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ABSTRACT

Agricultural waste-based biorefinery merges waste and production sectors to develop a
circular economy. One such biorefinery product, 5-(hydroxymethyl) furfural (5-HMF)
has gained increasing interest as a versatile platform chemical to produce chemicals
and fuels, and rice straw will be an ideal feedstock to produce 5-HMF. Limited studies
on the direct conversion of rice straw to 5-HMF reveal the requirement of extensive
research. This MPhil research study focuses to identify the most feasible conversion
process to convert rice straw into 5-HMF, and optimize the required process parame-
ters in laboratory-scale to be used in unit processes in scaled-up implementation. As
the first objective, this thesis has proposed a roadmap, elucidating the existing meth-
ods for rice straw pretreatment to convert cellulose and cellulose conversion to 5-HMF
processes. Then cellulose conversion to 5-HMF was evaluated, considering catalyst
used, solvent system, process temperature, and process time. Eventually, an evaluation
method, based on a generalized objective function with penalty scores, was developed
and used its minimum value to find the optimal process configuration at the lowest cost
for large-scale 5-HMF production. However, considering the feasibility of large-scale
application of these processes in Sri Lankan context, combinatory acid/ alkaline pre-
treatment method and mineral acid-catalyzed cellulose to 5-HMF conversion process
were selected for the optimization. The final objective was experimentally optimiza-
tion of the process parameters of each, using an advanced optimization technique, re-
sponse surface methodology. Central composite design-based experiments were used
to develop statistical models for each process. Quantitative analyses were performed,
using regression techniques, analysis of variance, and residual analysis, whereas qual-
itative analyses were carried out via Fourier Transform Infrared Spectroscopy. The
pretreatment process was carried out to maximize the outcome of rice straw biorefin-
ery. It included two steps: (1) dilute sulphuric acid treatment at reduced temperatures
to optimize hemicellulose removal, and (11) dilute sodium hydroxide treatment at re-
duced temperatures to optimize lignin removal. The maximum hemicellulose removal
(15.78%) was observed at optimal conditions of 0.26mol dm−3 acid concentration,
98.1 ∘C reaction temperature, and 30.48 min reaction time. The maximum removal
of lignin (20.98%) was obtained at 2.55mol dm−3 sodium hydroxide concentration,
80.5 ∘C reaction temperature, 106.48 min reaction time. An optimized acid- catalyzed
hydrothermal process for the in-situ production of 5-HMF from rice straw extracted
cellulose was obtained, using a biphasic reaction system. The maximum yield of 5-
HMF was 23.51% at optimal conditions of 0.046mol dm−3 dilute hydrochloric acid
concentration, 180 ∘C process temperature, and 107 min process time. Finally, vali-
dation experiments were performed, and the observed optimum results showed close
agreement with the predicted, confirming rice straw biorefinery process optimization.

Keywords: Rice straw, Biorefinery, 5-(hydroxymethyl) furfural, Pretreatment, Cellulose, Cat-

alytic conversion, Optimization, Response surface methodology
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CHAPTER 1

INTRODUCTION

This chapter contains background (Section 1.1) of the study of optimization of rice
straw to 5-hydroxymethylfurfural conversion. The aim (1.2) and the contribution of
the study (Section 1.3) are then explained. Finally, a brief outline of the chapters in the
thesis is presented (Section 1.4).

1.1 Background

Industrial production of broad ranging fuels and chemicals depends on fossil resources.
However, the rate of diminishing fossil resources along with their devastating environ-
mental effects, such as global climate transtitions and unacceptable ways of waste dis-
posal issues have become raised due to the huge consumption of petro-based materials
and products. Despite of these issues, the demand for petro-based fuels and chemicals
has been increasing continuously, especially from developing economies since these
products are bound to provide a high quality of life for all human beings. Towards this
end, immediate development of new technologies for the manufacturing of alternative
chemicals and fuels based on sustainable energy sources has received higher attention
than ever.

In this context, 5-(hydroxymethyl)furfural (5-HMF) is identified by the US Department
of Energy, as a versatile intermediate platform chemical compound to connect chem-
ical industry and renewable biomass resources. As a fundamental molecular building
block, 5-HMF is converted into a series of high quality fuels, such as 2,5–dimethylfu-
ran (DMF), 5-ethoxymethylfuran (EMF), ethyl levulinate (EL), and 𝛾-Valero lactone
(GVL), and high value chemical compounds, including 2,5–dicarboxylic acid (FDCA),
2,5 –diformylfuran (DFF), 2,5–bis(hydroxy-methyl)furan (BHMF), Levulinic(LA) etc.
Hence, 5-HMF is generally accepted by the scientific community as the main build-
ing block to bridge the gap from fossil energy-based economy to sustainable biomass
based one. As a result, this has led to producing more than 10, 000 scientific arti-
cles and patents in the fields of 5-HMF synthesis and chemistry over the past decade.
Nonetheless, although there are many significant amount of research work, 5-HMF in-
dustrial production is still going in minor quantities as a specialty chemical compound
for research and laboratory purposes.

The limitation of current industrial production of 5-HMF is associated with not only
the factors typical to lagging bio-refinery development, but also relying on edible
biomasses, especially fructose. Generally, 5-HMF yield is obtained up to 99% by us-
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ing fructose as the feedstock. However, it is not an ideal feedstock due to the high price
and low abundance in nature. Nonetheless, most of the studies are focused on fructose
to 5-HMF conversion. However, from the viewpoint of practical applications, there are
strong economic and socio issues related to the utilization of edible biomasses. As a
result, they do not appear as sustainable sources at commercial scale up to this point.
In contrast, lignocellulosic biomass conversion to 5-HMF is more applicable due to the
higher chances of improving the economics of 5-HMF production, using less expen-
sive raw materials. In this context, rice straw (RS) will be an ideal feedstock as one of
the most highly available agricultural waste.

Despite the potential of RS, the mass-scale 5-HMF manufacture using RS is not still
facile from both economic and efficiency point of view thus far. The limited studies on
the direct utilization of RS signify the inefficient production rate of 5-HMF, due to the
recalcitrance nature of RS itself. Various catalysts, solvents, reaction systems with high
energy and cost-intensive process conditions are applied to obtain high 5-HMF yield as
per to the published studies in the literature. To this end, identification of economically
feasible and scalable process to achieve high 5-HMF yield is an important challenge
worthy to study.

1.2 Aim of thesis

The overall objective of the thesis is to identify the most feasible RS to 5-HMF conver-
sion method and optimize the required process parameters to improve the final yield.
To this end, specific aims are:

• To investigate the current developments in RS to 5-HMF conversion processes
through a comprehensive literature survey.

• To evaluate the feasibility of RS to 5-HMF conversion processes via proposing
an evaluation method and select the most feasible process.

• To optimize the selected conversion process by means of process parameters and
5-HMF yield for the developement of future biorefinery in Sri Lanka.

1.3 Contribution of thesis

The first major contribution of the thesis is proposal of a roadmap for the conversion
of RS to 5-HMF. The proposed roadmap is comprehensively dicussed, reviewing RS
to cellulose pretreatments processes and cellulose into 5-HMF catalytic conversion
processes. The review highlights advantages and disadvantages of each method for

4



mass-scale 5-HMF production. This work is presented in Wanninayake et. al [1].

The next major contribution is, proposing a process evaluation method in terms of
energy-efficient and economical perspectives to select an optimal conversion process
for future investigations. The applicability of this method is shown, using defined pa-
rameter weights and process conditions, obtained from the comprehensive literature
survey. This work is also presentred in Wanninayake et. al [1].

Optimization of operating parameters of dilute acid pretreatment to extract hemicellu-
lose from RS at reduced temperatures (< 100 ∘C) is presented as the third contribution
of this thesis. The process was optimized using response surface methodology with
experimental design analysis, and outcomes are presented in Wanninayake et. al [2].

Then, hemicellulose extracted RS residue was subjected to alkaline pretreatment to re-
cover lignin at reduced temperatures (< 100 ∘C). The process parameters of alkaline
pretreatment were optimized, applying the same optimization techniques as the fourth
contribution.

