses c

) omposite
are very close to the entire Desirability
things in the model. Sugar has D: 0.8627
high desirability as compared to
cellulose shown by the score of
0.94448 for sugar and 0.78804 Total Su
for cellulose. Outcome of the Targ 230
result find out with 2.8% acid at y =21.8936
120 °C with 15 min d=059a8

Cellulose
Maximum
y =203871
d=0.78804

Total sugars = —231.0 — (0.91 X acid conc.) + (0.2305 X time)
+(3.976 x Temp.) — (0.974 X acid conc. X acid conc.)
—(0.001911 x time X time) — (0.01734 X Temp. X Temp.)

()]

—(0.0181 x acid conc. X time) + (0.0993 X acid conc. X Temp.)

Equation no. 1: Regression equation in uncoded units R”
value is 96.17% (R-squared is a statistical measurement of
data which shows how close the data is to the regression

EHT = 27,204V
WD = 215mm

Sigaat A= SE1
Picte Ne. = 25

B ENT = 27,200V Dete 10 S 2022

Mag = 300K X

Acid con Time Temp.
3.0966 97.0448 126.8179
[2.80] [150] (120 0]
0.1534 12.9552 g3.1821

line) with 93.38% adjusted R* value. From R? and R? (adj.)
values, R* (pred.) predicted value was confirmed at 80.34%
which indicates the regression model predicts the responses
in new findings very well.

3.2.3 Pareto chart

The Pareto chart determines the significance of the effect
of independent variables on total sugar and cellulose. This

EHT = 2720 AV
WO 215 mm

Dot 10 Jun 2022
Mag = 1000 K X

ko No. = 39

ENT = 3000 AV
WO = 205 s

(©

Fig.4 SEM images of a raw biomass, b harsh pre-treatment conditions (2.5% acid, 80 min. with 120 °C), ¢ mild pre-treatment conditions

(0.75% acid, 30 min. with 100 °C) and d optimized condition
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Fig.5 FTIR spectra of raw,
mild (0.75% acid, 30 min,

100 °C), harsh (2.5% acid,

80 min, 120 °C) and optimized
pre-treated sample. These
spectra show the changes in
the functional groups after
pre-treatment (A—H) denotes
the changes in the peaks which
shows the breakdown of the cel-
lulose and removal of lignin
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Pareto chart gives all the details of the independent variable
in pictorial form. In the Pareto chart of the standardized
effect for sugar, the reference line was at 2.20, whereas for
cellulose, it was at 2.201. the parameters crossing the ref-
erence line were statistically significant. The outcome of
the chart determines that the acid conc. (A), temperature
(C), temperature*temperature (CC) and time*time (BB) are
statistically significant at 0.05 level. On the other hand, sig-
nificant effect of the independent variable on the cellulose
shown in chart no. 2 in Fig. 1 shows acid conc. (A), tem-
perature (C) and acid conc.*acid conc. (AA) are statistically
significant. This statistical significance of the independent
variable proves that this model is valid for the optimization
of pre-treatment.

3.2.4 Contour plot

Contour plot represents the two-dimensional (2D) image of
factors and responses and shows the relationship between
the independent variable and dependent variables (Fig. 2).
While keeping the temperature constant, sugar (>20%) was
obtained at a combination of acid concentration (2.5-2.6%)
and time (0-75 min) (Fig. 2a). While keeping the acid conc.
constant, sugar conc. (> 15%) was obtained at the tempera-
ture (110-125 °C) with time (20-85 min) (Fig. 2b). Simi-
larly, while keeping the time constant, sugar conc. (20-25%)
was obtained at acid concentration (2.2-3.0%) and tempera-
ture (107-125 °C) (Fig. 2c¢).

3.2.5 Optimization plot
After performing the optimization of acidic pre-treatment, an
optimized condition was found in which independent vari-

ables are acid conc. 2.8%, time 15 min with 120 °C. This
condition is performed separately to find out the reliability
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of the condition. After performing the optimized condition,
maximum sugar was 23.44% in the hydrolysate which shows
the reliability of the model. Minitab software creates a model
in which independent variables are added to find the target
response. Optimization is calculated by combined desirability
ranges from 0-1 [47, 48]. For the optimization experiment,
the separate desirability for the entire data is shown in Fig. 3.
Sugar has an independent desirability result of 0.94448 as the
predicted feedback of 21.8936 which is very close to the target
of 23. Cellulose has a moderate desirability outcome that is
0.78804 as the predicted outcome of 20.3871 which is less
than the target of 24.55 as mentioned in the parameter table.
The composite desirability of 0.8627 is a good score which
represents that both the responses were very close in their
absolute settings. The optimization of responses did not give
an ideal composite desirability score as the sugar and cellulose
contents were not in absolute settings but in a justifiable range.
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Fig.6 Thermogravimetric analysis of raw (untreated), mild (0.75%
acid, 30 min, 100 °C), harsh (2.5% acid, 80 min, 120 °C) and opti-
mized pre-treated samples confirm the degradation of the compounds
in the material or lose the stability of material at a particular tem-
perature optimized condition have high degradation of cellulose and
lignin
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Table 4 Kinetic parameters for ethanol production by S. cerevisiae and P. stipitis stains with synthetic media and hydrolysate

Kinetic parameters Saccharomyces cerevisiae  Saccharomyces cerevisiae Pichia stipitis in Pichia stipitis
in Synthetic media in hydrolysate synthetic media in hydrolysate
Initial total sugar(g/L) 10.04+0.29 10.04+1.36 9.97+0.76 9.99+0.21
Maximum ethanol conc.(g/L) 3.32+0.96 3.26+0.71 3.57+0.31 3.57+2.02
Maximum time (hours) 30 36 32 36
Maximum sugar consumed (%) 97.6+0.29 85.9+1.34 94.9+0.74 87.9+0.21
Ethanol productivity(g/L/h) 0.11+0.04 0.09+0.02 0.10+0.01 0.09+0.06
Growth rate(g cells/L/h) 0.38+0.01 0.30+0.004 0.68+0.03 0.56+0.01
Maximum sugar consumption rate(g/L/h) 0.29+0.01 0.24 +0.002 0.24+0.001 0.24+0.00
Ethanol yield coefficient (g/g) 0.39+£0.02 0.37+0.06 0.41+£0.03 0.39+0.01

The conditions found after this RSM model are mentioned in
Fig. 3.

3.3 Characterization of raw and pre-treated
biomass

3.3.1 Morphological changes in biomass (SEM analysis)

The morphology of P. stratiotes changes after acidic pre-
treatment. It is more destructive after providing acidic pre-
treatment to the sample as compared to the raw material.
Maximum disruption was observed in optimized acidic
conditions which is denoted by Fig. 4d. However, harsh
conditions (2.5% acid conc.) also show a high amount of
disruptions denoted by Fig. 4b. Mild condition (0.75% acid
conc.) in pre-treatment is shown by Fig. 4c. These disrup-
tions are due to the effect of temperature and acid by which
smooth surface of the biomass is converted into the rough
surface which shows that the bonds between cellulose and
hemicellulose are broken and removal of lignin from the
sample increases the surface area of the biomass to increase
the accessibility to the enzymes for saccharification. This
type of structural change is also seen in the case of elephant
grasses when treated with sulphuric acid [49].