For the convertion of pretreated RS to 5-HMF, a catalyitc conversion process, feasible
to Sri Lankan context, is selected through the proposed evaluation method and opti-
mized its’ process parameters, using response surface methodology. The outcomes are
presented as the final contribution of this thesis to be used in future RS biorefinery
studies.

1.4 Organization of thesis

The chapter two presents related work. As per to the first objective of this study, com-
prehensive literature survey is carried out to investigate the current developments in
RS to 5-HMF biorefinery. Accordingly, the chapter has presented a critical assessment
of the progresses in RS to cellulose pretreatment and cellulose into 5-HMF catalytic
conversion processes for 5-HMF production. The third chapter is focused to find out
optimal process configuration to convert RS to 5-HMF. To accomplish this goal, the
chapter has introduced a process evaluation method which is based on a generalized
objective function with penalty scores. The fourth chapter explains the methodology
adapted to optimize the selected RS into cellulose pretreatments and cellulose into
5-HMF conversion processes. The chapter has elaborated the advanced optimization
technique, response surface methodology and the experimental designs for the quanti-
tative analysis. The fifth and sixth chapters present the methods and results of exper-
imentally optimization of RS into cellulose pretreatments and cellulose into 5-HMF
conversion processes with a comprehensive central composite design-based analysis.

5



The final chapter concludes the thesis with possible future work, a general discussion,
and a conclusion on overall research.
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CHAPTER 2

COMPREHENSIVE LITERATURE SURVEY

2.1 Introduction

Gradual depletion of fossil resources has influenced to pursue sustainable alternative
sources to fulfill the increasing demand of energy requirements. Despite many green
energy sources, such as solar, hydro, tidal, and wind, the existence of chemical and
fuel manufacture depends on biomass, which is the only green fixed, organic carbon
reservoir on earth. In this context, biomass-based chemical manufacturing has gained
rising interest during past decade and led to intensified research [4–7].

One such biomass derived 5-hydroxymethylfurfural (5-HMF) acts as a versatle plat-
form chemical to produce broad range of value added fuels and chemicals [8]. Chem-
ical structure of 5-HMF comprises aldehyde and alcohol gruops, as shown in Fig. 2.1.
This has made 5-HMF to being simultaneously as an aromatic aldehyde, furan ring
system, and aromatic alcohol [9]. Wang et al. [10] has reported several molecular
attributes of 5-HMF for the sysnthesis of various chemicals and fuels. As a bifunc-
tional molecule, 5-HMF has substituents in both 5 and 2 positions. Therefore, being
a quite unsaturated chemical compound, 5-HMF can be subjected to hydrogenation to
produce fuels. To synthesize various polymers, 5-HMF can be oxidized into diols and
dicarboxylic acids due to its both aldehyde and alcohol functionalities. In addition, the
heterocyclic structure of 5-HMF is also important in producing various biologically
active molecules for pharmaceutical applications [10].

These uniquie properties makes 5-HMF as a fundamental molecular building block
to produce a series of high-quality fuels, such as 2,5 – dimethylfuran (DMF), 5-
ethoxymethylfuran (EMF), ethyl – levulinate (EL), and gamma – valerolactone (gvl),
and high value platform chemicals, including 2,5 – dicarboxylic acid (FDCA), lev-
ulinic acid (LA), 2,5 – diformylfuran (DFF), 2,5 – bis(hydroxy-methyl)furan (BHMF)
as depicted in Fig. 2.2. 5-HMF derived DMF posseses high energy density (31.5MJL−1),
and the value fairly similars to diesel (36.9MJL−1) and gasoline (34.6MJL−1). Un-
like bioethanol, DMF is immiscible with water and also shows less volatility than

HO

O

H

O

Fig. 2.1: 5-HMF chemical structure [3]
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Fig. 2.2: 5-HMF derived value added chemicals, and fuels

ethanol (boiling point 351K). Therefore, DMF is comparatively suitable to use as
an optional biofuel in transportation sector [11, 12], as shown in Table 2.1. 5-HMF
derived another valuable platform chemical LA can be used in fuel and chemical
production, such as acrylic acid, 2-butanone, and diphenolic acid [13]. FDCA, an-
other high value platform chemical that can be derived from 5-HMF is used as an
alternative to terephthalic acid to produce polyethylene – furanoate (PEF) [5, 14]. 5-
Arylaminomethyl-2-furanmethanol (AAMFM) which is also derived from 5-HMF is
utilized as a natural photosensitizer precursor in photodynamic therapy in cancer treat-
ments. As a viscosity controlling agent, 5-HMF derived 1,2,6 – Hexanetriol is uti-
lized in both cosmetics and drugs production, and it is also used as a humidity regula-
tor. Moreover, 5-HMF is regarded as an antisickling agent, and without inhibition of
plasma proteins and tissue, it shows the ability to bind intracellular sickle hemoglobin
[15].

5-HMF is generally accepted by the scientific community as a main building block to
bridge the gap from fossil energy-based economy to sustainable biomass-based one.
As a result, this has led to producing more than 10, 000 scientific articles and patents
in the field of 5-HMF synthesis and chemistry over the past 10 years. Eventhough, de-
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TABLE 2.1: Fuels property comparison with DMF

Fuel property Unit Diesel oil Biodiesel Bioethanol DMF

Cetane number - 52 51 6 9
Lower heating value MJ/Kg 42.5 37.5 28.4 33.7
Density Kg/m3 840 871 786 890
Latent heat of evaporation KJ/Kg 250 - 290 300 840 320
Boiling point C 210 - 235 300 350 79 92 - 94
Flash point C 52 - 96 120 - 170 12 -1

spite the enormous research work, 5-HMF industrial scale production is still low, and
its lower production is utilized as a special compound in research and laboratory work
[16, 17]. This limitation is associated with relying on edible biomass feedstock, espe-
cially fructose. In general, 5-HMF can be synthesized via acid-catalyzed dehydration
of C6 carbohydrates, including fructose, glucose, cellulose, starch, and lignocellulosic
biomasses. Among these, fructose is the most appropriate model biomass feedstock
to produce 5-HMF. Its’ simple and regular molecular structure makes easier the cat-
alytic conversion mechanism than other biomass feedstocks [18]. As a result, to date,
most of ongoing research work are concentrated around fructose to 5-HMF conver-
sion. There is a critical concern regarding the sustainability of 5-HMF production
using fructose, which relies on corn and sugar crops. Using these crops for chemical
production usually leads to consequences like food scarcity due to its competition with
food production. Even if, fructose produces significant yield of 5-HMF at laboratory
scale, the results for the same processes at mass scale manufacture are impractical due
to high price of the feedstock.

Torres and his co-workers analyzed 5-HMF continuous production using fructose as
the feedstock. Using a formulated optimization problem, they found the optimum op-
erating conditions for the cost reduction. They obtained a minimum cost of production
for 5-HMF which was higher than the cost of oil derived p-xylene, a compound that
5-HMF could theoretically replace. The dominant factor to increase cost of production
of 5-HMF was the cost of fructose as the price of one mole of fructose was almost
the same as that of p-xylene. Dumesic and coworkers performed a techno-economic
study for the mass-scale fructose into 5-HMF conversion. 5-HMF minimum selling
price was estimated, and they revealed that ratio of fructose into 5-HMF conversion
was a significant parameter affecting its economy. In 2018, Carvalho et al. also stud-
ied fructose conversion to 5-HMF at mass scale. According to their sensitivity analysis
the most significant factor affecting to 5-HMF price was process selectivity which was
depended on solvent, catalyst, temperature and time. In addition to selectivity, fructose
price was the second most important factor affecting 5-HMF price. Hence, all these
studies emphasizes the importance of using a non edible, low cost feedstock instead of
fructose is crucial to lower the 5-HMF production cost and thereby to promote its large
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scale manufacture.

As a viable solution, lignocellulosic biomass into 5-HMF direction conversion is highly
demanded and more applicable due the utilization of low-cost materials improves the
5-HMF production process economics. In this context, RS will be an ideal feedstock
as an abundant agricultural waste around world. Since, agricultural and forest residues
represent as a highly available carbon-neutral regenerative material in green chemi-
cal/ fuel manufacture, RS has gained enormous attraction as a potential feedstock for
industrial-scale bio-refinery processes [19–23]. Despite this potential, RS is not attrac-
tive from both efficiency and economic point of views thus far. Limited studies on the
direct utilization of RS further signify the inefficient production rate of 5-HMF, due to
the recalcitrance nature of it [23]. Various catalysts, solvents, reaction systems with
high energy and cost-intensive process conditions have being applied to increase the
5-HMF yield. For this reason, an evaluation of existing processes from economic and
energy efficiency perspective and selecting the best catalytic conversion processes are
required and studies in this direction are still scarce.

2.2 Rice straw as sustainable feedstock

Among grain crops, the third most cultivated crop is rice apart from corn and wheat
[24]. Approximately 780 million tonnes of rice production was generated in 2018 as
per to the FAO statistics [25]. Generally, rice grain one kilogram harvested generates
1.0 to 1.5 kg of RS [20, 24], and hence approximated annual RS production is 1,170
million tonnes [26]. As shown in Table 2.2, Asia is the largest RS producer 90% fol-
lowed by the Americas(5%), Africa (3%), and Europe (1%).

In general, RS major proportion is used as cattle feed and the rest as waste. The
utilization of RS is not facile because of its inherent characteristics, such as its slow
decomposition rate in the soil and harboring of several plant diseases. Therefore, field
burning of RS has been popularized among farmers as a common practice. However,
open field burning of RS leads to air pollution and consequently affects public health
[20, 24]. Utilizing agro-industrial residues for energy applications has gained increas-

TABLE 2.2: Estimated 2018 global rice grain and straw production [26]

Area Rice Production (×106 t) Rice Straw Production (×106 t)

Asia 705.393 1058.089
Africa 33.174 49.761
Americas 38.763 58.145
Europe 4.023 6.035
Oceania 0.646 0.969
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ing interest [20], thus for industrial-scale 5-HMF production, RS is deserved as an
ideal feedstock.

Moreover, RS will be a promising alternative bio-resource, not only because of its
abundant availability, but also its attractive composition. Generally, RS is mainly
comprised of cellulose 42.19% ± 2.78, lignin 20.83% ± 3.77, and hemicellulose
24.26% ± 5.39 on dry weight basis [21]. RS cellulose hydrolysis into sugars can be
done for the production of 5-HMF due to the similarity between organic fraction of RS
(C6H9.63O4.57N0.11S0.02) and cellulose monomer (C6H10O5), and hence identified as an
ideal bio-resource to manufacture valuable chemicals and fuels for future requirements
[24].

2.3 Limitations in rice straw direct utilization

RS can be theoritically hydrolysed into monomeric sugars for the ultimate conversion
of 5-HMF. However, in reality the decomposition of RS is identified as an extremely
slow process and a challenging task. This is mainly due to the plant cell wall complex
architecture and molecular structure, which is called as recalcitrance nature. RS recal-
citrance nature has evolved as a superior mechanism to prevent chemical or biological
attacks on its structural sugars [27–29].

Cellulose, the main component of RS is a homopolymer of D–glucopyranose moieties,
linked via 𝛽-(1,4) glycosidic bonds, and thus exists as linear chains [27]. Unlike other
glucan polymers, the repeating unit of cellulose is cellobiose, a disaccharide unit of
two glucose molecules. The degree of polymerization of cellulose can be ranged upto
10,000 to 15,000 of glycopyranose units. These linear cellulose chains are arranged
as cellulose microfibrills (CMFs), in which 36 cellulose chains are compacted. These
CMFs are laid separately in the swollen gel of hemicelluloses creating a nanoscale net-
work to strengthen the plant cell wall. Cellulose is stabilized in its ultrastructure due to
the presence of large-scale intermolecular and intramolecular hydrogen bonding net-
work also with the Van der Waals forces [30, 31]. Crystallinity and paracrystallinity
(amorphous) in cellulose is determined by hydrogen bonding. These crystalline and
amorphous regions of cellulose are surrounded by hemicelluloses and finally associ-
ated with lignin to form lignin-carbohydrate complex (LCC) in RS [32, 33].

The next main component of RS is hemicellulose. Unlike cellulose, hemicelluloses is
not chemically homogeneous and shows a random and amorphous structure. Differ-
ent categories in heteropolymers including mainly xylan, xyloglucan, glucuronoxylan,
arabinoxylan, glucomannan, and galactomannan are present in hemicellulose [5]. Het-
eropolymers are composed of different sugars such as hexoses (mannose, galactose,
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and glucose) and pentoses (arabinose, xylose) along with uronic acids (glucuronic and
galacturonic acids). RS hemicellulose main constituent is xylan, and it is a heteropoly-
mer of xylopyranose units with combination of ferulic and acetic acids [28]. Acting
as strings, hemicellulose binds cellulose linear chains into CMFs, and then cross-links
with lignin, forming a complex network [34].

The third most abundant polymer in RS is lignin, a three-dimentional polymer with
non-repetitive order of different components and irregular linkages among them. The
structure of lignin is formed by three types of phenylpropane building blocks, such
as (𝜌-coumaryl, sinapyl, and coniferyl) and the derivatives via oxidative coupling.
Strucutre of lignin has become more complicated due to the existence of various link-
ages, including (𝛽-𝛽, 𝛽-5, 𝛽-1, 4-O – 5, 5-5, 𝛽-O – 4, and 𝛼-O – 4) [33, 35]. Lignin
connects with hemicellulose chains in the cellulose-hemicellulose matrix, and then
functions as cellular glue to build lignin-carboh- ydrate complex in RS. Moreover, sil-
ica present in RS also influeces to more rigidify RS tissues [27–29]. Hence, this whole
structure has provided comprehensive strength to RS to stiffen further and making the
entire structure resistant to chemical or biological attacks [36, 37], eventually making
RS direct conversion to 5-HMF more complicated [23].

2.4 Roadmap for convertin of rice straw into 5-HMF

Thermochemical processes to produce value added fuel and chemicals using biomass
feedstocks include hydrolysis/alcoholysis, pyrolysis, gasification, carbonization, and
hydrothermal liquefaction. From these processes, hydrothermal carbonization (HTC)
and acid catalyzed hydrolysis are mainly used as conversion technologies for biomass
to 5-HMF. In the conventional HTC process, biomass undergoes hydrolysis, dehydra-
tion, decarboxylation, and decarbonylation reactions: ultimately converting it into a
carbon-densified product called hydrochar. A modified HTC process allows extracting
5-HMF, after dehydration of biomass prior to polymerization step into hydrochar. In
spite of this process yields 5-HMF at high purity levels, it is not highly scalable and
cost efficient at industrial scale, due to the dependence on edible biomass, fructose.
Contradictory, acid-catalyzed hydrolysis processes which are generally conducted at
a relatively mild temperature 100 to 250 ∘C allow the conversion of both edible and
non-edible lignocellulosic biomass to 5-HMF.

Since a precise method to convert RS to 5-HMF is almost non-existent, this study has
proposed a roadmap as shown in Fig. 2.3. According to this proposed roadmap, RS to
5-HMF conversion is identified as a two step process. The first step is RS pretreatment,
and the second step is cellulose catalytic conversion into 5-HMF.
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Fig. 2.3: Roadmap for conversion of rice straw to 5-HMF

Here, acid-catalyzed hydrolysis processes are mainly used as conversion technologies
for biomass to 5-HMF [23]. However, pretreatment step preceding to the catalytic
conversion is needed [38, 39] to break down the RS recalcitrace structure [35, 38].
Pretreatment methods alter the interactions among cellulose, hemicellulose, and lignin
present in RS and eventually disrupting the lignin-carbohydrate structure. A compati-
ble pretreatment method helpful in reducing cellulose crystallinity in order to improve
its monomeric sugar availability for subsequent processes [40]. Moreover, pretreat-
ment of RS not only directs 5-HMF production, but also helpful in recovering other
valuable components, such as hemicellulose and lignin present in RS. Hemicellulose
can be utilized for the production of another value added chemical furfural from RS
other than 5-HMF. Furfural has being used in wide applications, including transporta-
tion fuel, agrochemical industries, pharmaceuticals, and plastic production [41–44].
On the other hand, lignin recovered from pretreatment can be used to produce liquid
transportation fuels, such as cyclohexanol, cyclohexane, and cyclohexanone. And also,
as a versatile biogenic polymer, lignin can be used to generate aromatic chemicals, in-
cluding toluene, phenol, and benzene [45–47].