3.3.2 FTIR spectrum of raw sample and pre-treated sample

The FTIR spectrum provides detailed information regard-
ing the functional group and its properties. The FTIR
spectra of raw, mild (0.75% acid, 30 min, 100 °C), harsh
(2.5% acid, 80 min, 120 °C) and optimized pre-treated
samples of P. stratiotes (Fig. 5) showed a broad peak (H)
around 3500-3200 cm™" in the optimized condition, which
shows N-H starching of primary amines and free O-H
stretching of the OH group present in cellulose [50]. By
acidic pre-treatment, these O—H bands were reduced [36].
The peak between 2848 and 2851 cm™ in each pre-treated
and raw sample represents the characteristic C—H stretch-
ing, which represents the vibration of cellulose [51]. The

peak observed at 1640 cm™! (G) shows water absorption,
and in the optimized pre-treated condition, the intensity
of the peak decreased due to aromatic skeletal vibration
giving information regarding lignin removal [52]. In the
pre-treated condition, the peak at 1515 cm™' (F) relates
to the aromatic skeletal stretching. Acidic pre-treatment
reduced the adsorption of bands, but acid-soluble lignin
occurred in the solid fraction of the pre-treated sample.
The intensity of the peak at 1374 cm™' (E) increased due
to breakage in ether groups present in lignin [53]. As com-
pared to the pre-treated sample, the peak at 1316 cm™! (D)
in the raw sample is more prominent due to the C—H ring
vibration, indicating the presence of cellulose. CH, bend-
ing, which represents the cellulose with skeletal vibration
of the C—C bond, shows the presence of cellulose [54].
The peak between 1200—-1000 cm™! (C) displays the pres-
ence of cellulose and hemicellulose in the sample with
C-O0 starching and C—H rocking vibration correlating with
cellulose structure [55]. The range of the aromatic band is
950-700 cm™! corresponding to the B-glycosidic linkage
between sugar units of cellulose and hemicellulose [15].
FTIR indicates the effective removal of other contents
apart from cellulose by acidic treatment of P. stratiotes.
The appearance of a peak at 894 cm™! (B), an absorption
peak for cellulose, in the pre-treated sample shows the
C-O-C stretching in p-glycosidic linkage in cellulose and
hemicellulose [56]. The peak intensity at 781 cm™! (A) is
decreased in the pre-treated sample as compared to the
raw sample, showing the removal of lignin by the acidic
treatment [57].

3.3.3 Thermogravimetric analysis (TGA)

Raw sample, mild (0.75% acid and 30 min at 100 °C),
harsh (2.5% acid and 80 min at 120 °C) and optimized
pre-treated sample (acid conc. 2.5% and 15 min. at 120 °C)
were thermogravimetrically analysed to differentiate their
degradation characteristics. P. stratiotes biomass contains
four types of weight which can be degraded (moisture,
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Fig.7 The outcome of the
fermentation process in four
different conditions, using
Saccharomyces cerevisiae a
with synthetic sugar and b
with hydrolysate and by using
Pichia stipitis ¢ with synthetic
sugar and d with hydrolysate,
was done by calculation of cell
biomass, sugar consumption
and ethanol production
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Table 5 Comparison of

; . T Biomass Strains Ethanol yield (g/g) Reference

different lignocellulosic biomass

capability of conversion into Lignocellulosic biomass  Engineered Saccharomyces cerevisiae 0.43 [61]

ethanol Water hyacinth S. cerevisiae, P. stipitis and C. lusitaniae  0.32, 0.4, 0.49 [59]
Rubberwood waste S. cerevisiae 0.14 [62]
Sugarcane bagasse S. cerevisiae 0.41 [63]
Kans grass S. cerevisiae 0.46 [64]
Pistia stratiotes S. cerevisiae and P. stipitis 0.37 and 0.39 Present study

cellulose, hemicellulose and lignin) during the TGA
shown in Fig. 5 [7]. In all samples, initial weight loss
occurred at 100 °C due to evaporation of water. Tempera-
ture from 200-300 °C leads the way to depolymerization
of hemicellulose and breakage of glycosidic bonds in cel-
lulose. Unexpected loss of weight in mild conditions and
untreated raw material at 250 °C is due to the degrada-
tion of hemicellulose. This was primarily degraded due
to the presence of acetyl group as compared to cellulose
and lignin. Lignin degradation occurs simultaneously at
the temperature range 200-500 °C and range 250-400 °C
is confirmed for cellulose degradation. Maximum weight
loss of the pre-treated sample of approximately 53%
occurs in the range of 250-400 °C due to degradation of
cellulose. It is much higher as compared to the raw sam-
ple [34, 58], and on the other hand, optimized and harsh
condition degradation goes simultaneously as the same
pattern. Degradation in the optimized condition is seen
maximum in Fig. 6.

3.4 Fermentation by Saccharomyces cerevisiae
and Pichia stipitis

3.4.1 Analysis of ethanol by gas chromatography (GC-FID)

The retention time for the standard of ethanol was 3.61 min
with a complete 10-min cycle. S. cerevisiae used in fer-
mentation have the ability to utilize hexose for ethanol pro-
duction, while P. stipitis has the capability for the usage of
pentose and hexose for ethanol production. The fermenta-
tion was done with S. cerevisiae NCIM 3594 and P. stipitis
NCIM 3498 separately to find out the maximum outcomes
of the fermentation process. Fermentation done by S. cerevi-
siae and P. stipitis utilizes all sugar within 52 h. P. stratiotes
hydrolysate after pre-treatment contained a maximum of
23.44% sugar, which was further used in the process of fer-
mentation by S. cerevisiae and P. stipitis. Maximum glucose
was consumed within 48 h and converted into ethanol. Start-
ing sugar was taken at 10.04 g/L. The fermentation condition
was carried out at 30 °C at 150 rpm. In the fermentation
maximum, 86% sugar was consumed from the hydrolysate
by the S. cerevisiae, while 88% sugar was consumed by P.

stipitis. During the initial stage of fermentation, intake of
sugar by the strains was slower, and cell growth increases
after 14 h when sugar consumption increased. Maximum
ethanol concentration was found by the S. cerevisiae in syn-
thetic media in 30 h, while in hydrolysate, it comes in 36 h
(3.25 g/L) with 0.37 g/g ethanol yield. On the other hand, P.
stipitis strain utilizes both pentose and hexose sugars and the
maximum ethanol concentration in synthetic media comes
in 32 h, while in hydrolysate, it comes in 36 h (3.57 g/L)
with 0.39 g/g ethanol yield (Table 4 and Fig. 7). The ethanol
concentration in the hydrolysate was approximately similar
the synthetic media because of detoxification of hydrolysate
which removes high amount of toxic compound from the
hydrolysate by which production of ethanol increased. In the
Sunwoo et al. [59] (Table 5) study, S. cerevisiae gives less
ethanol yield (0.32 g/g) as compared to the present study
(0.37 g/g), and P. stipitis gives higher production (0.39 g/g)
as compared to S. cerevisiae. This determines that both the
stains give a very good amount of ethanol by this aquatic
weed. The kinetic parameters of our study are comparable
just like another study on sugarcane molasses [60].

4 Conclusions

P. stratiotes is used as a biomass for ethanol production
because of its high carbohydrate content with a maximum
amount of cellulose. Acidic pre-treatment enhances sugar
content accessible to the microbes in the sample. In previous
studies that used P. stratiotes, the optimization of acidic pre-
treatment was not performed. Thus, we used the response
surface methodology (RSM) analysis using Minitab statisti-
cal software to optimize acidic pre-treatment conditions to
obtain maximum sugar that is affected by three independent
variables, viz. acid concentration, time and temperature. The
optimized condition (2.5% acid conc. at 15 min and 120 °C)
was used to obtain hydrolysate with 23.44% reduced sugar,
which was further detoxified with calcium carbonate and
subsequently used for ethanol production. S. cerevisiae can
only use hexose sugar for fermentation, while P. stipitis can
use both pentose and hexose sugar. S. cerevisiae produced
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ethanol conc. 3.32 g/L with 0.39 g/g ethanol yield from
the synthetic media, and in the hydrolysate, ethanol conc.
3.25 g/L with 0.37 g/g ethanol yield was found. P. stipitis
produced 3.57 g/L ethanol conc. with 0.41 g/g ethanol yield
from the synthetic media, while in hydrolysate, 0.39 g/g eth-
anol yield was calculated. Bioethanol from lignocellulosic
biomass is a sustainable approach as it is a requirement to
replace fossil fuels.
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ARTICLE INFO ABSTRACT