At the second step, cellulose recovered from RS pretreatment can be converted to
5-HMF by applying acid catalysts and reaction systems [12, 48]. However, 5-HMF
rehydration into levulinic acid and repolymerization into humins like unwanted side
reactions can be occured in acid-catalyzed reaction system. Hence, it is required to
select an appropriate acid-catalyzed reaction system for future applications [49].

Amiri and co-workers studied the conversion of RS into 5-HMF [50]. Ball milled RS
(size distribution between 295 to 833 µm) was subjected to hydrolysis using dilute sul-
furic acid solution as the catalyst at high temperatures 120 to 180 ∘C, employing both
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biphasic and monophasic systems. Aqueous monophasic system, consisting of 0.5%
sulfuric acid solution yielded, 5-HMF 15.3 g from RS 1 kg at 180 ∘C within 3 hours.
Methyl isobutyl ketone (MIBK), 1-BuOH, 2-PrOH, acetone at 180 ∘C for 3 hour and
tetrahydrofuran (THF) at 150 ∘C for 5 hour were examined as the extracting solvents
in biphasic systems. Application of extracting solvents immensely influenced to ob-
tain improved 5-HMF yield compared to single aqueous phase system. A significant
5-HMF yield, more than 59 g for 1 kg of RS, was resulted in the system consisting
either 1-BuOH or 2-PrOH.

Nguyen et al. studied RS to 5-HMF efficient production process, using combinational
diluted acid/base assisted pretreatment and following a subsequent catalytic conver-
sion process [23]. CrCl3 · 6 H2O, CrCl2, amberlyst15, H3PW12O40, and H3BO3 were
applied as the catalysts and dimethyl sulfoxide (DMSO), EMIMCl, and 1-butyl-3-
methylimidazolium chloride (BMIMCl) were used as the solvents. Significant yield
of 5-HMF, 76% was obtained from alkali pretreated RS with using CrCl3 · 6 H2O as
the catalyst and (BMIM)Cl as the solvent for 6 hours at 120 ∘C. Marginally reduced
5-HMF yield 67% was generated through acid pretreated RS with the same catalytic
system.

Zhang et al. investigated on a one step conversion process for lignocellulosic biomass
into biofuel and platform chemicals [51]. They demonstrated RS to 5-HMF conversion
in ionic liquid, C4mimCl as solvent and CrCl3 as the catalyst under microwave irradi-
ation and yield 47% of 5-HMF within 3 minutes. The authors stated that this process
was rapid and did not require an additional pretreatment step of biomass, hence fa-
cilitated cost effective one pot transformation of RS to 5-HMF. Feng et al. studied
a green pathway to convert RS into 5-HMF [52]. They developed green, sustainable
betaine-based catalysts. Direct dehydration of glucose to 5-HMF was improved with
the application of combined BX catalyst with metal chlorides, such as CuCl2 · 2 H2O,
FeCl3 · 6 H2O, MgCl2 ·H2O, SnCl4 · 5 H2O, AlCl3 · 6 H2O. Satisfactory 5-HMF yield,
51% was obtained from RS in water-MIBK classic biphasic reaction system within 30
minutes at 180 ∘C.

2.5 Rice straw pretreatment methods

Numerous pretreatment techniques to decompose RS for the production of chemicals
and fuels have been studied in past decade [53, 54]. The highly studied pretreatment
methods are physical, chemical, physico-chemical, and combinations of them [55].
However, these methods have been shown both advantages and disadvantages in prac-
tical conditions [56–58].
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2.5.1 Physical pretreatments

Physical pretreatment refers to a process of mechanical fragmentation of RS structure.
An ideal physical pretreatment method decreases crystallinity of cellulose and degree
of polymerization then, allows continues heat and mass transfer at following process
conditions [24, 35, 59]. Therefore, it is a prerequisite step for further RS processing.
Mechanical crushing, microwave radiation, and ultrasonic treatment are the highly
used physical pretreatment methods for RS decomposition [12, 13]. These methods
cause less environmental pollution. Typically, physical techniques appear simple, they
require high energy and power, thus increasing the total cost of the pretreatment pro-
cess [40].

2.5.1.1 Mechanical Crushing Techniques

Mechanical crushing is the most conventional RS pretreatment method [38], which
includes grinding, chipping, and milling techniques [40]. These techniques allow de-
creasing the cellulose crystallinity to improve the hydrolysis efficiency in the follow-
ing reaction process. Biomass particle size is reduced up to 10 to 30mm by apply-
ing chipping methods, whereas milling and grinding methods contribute to reduce up
to 0.2mm [60]. As a most investigated milling method, ball milling is effective in
decreasing cellulose crystallinity through hydrogen bonding network splitting and ex-
posing 𝛽 − 1, 4-glycosidic bonds in cellulose [61–63]. Compared to ball milling,
energy-saving wet disk milling is useful in RS pretreatment [38]. Hideno et al. studied
the effects of wet disk milling and ball milling to pretreat RS. At the optimal condi-
tion of 60 min milling, 89.4% and 78.5% of glucose yield were obtained from balling
milling and wet disk milling, respectively. Ball milling was found to be a better pre-
treatment method than wet disk milling as per to the comparative analysis on milling
treatments of baggase and straw [64]. Moreover, compared to ball milling, more ef-
fective resluts are obtained from planetary and attrition milling [65]. However, com-
bination of milling methods with chemical treatments, such as acidic or alkaline, has
provided better results [38, 66]. Qu et al. has reported 86.14% of lignin and 93.76% of
hemicellulose removal in RS, applying combined less severity NaOH treatment with
ball milling [67]. Qi et al. investigated on weak-acid carbon catalysts added ball
milling pretreatment for RS and reported improved hydrolysis of hemicellulose [66].
However, mechanical crushing methods require high energy supply. Therefore, these
methods are regarded as not economical at industrial applications [40].

2.5.1.2 Ultrasound Radiation Treatment

Ultrasound treatment is a relatively new technique used in RS pretreatment. Here,
ultrasound waves alter the physical and chemical morphology of RS structure. This
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occurs through the formation of small cavitation bubbles [38, 68]in the RS LCC, and
then rupturing it to increase cellulose accessible parts [69, 70]. Generally, the effec-
tiveness and efficiency of this method are decided by duration, freuency, solvent, and
reactor used [71]. However, biomass characteristics also influence the this treatment
[71]. Delignification and sugar release from RS is highly determined by the dura-
tion of this method [72]. Degradation of cellulose crystallinity requires the range of
10 to 100 kHz ultrasound frequency [73]. The heat energy dissipated from this treat-
ment is useful to break cellulose crystallintiy [74]. However, high power in ultrasound
adversely influences on pretreatment. Generally, high power generates bubbles near
the tip of ultrasound transducer and thereby blocks energy transferring to the medium
[73]. Also, it was found that to disintegrate biomass particles spatial arrangement,
the energy of ultrasound vibration is not sufficient. Therefore, a compatible chemical
method combined ultrasound treatment is considered as effective [12]. For instance,
high amount of cellulose and lignin were generated by applying alkali added ultra-
sound treatment, and even at 230 ∘C, the both seperated components had shown high
thermal stability [75]. When using NaOH as the alkali in combined treatment, NaOH
has the ability to selectively remove lignin and hemicellulose present in RS without de-
grading cellulose and mainly because of NaOH influence to improve the surface area
and porosity [74]. However, this method generates high cost at large-scale operations,
and therefore it is still limited to laboratory-scale investigations [13].

2.5.1.3 Microwave Treatment

Microwave treatment is regarded as an effective green technology for RS pretreatment
due to certain factors, including (1) degradation of crystallitniy of cellulose (2) easy
operation (3) low energy requirement, and (4) high heating capacity at minimum dura-
tion of time [38, 76–79]. Since, the conventional acid or alkali pretreatment under high
temperature and pressure, demands high energies, combining them with microwave
treatment is preferred [80, 80–82]. Binod and co-workers studied the influence of
microwave-alkali, microwave-alkali-acid, and microwave-acid pretreatment methods
for baggase degredation, and revealed that sugar yield was improved by microwave-
acid-alkali pretreatment while significant lignin removal was observed in microwave-
alkali method [81]. Microwave-alkali pretreatment on switch grass has generated sugar
yield approximately 70 to 90%. As the most effective alkali, sodium hydroxide is com-
mon in microwave treatment on switch grass and coastal bermuda grass. Microwave-
assisted ionic liquid pretreatment is investigated by Sorn et al., and they revealed that
this combined method has improved delignification of RS [83]. However, this method
must be performed at high temperatures (<160 ∘C) as almost no effect can be observed
at temperature below 100 ∘C. Though, microwave irradiation is used as a successful
method in biomass treatment, its application in mass-scale production is limited still
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due to high cost at equipment investment [12, 40].

2.5.2 Physico-chemical pretreatments

As physico-chemical methods, liquid hot water and steam explosion are commonly
used in RS pretreatment [84–86].

2.5.2.1 Steam Explosion

As a thermo-chemical-mechano treatment, steam explosion is highly applicable to RS
decomposition. In this method, 0.69 to 4.83MPa pressurized saturated steam is em-
ployed to treat RS at 160 to 260 ∘C temperatures for few minutes. Then, through a
rapid pressure reduction, RS is explosively decompressed [87, 88]. Compared to al-
kali/acid/ionic liquid treatments, this method does not require external catalysts, and
thus relatively low cost [89]. In this method, RS pretreatment is occured through auto-
hydrolysis, and the efficiency of the process is determined by the applied temperature,
pressure, and steaming time. During steaming, a mild acidic condition is generated and
this is helpful in hydrolyzing the 𝛼-ether linkages in lignin and 𝛽-1,4 – glycosidic bonds
in hemicellulose. However, low cellulose yield can be generated at extreme streaming
conditions due to the degradation of amorphous cellulose to some degree [88, 90]. A
steam explosion system at pilot-scale for RS pretreatment generated cellulose-rich re-
siude by employing high-pressure steam approximately 10 to 15 bar at 180 to 200 ∘C

for 5 to 10min. Cellulose content of 53.7 to 63.0% (w/w, on a dry basis) was ob-
served when analyzing the steam exploded RS [91]. Steam explosion combined acid
pretreatment has the ability to improve the dissolution of hemicellulose, compared to
water-assisted steam explosion [92]. For instance, a recent study has compared both
conventional water-assisted steam explosion and acid impregnated steam explosion,
and revealed that hemicellulose dissoulution has being increased by, exploying acid
impregnated steam explosion at 200 ∘C. Further higher glucan conversion (89.6%)
was observed in acid impregnated steam explosion, compared to water-assisted steam
explosion (74.8%). More importantly, these results were achieved, subjecting 10mm

particle size RS for pretreatment. Hence it can be conluded that high energy demand
for RS grinding and the high cost generated in large-scale processing can be reduced
by applying acid-catalyzed steam explosion method [93]. Although hemicellulose dis-
solution is high when applying steam explosion treaments, studies has revealed that
lignin removal is poor. To overcome poor lignin solubility, steam explosion method
can be combined with orgainc solvents treatments, because organic solvents, includ-
ing organic acids, alcohols, and ketones have shown high lignin dissolution at 100
to 220 ∘C temperatures. Matsakas et al. investigated on a novel steam explosion com-
bined organic solvent treatment using ethanol. Improved lignin solubility was observed
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in their study, and they obtained high yield of cellulose for their next processing steps
[94].

2.5.2.2 Liquid hot water pretreatment

As a green technique, liquid hot water pretreatment is highly used in RS decom-
position. Compare to steam explosion method, liquid hot water treatment does not
need rapid decompression of RS [95–97]. Generally, high temperatures 150 to 260 ∘C

[13, 98], and pressures higher than 5MPa are required by this method to maintain
liquid state of water [85]. However, the pretreatment effectiveness of liquid hot wa-
ter treatment is determined by operating temperatures [99]. This is mainly due to
the generation of hydrogen and hydroxide ions at high temperatures for the splitting
of linkages among cellulose, lignin, and hemicellulose [12, 100]. In the study from
Syaftika et al., they reported high glucose yield by applying high pretreatment tem-
peratures, and at 180 ∘C, the highest glucose yield was observed [101]. In addition to
high yield of glucose, elevated temperatures in liquid hot water pretreatment provide
several other advantages, including no use/handling/ recovery of catalysts [13]. How-
ever, Alvira et al. have reported that although this method is capable to remove more
than 80% of hemicellulose present in RS, delignification is not occured completely
due to partially depolymerized lignin has the tendency to recondensation [84]. To sup-
port lignin removal from RS, Sato et al. investigated on alkaline addition in liquid
hot water pretreatment, and they reported efficient removal of both hemicellulsoe and
lignin at the presence of NaOH [97]. Therefore, to improve liquid hot water treatment
economics, it is required alkali addition to the method.

2.5.3 Chemical pretreatments

Chemical pretreatment methods are promising dissolve hemicellulose, remove lignin,
and reduce cellulose crystallinity of RS [102]. The most widely studied RS chemical
pretreatment methods are alkali, acidic, and ionic liquid treatments [12, 23, 38, 40,
103, 104].

2.5.3.1 Acidic pretreatment

Application of acidic treatments methods to pretreat RS has received increasing inter-
est during past years. Compared to the application of concentrated acidic treatment,
dilute acidic treatments are highly used for RS pretreatment. This is mainly due to re-
quirement of high maintenance and operational facilities for concentrated acidic meth-
ods. The most commonly used dilute acids in this method include sulfuric, nitric,
hydrochloric, and phosphoric [105]. Usually, 10% or less acid concentrations at >
180 ∘C temperatures for short reaction times are used in this method [104]. In these
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conditions, acids generate hydronium ions to split 𝛽-1,4 – glycosidic linkages in both
hemicellulose and cellulose. This is important to cleave the long hemicellulose and
cellulose chains into their respective sugar monomers [90]. After the acidic pretreat-
ment, digestible cellulose can be obtained as the pretreated RS residue and dissoloved
hemicellulose as the liquid fraction [106]. Acid soluble lignin present in RS can be
easily removed by applying dilute acidic treatments, and this is occured through the
cleavage of ester bonds in LCC at elevated temperatures [107]. Kim et al. investi-
gated the application of dilute sulfuric acid pretreatment for maximum recovery of
hemicellulose from RS, and after optimization of treatment, they reported the optimal
conditions as 1.2% sulfuric concentration, 110 ∘C temperature, and 14.02min reac-
tion time for hemicellulose recovery [108]. A study on pilot-scale application of acidic
pretreatment have provided 0.35wt% acid concentration, 162 ∘C temperature, and 10
minutes reaction time as the optimal process conditions [106]. However, after the
acidic pretreatment, relatively higher quantity of acid-insoluble lignin can be present
in pretreated RS, compared to untreated RS due to pseudolignin formation [109, 110].
This can be minimized by combining acidic pretreatments with alkali methods. For
instance, Kim et al. investigated on ammonia treatment after the sulfuric acid pretreat-
ment of RS, and the results showed that increased removal lignin from RS. And also,
they obtained high quality cellulose redisue, which had the same crystallinity index of
𝛼 cellulose [65]. Therefore, more investigations on combined acidic and alkaline treat-
ment methods are required to develop efficient treatment techniques for industrial-scale
applications [13]. However, the main disadvantages related to these methods are toxic-
ity and corrosiveness to equipments. Therefore, application of acid corrosive-resistant
equipments are required in these treatments.