Keywords: In lignocellulosic biomass, reducing structural recalcitrance and enhancing hydrolysis efficiency are crucial
Alkaline pre-treatment factors for increasing fermentable sugars and the production of valuable products. This biomass substrate
Ceumose_ . comprises lignin, hemicellulose, and cellulose. In this study, response surface methodology was employed to
g::z;:; i;l.cc:t}i];j;dym optimise alkaline pre-treatment followed by enzymatic hydrolysis, aiming to enhance the saccharification of

Pistia stratiotes. The NaOH concentration during pre-treatment significantly influenced the delignification pro-
cess, resulting in increased cellulose content. The highest cellulose content was achieved with 2.47% NaOH at
120 °C for 60 min, leading to enhanced cell porosity and facilitating greater enzyme saccharification accessi-
bility. Under these optimized conditions, the sample exhibited a 51.66% cellulose content. The physicochemical
characteristics of the cellulose obtained after pre-treatment were analysed using SEM, FTIR, and TGA. After
enzymatic hydrolysis of the cellulose with a commercially available cellulase enzyme, 31.06 g/L of reduced sugar
was produced after 72 h. This study demonstrates that alkaline pre-treatment of Pistia stratiotes significantly

Optimization

increased its cellulose content, leading to a higher sugar yield during enzymatic hydrolysis.

1. Introduction

The primary issue facing the ecological niche that negatively affects
aquatic and terrestrial life systems is environmental pollution. Fossil fuel
consumption is the primary source of this pollution. The majority of
environmental contaminants are hydrophobic so that they dissolve
slowly in the water, which restrict microorganisms to utilize them as
carbon source.(Gu, 2016).

The need for energy has grown significantly in recent years, placing
additional strain on the use of fossil fuels, a resource that is running out
quickly. In order to meet the demands of the world’s expanding popu-
lation, significant production and resource extraction will continue to
accelerate due to the rising consumption of natural resources, particu-
larly the non-renewable ones, which power most countries’ economies
today (Gu, 2020). Many scientists are employed worldwide in the field
of waste-based renewable energy production By using greener and more
innovative methods, renewable energy sources are displacing fossil
fuels. Biofuel is a form of renewable energy obtained from sources such
as agricultural waste, food waste, algae and municipal waste (Wanna-
pokin et al.,, 2018). One likely way to achieve the Sustainable

* Corresponding author.

Development Goals (SDGs) is through the production of biofuels from
lignocellulosic biomass (LCBs) (Nazari et al., 2021). LCBs contain sec-
ondary cell wall enriched with sugars that are feasible, sustainable and
economically directed to the production of valuable products such as
biofuels, polymers and biochemicals (Culaba et al., 2022). Currently
United States and Brazil are front runners in bioethanol production
using corn as a substrate, thereby creating the deficiency of food crops
(Tse etal., 2021). Both on land and in water, a variety of invasive species
can be used as a substrate for the long-term, sustainable production of
valuable products. These lignocellulosic invasive weed species serve as
an alternative to food crops in the same capacity. A lot of work has gone
into using terrestrial lignocellulosic substrates to produce reduced
sugars that microbes can use to produce biofuels and biogas (Moerman,
1996). The inability of lignocellulosic biomass to grow quickly due to a
lack of agricultural resources and land presents a barrier to the industrial
production of bioenergy (Chen et al., 2015). Aquatic biomass could be
utilised as a substrate for the synthesis of biofuel to address the afore-
mentioned issue. The advantage of aquatic weed over terrestrial ligno-
cellulosic biomass is its lower lignin content and faster growth rate.
Because of their components, a variety of aquatic plants have the

E-mail addresses: sweeti.dhankhar.1988@gmail.com (S. Mann), sharmajaigopal@gmail.com (J.G. Sharma), rashmikataria@gmail.com, rashmi.kataria@vit.ac.in

(R. Kataria).

https://doi.org/10.1016/j.ibiod.2024.105852

Received 20 January 2024; Received in revised form 17 June 2024; Accepted 2 July 2024

Available online 8 July 2024
0964-8305/© 2024 Published by Elsevier Ltd.



S. Mann et al.

potential to produce bioethanol.

Pistia stratiotes (water lettuce) is a monocotyledonous weed found in
fresh water. It can obstruct the water channel due to its dense growth
connected with the root nodules. This weed’s primary drawback is that
it can deteriorate the quality of the water, which is why it’s considered
an invasive weed. When used as a substrate for the production of bio-
ethanol, this weed’s drawback can be turned into a useful resource for
financial gain (Jayanth, 2000). Early in the 1990s, Pistia stratiotes was
discovered to be a valuable carbon source for the creation of products
like biogas. In addition to the weed’s anaerobic digestion, which yields
biogas, continuous fermentation also forms an alternative by producing
bioethanol. (Yang et al., 2022). Harvesting the aquatic weeds is the first
stage in turning them into biofuels. Compared to alternative strategies,
mechanically more efficient methods can be used to remove these weeds
(Alam et al., 2021).

Lignocellulosic substrates are highly recalcitrant as a consequence of
lignin along with cellulose and hemicellulose in the cell wall of plants.
For the saccharifying enzymes to access the substrate, this is a significant
barrier. Pre-treatment is necessary to get rid of lignin and hemicellulose
and make cellulose more accessible to hydrolysing enzymes in order to
improve the saccharification from lignocellulosic biomass (Fillat et al.,
2017). Pre-treatment raises the biomass porosity by eliminating lignin
and hemicellulose (Asghar et al., 2015). Pre-treatment can be catego-
rized as biological (fungi) like white-rot fungus (Saha et al., 2016),
physical (milling, extrusion, microwave heating), chemical (alkali,
acidic, ionic, and with organic solvents) and physiological (CO2 explo-
sion and wet oxidation)(Aguilar-Reynosa et al., 2017). However, none of
these meet the requirements in terms of inherent advantages and
drawbacks. Thus, to improve the effectiveness of the conversion process,
a valuable pre-treatment procedure is evaluative. When fungi are
co-cultivated during a biological pre-treatment, their combined growth
can sometimes inhibit the growth of the individual fungi, but it also has
a synergistic effect on lignin degradation and the expression of lignolytic
enzymes (Meehnian et al., 2017).

Alkaline pre-treatment is a more intently studied technique and has
many advantages, such as effective lignin solubilization in contrast to
other pre-treatments. Alkaline pre-treatment is used for delignification
with minimal loss of reduced sugar and unescorted by inhibitory com-
pound formation (Alvira et al., 2010). Saphonication and solvation are
the causes of swelling in alkaline pre-treatment. The lignin and hemi-
cellulose eater bonds break down as a result of the saponification re-
action. The surface area of cellulose increases as the polymerization and
crystallinity decrease as a result of the swelling of the biomass. Alkaline
concentration, reaction temperature, and reaction time are some of the
parameters that need to be optimized in order to get the most out of the
alkaline pre-treatment (Kim and Han, 2012).

Response surface methodology (RSM), a statistical tool, is used for
the optimization process, which involves combining the results of each
experiment to optimise multiple variables under various experimental
conditions (Ali et al., 2015; Manmai et al., 2020). It is a statistical tool
that draws on scientific techniques such as analytical and classical
methods, producing responses that are influenced by a variety of vari-
ables and that ultimately relate to optimization. Numerous lignocellu-
losic biomass, including rice straw grass, switchgrass, and corncob, are
optimized using RSM (Basar et al., 2021; Gundupalli et al., 2022; Sel-
vakumar et al., 2022). The most popular and frequently utilised RSM
design is the central composite design (CCD). Enzymatic hydrolysis re-
quires cellulase enzyme for conversion of cellulose into reduced sugar.
The source of carbon has the lowest concentration limit at which the
balance between newly produced and dead cells keeps the amount of
living cells relatively constant (Gao and Gu, 2021).

Therefore, the main goal of this investigation was to optimise the
alkaline pre-treatment of P. stratiotes starting from raw material to
enzymatic hydrolysis. To our knowledge, no pretreatment study on
P. stratiotes has been reported. The content of cellulose is affected by
three distinct factors: temperature, time, and alkali concentration.
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Central composite design (CCD) and factorial design were used to
optimise the pre-treatment process. Fourier transform infrared spectra
(FTIR), thermogravimetric analysis (TGA), and scanning electron mi-
croscopy (SEM) were used to further characterise the recovered cellu-
lose fraction following the pre-treatment. The commercially available
cellulase enzyme was used to hydrolyse the recovered solid fraction
(cellulose). The estimation of reduced sugar was computed after hy-
drolysis. It is possible to conclude from the study’s observations that this
is the first study to optimise the alkaline pre-treatment of Pistia stratiotes
using RSM, resulting in a higher cellulosic content.

2. Materials and methods
2.1. Collection and preparation of sample

Pistia stratiotes, commonly known as water lettuce, were harvested in
August 2022 from a local pond in Delhi, India’s Hauz Rani City Forest
(28.51590 N, 77.21110 E). The harvested material included all plant
parts: roots, stems, and leaves, with an average plant size of 35 cm.
Subsequent to collection, the sample underwent a dual cleansing process
with tap water to eliminate any impurities. Following this, it was
allowed to air-dry for 48 h at room temperature. The air-dried sample
was further dehydrated in an oven at 45 °C overnight and subsequently
ground using a grinder. The resulting finely ground sample was stored in
an airtight polybag for future use.

2.2. Sample composition analysis

2.2.1. Quantification of cellulose

To estimate cellulose content, the Updegraff method was employed.
Initially, for washing 70 mg sample was incubated in 1.5 ml of 70 %
ethanol at 70 °C for 1 h and then removed out ethanol by an aspirator
twice. After that 1 ml of acetone was added for 2 min and then aspirated
out and put the sample in a fume hood for 3-4 h, keep the sample in the
oven at 37 °C overnight, resulting in what is known as alcohol-insoluble
residue (AIR). This sample was stored at room temperature for further
use. This AIR was then subjected to a 30-min treatment at 100 °C in a
water bath using 3 ml Acetic nitric reagent (80% glacial acetic acid: 10
% nitric acid: 20 % Milli-Q). Following this treatment, the sample un-
derwent rinsing with ethanol and water until cellulose became apparent.
After that 4 ml acetone was added to the sample and evaporated in a
fume hood. The resulting residue was subsequently placed in an oven
overnight at 37 °C. Subsequently, 1 ml of 67 % HSO4 was added to the
sample, and the mixture was placed in a shaker for thorough mixing.
After the cellulose was effectively mixed with the acidic solution then
glucose standards were made from 100 mg/ml stock solution. Anthrone
reagent was prepared by mixing 0.3 % anthrone in H3SO4. For testing
500 pl sample and blank take out in the Eppendorf and add 1 ml
anthrone reagent in each, now boil each for 5 min and take the OD at
620 nm. The anthrone test was employed to estimate the amount of
glucose present in the cellulose (Kumar and Turner, 2015).

2.2.2. Hemicellulose and lignin

The fibre analysis method was used to estimate hemicellulose. This
methodology starts with the estimation of neutral detergent fibre (NDF),
moves on to the calculation of acid detergent fibre (ADF), and subtracts
ADF from NDF to find the concentration of hemicellulose (Holtzapple,
2003). National Renewable Energy Laboratory (NREL) protocols are
followed for the lignin estimation. The first step in this process was the
extraction of the sample with the help of milli Q water using probe
sonicator (Branson Sonifier W450 Digital, tip size 6.5 mm) (Zhou et al.,
2017). The resulting extracted sample was treated with 72 % H3SO4 in
the water bath for 1 h. It was then diluted with 4 % milli Q and auto-
claved for 1 h at 121 °C and 15 psi. After that, the sample was filtered
using a vacuum filtration unit in a crucible that had been preheated.
After being dried at 105 °C for 4 h, the residue was weighed and
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designated as acid-insoluble residue (AIR). Then the crucible was
transferred into muffle furnace at 575 °C for 24 h and weighed once
more. The outcome obtained after burning the sample in the muffle
furnace gives % of ash in filter (Xia et al., 2022). Acid-soluble lignin was
calculated by measuring absorbance at 280 nm (Nomanbhay et al.,
2013). All the calculations were performed using the formulas
mentioned below Egs. (A.1, A.2 and A.3).

Eq.(A) was used to calculate the lignin.

(Crucible plus AIR weight — Crucible weight)

% AIR =
’ Sample loading in Crucible

x 100

(Crucible plus ash weight — Crucible weight) 1

9 i =
% Ash in filter Sample weight

00

% Acid insoluble lignin =% AIR — % Ash in filter Eq.(A.1)

UVabsorbance (280nm) % Voulme of filtrate x dilution

% Aci ignin =
Y Acid soluble lignin Absorptivity x dry weight x pathlength

Eq. (A.2)
% Lignin = % Acid insoluble lignin + % Acid soluble lignin Eq. (A.3)

2.3. Sample characterization

2.3.1. Fourier-transform infrared (FTIR) spectroscopy

The changes in functional groups after alkaline pre-treatment were
determined through the use of FTIR spectroscopy (PerkinElmer 400
FTIR/FTIR). With the control sample, the spectra span the frequency
range of 4000 cm ™! to 400 cm™!. Pellet preparation involved the use of
potassium bromide (KBr), and scanning was done at a resolution of 4
em ! (Kataria et al., 2018a).

2.3.2. Thermogravimetric analysis (TGA)

The TGA of raw and alkaline pre-treated samples was performed by
PerkinElmer TGA 4000. The samples were heated using a nitrogen flow
rate of 10 mL/min and a heating range of 10 °C min~' from room
temperature to 600 °C (Kataria et al., 2018b; Umesh et al., 2022)

2.3.3. Scanning electron microscopy (SEM)

The changes in surface and fibre morphology of pre-treated sample
were examined using Scanning Electron Microscopy (SEM) (Model:
EV018 Zeiss, Germany) with 5 kV voltage at 10,000x magnification.
SEM analysis was used to identify the structural alterations following
cell wall breakdown (Umesh et al., 2022)

2.4. Optimization of pre-treatment using RSM

RSM is a multivariant statistical tool that provides a new approach
for determining the ideal pre-treatment state. Design Expert software
assisted in the development of a central composite design, which was
used to determine the effects of various independent variables on cel-
lulose extraction. Temperature (60, 90, and 120 °C), time (30, 45, and
60 min), and NaOH concentration (0.5, 1.75, and 3 %), were the vari-
ables. RSM was responsible for determining the results. The variables in
this model were represented by codes, which were represented by the
numbers —1,0, and 1. The neighbouring distance from the value of the
central point determines how variables are coded. The experiment’s
independent variables, such as the temperature, time, and NaOH con-
centration, were transformed into code variables Xi (Eq. (B.1))

Xi:2<0v_v>
A

Equation 2 comprises the following terms:
A (difference between largest and smallest values (range)), OV
(original variable), and V (average of the largest and smallest values of

Eq. (B.1)

International Biodeterioration & Biodegradation 193 (2024) 105852

variables or mid value). Three independent variables with lower and
higher levels are mentioned in Table (A.1).