2.5.3.2 Alkalic pretreatment

Alkali pretreatments show strong effects to dissolve lignin present in RS. Commonly
used alkalic catalysts are NaOH, NH4OH, KOH, and Ca(OH)2. Among these alka-
lic catalysts, NaOH is the most used for RS pretreatment. Alkali solutions generate
hydroxyl ions to saponify intermolecular ester linkages between lignin and hemicel-
lulose, dissolving both components in RS pretreated slurry. Lignin and hemicellulose
dissolution impacts gradually to expose crystalline cellulose, and assists to take place
cellulose swelling via reducing its degree of polymerization and crystallinity [104].
Moreover, the hydroxyl ions present in alkali solutions helpful to increase the rate
of glucose isomerization into fructose. This is helpful to improve the fructose yield
which is required as intermediate step in 5-HMF production [111, 112]. Nguyen et
al. studied 5-HMF production from NaOH pretreated RS, and obtained higher 5-HMF
yield (76%), compared to untreated RS [23]. Therefore, alkali pretreatment step is re-
garded as a more effective treatment method to remove both lignin and hemicellulose,
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and to expose cellulose for subsequent 5-HMF formation. However, alkali treatment
methods generates high volume of waste water. This is mainly due to the requirement
of considerable washing of pretreated RS residue to avoid neutralization reaction in
following acid-catalyzed 5-HMF production process. Therefore, handling such huge
volume of waste water has become challenging at large-scale applications [38, 104].
Further the recovery and recyclability of alkali catalysts are required to investigate.
Considering these issues, Zhang et al. studied to develop a novel recyclable alkali
for RS pretreatment by using less volume of water and adding an organic solvent,
2-phenoxyethanol. They revealed that NaOH pretreatment was compatible with the
application of 2-phenoxyethanol, and the system showed improved delignification, us-
ing 6mL of less water consumption for one gram of RS [113]. Moreover, urea added
low concentrated NaOH pretreatment for RS showed high delignification at −10 ∘C

temperatures [114, 115]. Mishra et al. investigated on complete removal of hemicell-
lulose and lignin from RS by applying organic acids, such as formic and acetic acids
with alkaline pretreatments [116]. However, alkali treatment methods are well stud-
ied in the literature, it is still required to investigate on environmentally friendly and
commercially feasible combined alkaline methods to avoid their regular drawbacks.

2.5.3.3 Ionic liquids (ILs) pretreatment

ILs are considered as effective and environmentally friendly solvents that can be ap-
plied in RS pretreatment [117]. Generally, ILs are salts which have low melting points.
ILs generate high polarity system, consisting anions and cations. Therefore, these sol-
vents have being using in RS pretreatment [118, 119]. Among these, ILs based on imi-
dazolium, such as 1-butyl-3-methylimidazolium acetate ([BMIM][Ac]) and 1-ethyl-3-
methylimidazolium acetate ([Emim][Ac]) are regarded as effective for RS pretreatment
[120, 121]. Several advantages, such as low sugar degradation, high recyclability, and
less toxicity, compared to alkali and acidic treatments have made ILs popularized in
RS pretreatment [118, 119]. However cetain disadvantages, including low thermal
stability and high cost have limited ILs application in commercial-scale pretreatment
processes [120–123]. As a solution for these issues, synthesis of morpholinium-based
ILs as a new solvent type for RS pretreatment has being investigated. These novel
morpholinium-based ILs are less toxic and less expensive, compared to conventional
ILs, and also they have being shown higher efficiency for the decomposition of RS
[124]. Mohammadi et al. also studied on morpholinium-based ILs, and they re-
ported higher cellulose crystallinity reduction, using 1-H-3-methylmorpholinium chlo-
ride ([HMMorph][Cl]) at mild reaction conditions [125]. Triethylammonium hydro-
gen sulfate [TEA][HSO4], a inexpensive protic IL, has shown excellent removal of
lignin (82%) from RS via splitting 𝛽-O – 4’ aryl ether bonds present in lignin [126].
Suwannabun et al. studied on reducing the high cost associated with ILs, and they re-
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ported that addition of inorganic salts, such as KCl, NaCl, KNO3, NaNO3, Mg(NO3)2,
and MgCl2 has high impact to reduce the overall cost of the ILs usage. Also they re-
vealed, combination of 71.856% of EMIM-AC with 0.9% of NaCl in 9% of water was
highly effective at RS pretreatment [127]. This is mainly due to the reduction of ILs
viscosity by adding water, and hence facilitating to pretreat higher RS loading [128].
Here, water tolerance of ILs was highly improved by the addition of inorganic salts
[129].

Combinations of ILs pretreatment with physical treatments, such as microwave irratdi-
ation and ultrasound technique, have reported higher efficiency for RS [130]. In com-
parison with conventional heating, EMIM-AC pretreatment combined with microwave
irradiation has shown higher effectiveness [131]. [BMIM]Cl added microwave pre-
treatment has shown higher efficiency to reduce to cellulose crystallinity, and it was
also capable at removing 57.02% of lignin present in RS [83]. A study on IL-hydrochloric-
ultrasound pretreatment for RS has increased the degradation RS [132]. Generally, ILs
pretreatment is partially effcient to remove lignin and hemicellulose of RS, compared
to alkalic treatments [133]. As a solution, hemicellulose recovery can be enhanced
by acidification of ILs pretreatment [128]. Also, addition of surfactants, such as bio-
surfactant, anionic-, nonionic-, and cationic- to the ILs pretreatment has shown higher
delignification rate [133]. Further, alkali peroxide added ILs pretreatment has provided
higher lignin removal, SI63.8% under mild conditions [134]. Hence, more studies to
develop effective and low-cost ILs pretreatment methods for RS are required in mass-
scale application.

As a summary, RS pretreatment methods are discussed and reported as independent
approaches of chemical, physico-chemical, and physical methods. Among the chem-
ical treatment methods dilute alkaline and dilute acid are in common use to generate
pure cellulose to produce 5-HMF [23]. However, in this section, pretreatment meth-
ods targeted bioethanol and other biomass produce are not highly reviewed [135–137].
There is a growing interest for combinatory pretreatment methods to improve the pro-
cess [67, 75, 83, 93, 116, 138]. Combinatory pretreatment methods reduce the disad-
vantages of their individual applications and provide the benefits of each [94]. Com-
binatory treatments like physical-alkaline [74], physical-acid [66], hydrothermal-acid
[92, 94], acid-alkaline [65, 138], physical-ILs [131, 132], and hydrothermal-alkaline
[97] were capable in removing RS lignin and hemicellulose, and reducing in cellulose
crystallinity. From these work related to physical-alkaline [67, 75, 81], acid-alkaline
[116, 138], and physical-acid [66, 93] are highlighted as common combinatory pre-
treatments. Suitable pretreatment method selection to develop combinatory methods
depend low energy demand, easy recovery of hemicellulose, cellulose, and lignin, cost
effectiveness of acid/ alkaline catalysts, and environmental friendliness as well [103].
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Corrosive alkali/acid catalysts usage can be reduced by applying eco-friendly organic
solvents [113] and ILs [120, 125, 126]. Eventhough, the feasibility of using these
solvents at large-scale is still limited due to the high cost related to them [120–123].
Therefore, to replace high cost ILs, future studies are needed for the investigation of
cost-effective choline-based ILs [103], morpholinium-based ILs [125], and choline
chloride like deep eutectic solvents [139]. Moreover, using cost effective alkali/ acid
catalysts with hydrothermal and physical pretreatment methods and optimization those
processes can reduce the energy consumption and reaction time of them. Response sur-
face methodology like advanced optimization technique can be used to investigate the
reaction process and to build up mathematical models for the achievement of optimum
operating points in pretreatment [108]. Table 2.3 summarizes the most widely used
RS pretreatment methods, providing process conditions with pros and cons, targeting
mass-scale application.