2.4.1. Statistical analysis and model fitting

The statistical tool known as Analysis of variance (ANOVA) was
employed for divination of the statistical factors required in the assess-
ment of the RSM model between the independent variables and response
of parameters. Utilising the software Design Expert, regression analysis
of trial data was employed to generate the contour plot, pareto chart,
and optimized condition. The influence of independent variables on the
cellulose concentration is shown by the contour plot and pareto chart.
The outcome of the model predicted statistically significant values by F
test and p value. If the value was less than 0.05, then the model was
stated as statistically significant with lack of fit test that is insignificant
in the same model. Independent factors significantly impacting the
response were determined by p test value less than 0.05 with confidence
level above 95 %. Significance of the model was accessed by R? pre-
dicted and R? adjusted value (Ramaraj and Unpaprom, 2019). To
determine the ideal condition divided into linear, quadratic, and inter-
active components, the effects of independent variables on the depen-
dent variable (response) were estimated using a polynomial equation.
Eq. (C.1) displayed the entire cellulose concentration estimation.

a £ .
Y=p,+3 BX + Y 0%+ Z;_/}VX,.X/- +e Eq. (C.1)
i=1 i=1

where Y is the predicted response (cellulose concentration); g, the
intercept; §8, the linear constant; 3, the quadratic coefficients; §,, the
interaction effect of coefficients; X, and X, the coded values used for
variable parameters; and « is the random error (Dahunsi et al., 2019).

2.5. Enzymatic hydrolysis

After pre-treatment, 10 ml of citrate buffer (0.05M, pH 4.8) was
added to 150 ml test tubes containing 0.5 g of both pre- and untreated
samples for enzymatic hydrolysis. The commercially available cellulase
enzyme (40000 U/g) was sourced from IndiaMart, and the Filter Paper
Unit (FPU) was calculated following NREL protocols. The cellulose
loading was adjusted to 25, 50, and 75 FPU/g of dry biomass.

The hydrolysis was carried out in an incubator shaker (New Bruns-
wick Innova 44 series, Germany) with a rotation speed of 150 rpm for
96 h at 50 °C. Samples were withdrawn at 24, 46, 72, and 96 h. The
reducing sugar was quantified using the DNSA method as described by
Liu et al. (2021). After enzymatic hydrolysis, the sugar yield was
determined using Eq. (D.1), and each experiment was conducted in
triplicate.

0.9 X reducing sugar (%)X volume (L)

1 (08 —
Sugar yteld (%) solid cellulose fibre wt. (g)

X100 Eq. (D.1)

2.6. Reducing sugar extraction

The 3, 5-Dinitrosalicylic acid (DNSA) method was used to estimate
the total amount of reducing sugar (Miller, 1959). After preparation of
DNSA reagent (10 g 3,5 DNS, 0.5 g sodium sulphate, 182 g sodium
potassium tartrate, 10 g sodium hydroxide and 2 g phenol in 1 L), it was
kept in an amber bottle for storage. For the standard curve, a stock so-
lution of glucose standard was prepared. Initially, 1 ml DNSA reagent
was added to the sample, glucose standards and a blank and put in the
water bath and left for 15 min. Then the samples were removed from the
water bath and 5 ml milli Q was added for dilution to take the OD of each
sample to quantify reduced sugars, the optical density of the samples
was measured at 540 nm using a glucose standard.
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3. Results
3.1. Composition analysis of the sample

P. stratiotes can be used as a good carbon source for the production of
value-added products. In the raw sample, the estimated contents of
cellulose, hemicellulose, and lignin were 25.90 %, 18.44 % and 25.25 %
respectively. The composition analysis proves that in this weed, a high
amount of cellulose content was found compared to hemicellulose and
lignin. After the chemical pre-treatment, the composition analysis
showed that it might be a useful carbon source for the production of
bioethanol. By applying the alkali pre-treatment to remove the lignin
content from the raw sample, the cellulose content could be increased.

3.2. Optimization of alkali pre-treatment and validation

After pre-treating P. stratiotes with alkali (NaOH), which had an
impact on the raw material’s depolymerization, cellulose was the final
product, with lignin removed. The reduced sugar obtained from the
hydrolysis of cellulose can be used to further produce ethanol. The best
conditions were achieved by optimising biomass using RSM, which is
2.47 (w/v) NaOH at 120 °C for 60 min after autoclaving. The optimal
condition gives the result of 51.66 % cellulose. The result of the alkali
pre-treatment under various conditions is cellulose, which is shown in
Table (A.2).

The factors that affect the expected changes in the mean response
when the factors change from a lower to a higher level, which also es-
tablishes the coded coefficients. The alkali concentration shows major
positive impact so that this parameter has an effect on increased
response (cellulose concentration) proceeding from 0.5 % to 3 %. If the
alkali concentration is higher, then the cellulose concentration will also
be enhanced. However other factors like time, temperature, alkali conc.
*alkali conc. And alkali conc.*time, shows the negative sign which
successively impacts on reducing the response.

Table (B) illustrates an ANOVA statistical model for cellulose esti-
mation from CCD. ANOVA and the lack of fit test are used to analyse the
model’s fitness. When the experimental data fits the model, significant
regression and non-significant lack of fit are displayed. This model’s
statistical advantage was evaluated and attributed to the interactions
between the model’s factors and p-value. Table (B) shows that the
model’s p-value for cellulose concentration is 0.000, which is less than
0.050 and suggests that the response to the model is substantial and
meaningful. The model is considered highly significant when the p-value
is less than 0.001. A p-value greater than 0.1 indicates that the model is
not significant. However, because of the large f value (53.79), the model
result has a significant impact on the response. This f-value is probably
going to demonstrate the significance of the model. There is only a 0.01
% chance in the statistical model that a large f value could arise from
(Pashaei et al., 2020).

3.2.1. Model summary

The adjusted R? of 96.15 % and the predicted R? value of 92.48 %
agree rationally, indicating a difference of less than 4 %. This result
demonstrates that this model can accurately represent the percentage of
cellulose extraction from P. stratiotes and can be shown as coded vari-
ables, as shown in Eq. (E.1).

3.2.2. Regression equation in Uncoded units
Cellulose = 64.90 + 12.18 Alkali conc. - 0.986 Time - 0.697 Temp.

—2.409 Alkali conc.*Alkali conc.+ 0.00465 Time x Time +0.001267
Temp.*Temp.

—0.1395 Alkali conc.*Time +0.0675 Alkali conc.*Temp. +0.01109
Time x Temp. Eq.(E.1)
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3.2.3. Contour plot

The contour plot describes the impact of different variables on the
response, and change in cellulose content depending on the temperature
and time). The effects of temperature and time on cellulose are inter-
preted in Fig. (A.1). A notable increase in cellulose is seen as a result of
the temperature rising over time. A rise in cellulose content of more than
50% was noted after 55-60 min at 110-120 °C. Conversely, after pre-
treatment, a higher amount of cellulose content is obtained by raising
the temperature and alkali concentration. The maximum cellulose
content, or >50%, is achieved at 120 °C and >2.5 % alkali content, as
Fig. (A.2) illustrates.

3.2.4. Pareto chart

The Pareto chart was used to clearly illustrate the significance and
magnitude of the impact of independent variables on response. The
complete values of the regulated effects, arranged from highest effect to
lowest effect, are shown in the Pareto chart. The chart’s reference line
indicates statistical significance for the effect. The statistical significance
is shown by the bar that crosses the reference line. The cellulose Pareto
chart is shown in Fig. (A.3). This chart indicates that the parameters are
statistically significant because of time x temperature (BC), alkali conc.*
time (AB), alkali conc.* temp. (AC), alkali conc. (A), alkali conc.* alkali
conc. (AA), temp. (C), and time (B) cross the reference line.

3.2.5. Response (cellulose) optimization

The response observed in the complete process was cellulose. After
statistical analysis of the optimization model, the target cellulose con-
tent was 50.87 %, and the objective was to maximise the cellulose
outcome with a lower cellulose content of 21.17 %. The ideal condition
was discovered at 2.4 % alkali concentration with 60 min at 120 °C
temperature after multiple responses. Post the optimization experiment
the cellulose fit was 51.65 % with 1 % composite desirability.

3.2.6. Response outcome

RSM was used to determine the response (cellulose content)
outcome, and it fit 51.66 % of the cellulose content with a standard error
of 1.06. With a prediction interval ranging from 47.92 to 55.39 %, the
confidence interval fell between the range of 49.92-54.01 % cellulose
content.

3.2.7. Multiple response prediction

The optimized condition was discovered through multiple response
prediction after carrying out a series of experiments. All variables were
then fixed, and after 60 min at 120 °C, the maximum cellulose content
was discovered at 2.46 % alkali content.

3.2.8. Optimization plot

Optimization of alkaline pre-treatment was performed, optimized
condition considered at 2.47 % NaOH, 120 °C with 60 min. This opti-
mized condition was performed separately to check the reliability. After
performing the optimized condition, 51.67 % cellulose was found in the
hydrolysate which shows the reliability of the model. A model created
by Minitab software in which independent variables are adjoined to
estimate the target response. Combined desirability ranges from 0 to 1
are helpful for the calculation of optimization. Cellulose has an inde-
pendent desirability outcome of 1.0 as a predicted outcome of 51.65 %.
The separate desirability of 1.0 is an excellent score which shows that
response is immediate to their absolute setting. The optimization of
response (cellulose) gives an ideal desirability score as cellulose was an
absolute setting that is included in the justifiable range. The optimized
condition established after the RSM model is represented in Fig. (A.4).
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3.3. Effect of cellulase loading on enzymatic hydrolysis

A comparison of the pre-treated and raw samples’ enzymatic hy-
drolysis shows promising results following pre-treatment. 25 FPU, 50
FPU, and 75 FPU cellulase loadings are used to hydrolyse the raw and
pre-treated samples in a shaker at 150 rpm and 50 °C. The sample that
was pre-treated and hydrolyzed by 50 FPU of cellulase, displayed a
maximum concentration of 25 g/L of sugar reduction (fig. (B.2). With an
enzymatic activity of 75 FPU, the pre-treated sample’s maximum
reduced sugar of 33.62 g/L was formed in 72 h. After 72 h, the pre-
treated sample’s maximum sugar yield was discovered, with 75 FPU
enzymatic activity of 60.53% (Fig. (B.2). In contrast, under the same
conditions, the raw sample yields 6.68 g/L of reducing sugar with 50
FPU in 72 h following hydrolysis. With 75 FPU, the maximum reduced
sugar of 11.56 g/L was formed in 96 h. After 96 h, the raw sample’s
maximum sugar yield of 20.80 % was formed, with an enzymatic ac-
tivity of 75 FPU Fig. (B.1). It demonstrates how successful the pre-
treatment is when hydrolysis occurs. Mass balance of the complete
study was determined by the total product formation from the substrate
(Njoku et al., 2013). The mass balance is shown in Fig. (C).

3.4. Improvisation of the raw and treated sample

3.4.1. Phonological modulation in raw material (SEM analysis)

The sample’s initially smooth surface transforms into a rough texture
under the influence of elevated temperatures and alkaline conditions,
causing the breakdown of cellulose and hemicellulose bonds upon lignin
removal. This alteration increases the surface area of the biomass,
enhancing its accessibility to enzymes, as demonstrated by Kataria et al.
(2017). Post-alkaline treatment, noticeable structural changes in the
untreated sample are evident, as depicted in Fig. (D). Comparative
analysis with the untreated raw material reveals a more pronounced
disruption in the sample following alkaline pre-treatment. In
Figure (D.2), the most significant disruption is observed after alkaline
pre-treatment. Notably, severe conditions (3 % NaOH concentration)
also exhibit substantial disruptions, as illustrated in Fig. (D.4) In
contrast, mild pre-treatment conditions (0.5 % NaOH concentration) are
shown in Fig. (D.3).

3.4.2. FTIR spectrum of the untreated and treated sample

The functional group and its properties are specifically revealed by
the FTIR spectrum. The treated sample’s FTIR spectra (Fig. E.1) showed
a broad, highly intense peak spanning 3500-3200 cm ™" that indicated
N-H stretching of primary amines, an increase in free O-H bonds as a
result of extractives being removed, and the presence of cellulose (Lu
and Hsieh, 2010). When the sample is left untreated, an ester
bond-related band at 1740 cm ™! indicates that the polymer within is
mutually interconnected; however, when the sample is treated with al-
kali, xylose solubilization takes place and the band vanishes (Sills and
Gossett, 2012). The treated sample exhibits more intense peaks at 1430
cem ™! and 1320 em™!, which correspond to C-Hy and C-H bending,
respectively, in relation to cellulose (Sombatpraiwan et al., 2019). The
hemicellulose acetyl ester’s stretching vibration is reduced in the treated
sample, indicating the removal of the xyloglucan acetyl group with the
COOH group from the lignin hemicellulose matrix. This is represented
by the peak at 1231 cm™ ! (Trevorah and Othman, 2015) 2015. The peak
at 1024 cm—1 represents polysaccharides. The treated sample has high
intensity at this region because of C-O, C—=C, and C-C-O stretching for
polysaccharides, which correlate with hemicellulose decomposition
(Bano and Irfan, 2019). The aromatic band ranges from 950 to 700
em™ !, which corresponds to the p-glycosidic linkage in cellulose and
hemicellulose units (Gusain and Suthar, 2017). Due to C-O-C stretching
in the p-glycosidic linkage in cellulose and hemicellulose, which makes
cellulose accessible to enzymes, the intensity of the peak at 880 cm™ !
increases in the treated sample (Deng et al., 2019).
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3.4.3. Thermogravimetric analysis (TGA) and differential
thermogravimetric analysis (DTG)

Fig. (E.2) shows the thermogravimetric analysis of the untreated
sample (raw), mild (0.5 % NaOH conc., 30 min and 60 °C), harsh (3 %
NaOH Conc., 60 min and 120 °C), and optimized pre-treated condition
(2.47 % NaOH conc., 60 min and 120 °C) to determine their degradation
characteristics at 0-600 °C. During the TGA analysis shown in Fig. E.2,
four distinct types of weight reduction were observed in Pistia stratiotes:
moisture, cellulose, hemicellulose, and lignin reduction. Water evapo-
ration causes weight loss to begin at 100 °C. At 200-300 °C, hemicel-
lulose depolymerizes and breaks down its cellulosic glycosidic bonds.
Water loss causes a mild, raw sample to lose 10-12 % of its weight be-
tween 100 and 200 °C. Unexpected weight loss of approximately 50 %
was noted in all samples between 250 and 350 °C as a result of hemi-
cellulose, cellulose, and lignin degradation. Lignin breaks down between
200 and 500 °C. The primary thermal degradation region was observed
to be between ~325 and 345 °C, indicating the degradation of cellulose
and lignin in the sample. (Basak et al., 1993). The range of 200-500 °C
was where the optimized condition’s 55 % weight loss occurred. This
indicates the sample’s delignification and is the result of the alkaline
pre-treatment. The optimized sample’s DTG curves show a peak at
345 °C, respectively, with the hydrolyzed sample showing the strongest
signal because of its higher cellulose content. The raw material’s
maximum thermal stability, which corresponds to its non-cellulosic
content, was measured at 325 °C. Fig. (E.3) illustrates the optimized
sample’s high thermal stability, with the DTG curve indicating a
maximum stability temperature of 345 °C. The optimized sample’s
degradation temperature is higher than that of other lignocellulosic
materials that have been reported, such as Napier grass (300 °C) (Reddy
et al., 2018), roselle fibres (326 °C)(Kian et al., 2017) and kans grass
(340 °C) (Baruah et al., 2020).