2.6 Cellulose conversion into 5-HMF

As shown in Fig. 2.4, catalytic conversion of cellulose into 5-HMF consists three ma-
jor steps. Those are Bronsted acidic catalysts catalyzed cellulose to glucose hydrolysis,
Lewis acidic catalysts catalyzed glucose to fructose isomerization, and fructose dehy-
dration into 5-HMF mainly catalyzed, using Bronsted acidic catalysts [48, 140–142].
There are four main parameters, including solvents, catalysts, reaction systems, and
reaction conditions have shown direct influence on this kind of conversion processes
[12, 48]. Catalytic conversion processes which are carried out during past ten years are
summerized in Table 2.4.
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TABLE 2.3: Methods for rice straw pretreatment with advantages and disadvantages

Method Operating conditions Advantages Disadvantages Ref.

Dry ball milling 60min Reduce crystallinity of cellulose with
increasing milling time

Consume substantial energy [143]

Wet disk milling 3min, 10 repeated operations Reduce cellulose crystallinity, low en-
ergy consumption

Compared to ball milling, low
reduction in cellulose crys-
tallinity

[143]

Hot compressed water
treatment

100 to 200 ∘C Energy-efficient green method to dis-
solve hemicellulose

High temperature effect on cel-
lulose degradation

[97, 143]

Steam explosion 180 to 230 ∘C, 10 to 30 bar, and 10

to 20min

Disrupt lignin-carbohydrate structure,
green technique

High energy consumption [88, 91, 144–147]

Dilute acid treatment
(DAP)

0.25 to 1% of acid concentration
(H2SO4, HCl, HNO3, H3PO4), 120
to 180 ∘C, 5 to 10min

Low-cost method to increase removal
of hemicellulose and cellulose

Low eco-friendliness and re-
quire equipments with acid
corrosive-resistency

[23, 106, 148–158]

Combined steam ex-
plosion dilute acid pre-
treatment

DAP (2% H2SO4, 165 ∘C, 2min),
Steam Explosion (20min, 180 ∘C)

Maximized hemicellulose dissolution High energy consumption, need
corrosive-resistant equipment

[159]

Combined
mechanochemical
treatment with solid
acid catalyst

100mg ball milled rice straw,
10mL of 0.015wt% HCl, solid
acid catalyst 50mg, 60min, 200 ∘C

High glucose yield, catalyst prepara-
tion from rice straw black liquor

Both cost and energy require
process and difficulty in seper-
ation of catalysts

[66]

Alkali pretreatment 0.25 to 4% concentrations of al-
kalis (NaOH, KOH, Ca(OH)2,
NH4OH, 55 to 140 ∘C or room tem-
perature, 10 to 60min or 24 h

Cost effective operation, high cellulose
recovery, increased delignification rate

Need treated rice straw exten-
sive washing prior to next pro-
duction steps

[160–168]
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Combined alka-
line and dilute acid
treatment

1 to 6% of acid concentration, 2 to
6% of alkali concentration, 60min,
121 ∘C

High recovery of cellulose, hemicellu-
lose and lignin

Less eco-friendly [138]

Alkaline hydrothermal
treatment

100 to 200 ∘C, 0 to 7% NaOH Increased delignification and hemicel-
lulose dissolution

Need treated rice straw exten-
sive washing prior to next pro-
duction steps

[97]

Ultrasound assisted al-
kaline pretreatment

0.4 to 1% concentration of NaOH,
22 kHz ultrasound waves

Remove lignin and hemicellulose se-
lectively

Increaed energy consumption [74]

Deep eutectic solvent
(DES) treatment

50 to 100% concentration of
ChoCl, 60 to 150 ∘C, 30 to
1440min,

Increased recovery of cellulose and re-
moval of hemicellulose/ lignin, cost ef-
fective at mild treatment conditions

Cost intensive solvent recycling
process

[139, 169–175]
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TABLE 2.4: Cellulose catalytic conversion into 5-HMF processes

PID Quantity Catalyst Reaction System Inorganic Salts Reaction
Conditions

HMF
yield

Ref.

1 Cellulose 25mg Ho HCl 0.1285mol/dm3 R H2O 250 µL
E MIBK 4.75mL

none 177 ∘C & 60min 43.27% [176]

2 Cellulose 4wt% Ho CrCl2 25%, HCL 6% M DMA -LiCl 10%, [EMIM]Cl
60%

none 140 ∘C & 2 h 54.00% [177]

3 Cellulose 4 g Ho RuCl3 0.125mol/dm3 R H2O
E C4H9OH

NaCl 35% 220 ∘C & 30min 83.30% [178]

4 Cellulose 1 g He [Ni]n/CS 200mg M H2O 45mL none 200 ∘C & 60min 85.00% [179]

5 Cellulose 1 g Ho HCl pH 3 M H2O 30mL none 300 ∘C & 30min 20.72% [180]

6 Cellulose 50mg Ho CrCl3 · 3 H2O 15mg M [BMIM]Cl 1 g none 150 ∘C & 10min 54.00% [181]

7 Cellulose 10 g He P – TiO2 1.25 g R H2O + NMP
E THF

NaCl 4 g 180 ∘C & 105min 86.20% [182]

8 Cellulose 50mg Ho CuCl2 + CrCl2 M [EMIM]Cl 0.5 g none 120 ∘C & 8 h 60.00% [183]

9 Cellulose 0.1 g Ho CrCl3 · 6 H2O 10mg M Bu – DBUCl 1 g none 130 ∘C & 2 h 41.00% [184]

10 Cellulose 0.1 g Ho CrCl3 · 6 H2O 10mg M Oc – DBUCl 1 g none 130 ∘C & 2 h 42.00% [184]

11 Cellulose 0.1 g Ho CrCl3 · 6 H2O 10mg M HEOE – DBUCl 1 g none 130 ∘C & 2 h 24.00% [184]

12 Cellulose 50mg Ho CrCl2 + RuCl3 M [EMIM]Cl 0.5 g none 120 ∘C & 2 h 60.00% [185]

13 Cellulose 0.35 g Ho CuCl2 + C4SO3 1.5mL M [EMIM]OAc 10mL none 160 ∘C & 3.5 h 69.70% [186]

14 Cellulose 0.35 g Ho CuCl2 + HSO4 1.5mL M [EMIM]OAc 10mL none 160 ∘C & 3.5 h 64.90% [186]

15 Cellulose 0.15 g Ho MnCl2 3mol% +
[bi – C3SO3HMIM][HSO4] 9mol%

M [BMIM]OAc 3mL none 120 ∘C & 60min 62.63% [187]
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TABLE 2.4: (ctd.) Cellulose to 5-HMF conversion processes

PID Feedstock Catalyst Reaction System Inorganic Salts Reaction
Conditions

HMF
yield

Ref.

16 Cellulose 0.1 g He ATP – SO3 H – Cr(III) 0.1 g M [EMIM]Cl 2mg none 120 ∘C & 2 h 31.20% [188]

17 Cellulose 0.1 g He Bronsted-acidic polymer nan-
otubes with hydrophobic surface
wettability 30mg

M [EMIM]Cl 2mg none 120 ∘C & 30min 34.60% [189]

18 Cellulose 0.1 g He H-form zeolite 20wt% M [EMIM]Cl 1mg LiCl 6mol% 160 ∘C & 30min 70.30% [190]

19 Cellulose 0.1 g He H-form zeolite 20wt% M [EMIM]Cl 1mg NaCl – KCl
3mol% +
3mol%

160 ∘C & 2 h 58.20% [190]

20 Cellulose 21.6mg Ho H2SO4 0.88wt%,
2-methoxycarbonylphenyl boronic
acid 120mol%)

M [EMIM]Cl 493.4mg MgCl2·6H2O
300mol% +
3mol%

105 ∘C & 1 h 41.00% [191]

21 Cellulose 0.1 g Ho Cr([PSMIM]HSO4)3 0.05 g M [BMIM]Cl 2 g none 120 ∘C & 5 h 53.00% [192]

22 Cellulose 0.5 g Ho 1-(4-sulfonic acid) butyl-3-
methylimidazolium hydrogen sul-
fate (2 g), CoSO4(0.2mol/dm3,
1mL)

R H2O 1ml

E MIBK 8mL

none 150 ∘C & 5 h 24.00% [193]

23 Cellulose 1 g N2

3MPa

Ho NaHSO4 1.5mol/dm3, ZnSO4

2.3mol/dm3

R DI H2O 4ml

E THF 40mL

none 160 ∘C & 1 h 53.00% [194]

24 Cellulose 100mg Ho AlCl3 8.2mg M DMSO 4.5 g, [BMIM]Cl
0.5 g

none 150 ∘C & 9 h 54.90% [195]

25 Cellulose He Sn – Mont 0.2 g R H2O 1ml

E THF 5mL

NaCl 6wt% 160 ∘C & 3 h 39.10% [196]
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TABLE 2.4: (ctd.) Cellulose to 5-HMF conversion processes

PID Feedstock Catalyst Reaction System Inorganic Salts Reaction
Conditions

HMF
yield

Ref.