4. Discussion

Biofuels can be produced from biomass, which is an environmentally
friendly way to mitigate the energy crisis. The sustainable development
goal is aided by the bioconversion of lignocellulosic biomass into biogas
and biofuel, which lessens the carbon footprints. Lignocellulosic bio-
masses are composed of lignin, hemicellulose, and crystalline cellulose.
Unlike the first generation, which used sugar directly, intrinsic biomass
recalcitrance significantly hinders lignocellulose’s bioconversion by
protecting carbohydrates from degradation. The recalcitrance of wrap-
ped cellulose significantly hinders the recovery of fermentable sugar
from it. These types of biomass degrade slowly, so effective pre-
treatment and enzyme dosage are necessary (Hu et al., 2023a).
Pre-treatment is a crucial stage in the bioprocess technology process as a
whole. In modern biorefineries, various pre-treatments such as physical,
chemical, and biological are used to overcome the recalcitration of
lignocellulosic biomass (Mankar et al., 2021). Physical pretreatment is
used to reduce the size of particles and increase the surface area of
lignocellulosic biomass by disrupting of structure of cellulose, hemi-
cellulose and lignin for accessibility of enzymes e.g. grinding (Ji et al.,
2017) Chemical pretreatment is more effective for increasing the hy-
drolysis and it is a simple procedure with high efficiency. Different
chemicals are used in this process like acids, alkali, organic solvents and
ionic liquids, all of these can break down the lignocellulosic biomass.
Acidic pretreatment is specific for lignin degradation by using different
concentrations of acid, reaction time and temperature. The disadvantage
of this pretreatment is its ineffectiveness in the lignin removal and
stopping its hindrance effect on cellulose (Rodrigues Gurgel da Silva
et al., 2019). Alkali pretreatment is helpful for lignin and hemicellulose
removal and increases the accessibility to the enzymes for hydrolysis
with a high reduced sugar yield. The expensive neutralization and sec-
ondary contamination are its drawbacks (Malik et al., 2020) Ionic lig-
uids are advantageous over acids with non-flammability, thermal
stability and chemical adjustability (Abushammala and Mao, 2020).



S. Mann et al.

Biological methods use fungi and bacteria, its advantage over other
methods is the low cost of the downstream process, simple procedure,
and low energy consumption. The drawback is its low-efficiency limit
and time-consuming process (Rezania et al., 2020)(Li et al., 2022).
Lignocellulosic biomass includes corn stover, which undergoes enzy-
matic hydrolysis and pre-treatment before being transformed into a
value-added product (Li et al., 2017). One abundant and renewable
feedstock for making biofuels is grass. Its growth cycle is short, with low
lignin content, and its crystallinity is also less. However, getting a high
yield of biofuels from grass is difficult due to the stiff
cellulose-hemicellulose-lignin network that resists enzyme attack.
Consequently, various pre-treatment methods have been applied to
different types of grass in order to boost the yield of biofuels (Jin et al.,
2015). Due to their low lignin content, aquatic weeds are classified in
the same category as grasses. Numerous aquatic weeds, such as Eich-
hornia sp., Pistia stratiotes, Lemna minor, and Lemna gibba, can serve as
good carbon sources for the synthesis of biofuel (Gusain and Suthar,
2017). Each of these weeds has a different composition. According to a
previous study, duckweed (Lemna minor) contains cellulose 55.2%,
hemicellulose 32.6 %, and lignin 12.2% (Yadav et al., 2017). The
composition of water hyacinth before pre-treatment showed 1.77%
acid-soluble lignin, 6.33% acid-insoluble lignin, 32.84% cellulose, and
24.7% hemicellulose. The results of the thermal pre-treatment were
different: by using the autoclave technique, 1.58% acid-soluble lignin,
8.35 % acid-insoluble lignin, 27.8% hemicellulose, 29.26% cellulose
were formed (Barua and Kalamdhad, 2017). Organic waste also includes
rice straw that is used to optimise the alkali pre-treatment process. The
temperature, time, NaOH concentration, and solid loading were the
independent variables. The sugar reached its peak at 121 °C, 40 min, 2%
w/v NaOH concentration, and 5% loading. With 50.5 g/L of glucose,
13.5 g/L of xylose, and 1.3 g/L of arabinose, the maximum sugar content
was 65.3 g/L(Valles et al., 2021). A comparative investigation of diverse
chemical pretreatment was performed on sorghum straw. Six different
pretreatment were applied to it, namely, 2 % (w/v) NaOH, 2 % HSOy4, 2
% (w/v) NayCOs, 2 % (w/v) oxalic acid, 2.15 % (w/v) HyO, and 95%
(v/v) glycerol pretreatment. In this study, 2 % NaOH pretreatment was
most effective for lignin removal and enzyme-mediated hydrolysis
process (Bhati and Sharma, 2023). Another optimization of alkaline
pretreatment by central composite design with enzymatic hydrolysis
study was performed on the cocoa pod husk. The optimal condition was
5%(w/v) NaOH for 30 min at 120 °C increased the content of cellulose
from 27.68 (untreated) to 57 % and then enzymatic hydrolysis was
performed resulting in 66.80 g/L reducing sugar yield up to 98.75 %
(Hernandez-Mendoza et al., 2021) which is high from our study. When
alkaline pretreatment was done on the Brassica juncea with a low con-
centration of NaOH (0.5 M) at 160 °C for 30 min with 10 % loading. The
delignification occurred in the sample and then enzymatic hydrolysis
was done by the mixture of cellulase obtained from A. niger MTCC284,
T. harzianumMTCC8230 and F. incarnatumKU377454. Then 62.35
mg/ml reduced sugar was formed after hydrolysis in 48 h at 50 °C with
15 % loading (Pant et al., 2021). Optimization of alkali pretreatment
was performed with the help of response surface methodology and
maximum cellulose content was formed by 2 % NaOH i.e. 62.7 % and
highest 78.3 g/L glucose was obtained at 20 g/L enzyme loading with
50 °C for 72 h (Punia and Singh, 2024). Another study on C. oleifera fruit
shell and its seed cake used as a substrate for enzymatic hydrolysis after
oxalic acid pretreatment. SSF (Solid state fermentation) performance of
A. niger with 50 °C at 200 rpm for 24 h gives 20.58 g/L reduced sugar
which is less than our study (Dessie et al., 2024). Pistia stratiotes contains
49.4 % carbohydrates, 17.8 % fibres, and 16.5 % protein with 23.8 %
ash content (Pantawong R., Chuanchai A., Thipbunrat P., Unpaprom Y.,
2015). The cellulose content of Pistia stratiotes was extracted in a pre-
vious study under various conditions using bleaching agents. Four
distinct conditions were used to optimise the pre-treatment: (1) 2% so-
dium chlorite + 2% glacial acetic acid; (2) 4% sodium hypochlorite; (3)
4% hydrogen peroxide + 4% sodium hydroxide; and (4) 4% soapnut
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solution. The results of all the conditions in the form of cellulose yield as
a percentage were 38.92, 25.70, 10.7 and none in the fourth condition
(Umesh et al., 2022). In another study, 1% alkali (NaOH) and 1% H30,
were used to treat Pistia stratiotes and water hyacinth. Following this
treatment, the cellulose results in water hyacinth increased from 19.7 to
34.2% and in Pistia from 16.5 to 28.4% (Mishima et al., 2008). After the
Pre-treatment, besides ethanol, other solid-liquid products are also
produced like foliar fertilisers, jet fuels and catalysts from the Pistia
stratiotes (Yang et al., 2022). The optimization of pre-treatment was
done on water hyacinth. Different acids like HCL/H2SO4/HCOOH (2%
v/v) with varied concentrations were used such as 1%,2%,3% and 4%
v/v to obtain a high amount of reduced sugar. Also, 3% v/v NaOH was
used for alkali pre-treatment. The observed results gave maximum
reduced sugar at 37.89 mg/100 ml filtrate with 4 % HSO4 (dilute acid
pre-treatment). With the alkali pre-treatment, 3% NaOH gave 17.185
mg/100 ml sugar concentration (Awasthi et al., 2013). In contrast, the
highest amount of reduced sugar detected in our study was 33.62 g/L
following 72 h of enzymatic hydrolysis. The pre-treatment of lignocel-
lulosic biomass with enzymatic hydrolysis is crucial. The saccharifica-
tion of cellulosic biomass or the low degradation of lignocellulosic
biomass for the production of valuable products is the bottleneck in this
field, necessitating the use of economically used enzymes that are
effective in the saccharification process. Enzymes ought to be less
expensive to produce at the industrial scale. The cost of using sugars
from the lignocellulosic biomass reaches 25-30% of the total cost of
producing biofuel (Hu et al., 2023b). Either commercially available or
in-house-produced cellulase enzymes can be used for enzymatic hy-
drolysis. The primary source of fermentable sugars is plant cell walls.
Certain bacteria possess the ability to break down cellulose, hemicel-
lulose, and lignin. For example, the bacterium, Trabulsiella sp. is capable
of efficiently breaking down the lignin model compound, guaiacylgly-
cerol-p-guaiacyl ether (Suman et al., 2016). Clostridium thermocellum is
an isolated bacteria which is capable for degradation of the cellulose and
used for saccharification process. It is isolated by the goat rumen and is a
thermophilic bacteria that is active at temperature of 50-70 °C and
works on the agro-industrial waste (Hamann et al., 2015). Apart from
bacteria, the fungus is also used for the production of enzymes. Different
types of fungus used for the production of cellulase enzymes like
Aspergillus sp. A1C2-06, Talaromyces verruculosus A1C2-05 (Fontes et al.,
2023), Aspergillus niger (Sulyman et al., 2020) and Trichoderma resei (Wu
et al., 2019). In the previous study, the A.niger produced enzymes by
using the waste of C. oleifera as a substrate and the conditions were 50 °C
at 200 rpm for 24 h and produced 20.58 g/L sugar (Dessie et al., 2024).
Another study shows that using the same fungus stain and conditions
were different than was at 50 °C at 150 rpm for 48 h on the wheat straw
after thermal pretreatment produced 32.90 g/L sugar (Infanzon-Ro-
driguez et al., 2022) Commercially available cellulase enzymes suitable
for the saccharification process are also reasonably priced. We employed
the inexpensive, readily available commercial cellulase enzyme in our
investigation to achieve successful saccharification results.

5. Conclusions

Alkali pretreatment of biomass is a crucial step for lignocellulosic
biomass delignification. This lignin removal process results in the
exposure of cellulose and the liberation of sugars. Depending on the type
of plant biomass, pretreatment process need to be employed. In the
present study, alkaline pretreatment was optimized for Pistia stratiotes
biomass and 51.66 % cellulose was formed. The biomass characteriza-
tion of pretreated biomass also revealed the delignification. The enzy-
matic hydrolysis was done after pretreatment by a commercially
available enzyme which gives a maximum of 31.06 g/L reduced sugar
with 75 FPU in 72 h. Hence, this renewable sugar obtained by hydrolysis
may be employed for various microbial metabolites production such as
ethanol, bioplastics, organic acids and different metabolites. This makes
it a sustainable and cost-effective process.
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Fig. (A.1). Contour plot shows the effect of temp. And time on the cellulose content. An increase in cellulose content was noticed when temperature increased

with time.
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Fig. (A.2). Contour plot demonstrates the effect of alkali conc. And temperature on cellulose content. With an increase in the alkali conc. with temperature, the

cellulose content also rises.
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Pareto Chart of the Standardized Effects
(response is Cellulose, a = 0.05)
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Fig. (A.3). Pareto chart of standard effects of independent variables on response. This chart illustrates that the factors time x temp., alkali conc.*time, alkali conc
*temp, alkali conc., alkali conc.*alkali conc., temp., and time are statistically significant.
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Fig. (A.4). Optimized condition demonstrates when the cellulose substrate is treated with high conc. of alkali (2.47 %) at 120 °C for 60 min then the maximum
cellulose content was obtained with optimal density 1 which is statistically significant.
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Fig. (B.1). Profile of reducing sugar concentration at the time of enzymatic hydrolysis of the raw sample of P. stratiotes at different initial enzyme loading. (50 °C, pH
4.8, rpm 150 with 5 % biomass loading).
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Fig. (B.2). The profile of reducing sugar concentration at the enzymatic hydrolysis optimized pre-treated sample at different enzyme loading conditions (50 °C, pH
4.8, 150 rpm and 5 % pre-treated solid content).
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Fig. (C). The mass balance diagram of the complete process from pretreatment to enzymatic hydrolysis.
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Fig. (D.1). SEM analysis for untreated (Raw).
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Fig. (D.3). Mild condition (0.5 % NaOH conc., 30 min and 60 °C).
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Fig. (D.4). harsh (3 % NaOH Conc., 60 min And 120 °C). Optimized condition shows maximum disruption due to the removal of lignin and hemicellulose.
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Fig. (E.1). FTIR spectra for untreated (Raw), mild, harsh and optimized conditions. The intensity of the signal in the form of peaks in different wavelengths shows
the presence of relevant molecular bonds found in the polymers of samples.
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Fig. (E.2). Thermal profile for untreated (Raw), mild, harsh and optimized condition thermogravimetric analysis (TGA) curves represent the thermal degradation of
the areas of the major compounds present in the samples.
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Fig. (E.3). Differential thermogravimetric (DTG) curves represent the rate of thermal degradation of treated and untreated samples.
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Table (A.1)
Independent variables with experimental levels in the RSM model

Symbols Independent variables Unit Relation of codes with original independent variables
-1 0 1
A NaOH concentration °C 0.5 1.75 3
B Reaction Time min 30 45 60
C Reaction Temperature % w/v 60 90 120
Table (A.2)
Experiment list with different levels of independent variables (alkali conc., time and temperature) with response (cellulose)
Experiment no. Alkali concentration Time Temperature cellulose (%)
1 1.75 45 90 37.3+2.61
2 1.75 45 120 41.5 + 3.51
3 1.75 45 90 36.92 + 2.44
4 3 60 120 50.88 + 1.40
5 0.5 30 60 27.38 £ 0.93
6 1.75 45 920 35.01 + 2.95
7 3 30 60 36.31 + 3.24
8 0.5 60 60 27.64 + 2.61
9 0.5 30 120 21.17 = 1.04
10 1.75 45 920 3439 + 2.1
11 1.75 45 60 34.2 £1.38
12 1.75 45 90 35.27 £ 0.72
13 3 60 60 27 + 3.83
14 3 45 90 32.57 £ 1.91
15 3 30 120 41.12 + 2.98
16 1.75 45 90 34.08 + 2.51
17 1.75 60 90 40.83 + 3.25
18 1.75 30 90 34.67 + 2.34
19 0.5 60 120 42.28 + 3.41
20 0.5 45 90 29.15 + 2.39
Table (B)
Analysis of Variance (ANOVA) results and statistical parameters of the model quadratic correlation versus alkaline conc., reaction time and reaction
temperature
Source DF Adj SS Adj MS F-Value P-Value
Model 9 818.693 90.966 53.79 0.000
Model 9 79.187 26.396 15.61 0.000
Linear 3 44.593 44.593 26.37 0.000
Alkali conc. 1 15.012 15.012 8.88 0.014
Time 1 30.042 30.042 17.77 0.002
Temp. 1 40.584 13.528 8.00 0.005
Square 3 38.954 38.954 23.04 0.001
Alkali conc.*Alkali conc. 1 3.007 3.007 1.78 0.212
Time x Time 1 3.576 3.576 211 0.177
Temp.*Temp. 1 305.185 101.728 60.16 0.000
2-Way Interaction 3 54.702 54.702 32.35 0.000
Alkali conc.*Time 1 51.288 51.288 30.33 0.000
Alkali conc.*Temp. 1 199.195 199.195 117.80 0.000
Time x Temp. 1 16.910 1.691
Error 10 8.084 1.617 0.92 0.537
Lack-of-Fit 5 8.826 1.765
Pure Error 5 835.603
Total 19
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