26 Cellulose 100mg Ho ZrCl4 10mol% M [BMIM]Cl] 2 g none 3.5 h 51.40% [197]

27 Cellulose 100mg He Cellulose derived Carbonaceous
Catalyst 40mg

M [BMIM]Cl] 1 g none 160 ∘C & 15min 40.50% [198]

28 Cellulose 50mg Ho InCl3 0.20mmol,
[C3SO3Hmim][HSO4] (1.5 g)

M DMSO 4.5mL none 160 ∘C & 5 h 45.30% [199]

29 Cellulose 0.1 g He HfO(PO4)x 0.03 g, 30wt% R H2O 1ml

E THF 4mL

NaCl 0.2 g 190 ∘C & 4 h 69.80% [200]

30 Cellulose 0.1 g He Nb/C (0.1 g) R H2O 2ml

E THF 6mL

NaCl 170 ∘C & 8 h 53.30% [201]

31 Cellulose 0.15 g Ho MnCl2 3mol% +
[bi – C3SO3HMIM][CH3SO3]
9mol%

M [BMIM]OAc 3mL none 120 ∘C & 60min 66.50% [187]

32 Cellulose 0.15 g Ho MnCl2 3mol% +
[C3SO3HMIM][HSO4] 9mol%

M [BMIM]OAc 3mL none 120 ∘C & 60min 52.46% [187]

33 Cellulose 0.15 g Ho MnCl2 3mol% +
[C3SO3HMIM][CH3SO3] 9mol%

M [BMIM]OAc 3mL none 120 ∘C & 60min 54.51% [187]

34 Cellulose 0.1 g He HNTs – PSt – PDVB – SO3H(I)
0.1 g

M [EMIM]Cl 2mg none 120 ∘C & 2 h 28.22% [188]

35 Cellulose 0.1 g He HNTs – PSt – PDVB – SO3H(II)
0.05 g

M [EMIM]Cl 2mg none 120 ∘C & 2 h 32.86% [188]
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TABLE 2.4: (ctd.) Cellulose to 5-HMF conversion processes

PID Feedstock Catalyst Reaction System Inorganic Salts Reaction
Conditions

HMF
yield

Ref.

36 Cellulose 0.1 g He Bronsted-acidic polymer nan-
otubes with hydrophobic surface
wettability 30mg

M [EMIM]Cl 2mg none 120 ∘C & 30min 37.10% [189]

Ho Homogeneous catalyst

He Heterogeneous catalyst

M Monophasic reaction system

R Reaction phase of a biphasic reaction system

E Extraction phase of a biphasic reaction system

PID Process ID
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2.6.1 Catalysts used in cellulose to 5-HMF conversion

This section presents a detailed description on the catalysts, involved to hydrolyze
cellulose into glucose, isomerization of sugars, and dehydration of fructose.

2.6.1.1 Bronsted acidic catalysts

Both cellulose to glucose hydrolysis and fructose into 5-HMF dehydration catalysis
can be performed, using Bronsted acidic catalysts. These catalysts mainly include
mineral acids, solid acids, ionic liquids, and organic acids [12, 17]. Generally, cel-
lulose hydrolysis catalyzed via Bronsted acids consists three steps: (I) cellulose gly-
cosidic oxygen in C-O-C bonds protonation, (II) 𝛽-1,4 – glycosidic bonds scission ,
and (III) to form glucose monomers nucleophilic attack of water on broken cellulose
chains as depicted in Fig. 2.5 [202]. Here, the rate determining step is cleavage of
𝛽-1,4 – glycosidic bonds of cellulose mainly due to the reduced accessibility of cata-
lysts towards cellulose crystalline areas [203].

As low cost catalysts, in Bronsted acidic catalysts the most used ones are mineral
acids, such as HCl, H2SO4, and HNO3. These catalysts work as homogeneous proton
catalysts for the penetration of heterogeneous matrix of cellulose [159]. HCl acts an
important role in 5-HMF formation facilitation. Li and co-workers studied the influ-
ence of catalysis of H2SO4 and HCl, using hydrogen ions same quantity. They achieved
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considerably greater amount of 5-HMF yield from HCl, compared to the yield gener-
ated from H2SO4. They studied on the influence of acid concentration and temperature
at the same time. Usually, high reaction temperatures need low acid concentrations
and vice versa. This is due to the combined effect of reaction temperature and acid
concentration for the formation of 5-HMF [204]. In contrast, high temperatures (>
300 ∘C), high acid loadings (> 0.3 M), and extended reaction periods (> 30 min) have
negative influence on generating 5-HMF in the reaction medium. This is mainly due
to the 5-HMF repolymerization and rehydration reactions into humins and levulinic
acid in the reaction phase, respectively. Generally, these mineral acid catalysts are im-
mensely employed in mass-scale 5-HMF produce, despite the disadvantages, including
environmental pollution and reactor corrosion [12].

Due to the disadvantages of using mineral acid catalysts, nowadays researchers have
tendency to investigate on heterogeneous solid acid catalysts, such as resins, metal
oxides, immobilized ionic liquids, H-form zeolite, and heteropolyacids for the cat-
alytic hydrolysis of cellulose [205]. Generally, acidic ion-exchange resins, which
act as solid Bronsted acidic catalysts have showed super catalytic effect on 5-HMF
formation. These catalysts include Amberlyst-38 (wet), Dowex-50, heteropolyacids,
Amberlyst-15, and their derivatives [12]. Usually, ideal solid acidic catalysts, Zeolites
with balanced Lewis and Bronsted acidic sites on its’ surface, have exhibited satisfac-
tory catalytic performance on cellulose hydrolysis, sugar isomerization, and dehydra-
tion of sugar into 5-HMF [17]. For an instance, an application of zeolites functional-
ized choline chloride (ChoCl) (HBeta, HZSM5, NaY, HY, and HMOR) for cellulose to
5-HMF conversion has generated 46.30% yield of 5-HMF [206]. When these H-form
zeolite catalyts are incorporated with metal alkali chlorides, such as LiCl, KCl, and
NaCl catalytic performance can be improved. Studied revealed that catalyst combina-
tions like Zeolite/NaCl and Zeolite/LiCl were effective in generating more than 5-HMF
70% yield for 30 min at 160 ∘C [190]. Despite these advantages of solid acidic cat-
alysts, their synthesis operations are cost-intensive and hence, difficult at using for
large-scale 5-HMF production.

2.6.1.2 Lewis acidic catalysts

For the facilitation of 5-HMF formation, glucose to fructose isomerization is required.
This is mainly due to the higher dehydration capacity in fructose conversion into 5-
HMF, compared to glucose conversion. The reason lies within the stable pyronoide
structure of glucose and hence, lowering the direct dehydration capacity of glucose
to 5-HMF. Therefore, sugar isomerization is regarded as the most critical step when
determining 5-HMF formation rate [198, 207, 208]. Generally, Lewis acidic catalysts
include metal salts, enzymes, and bases [48, 209, 210]. Metal chlorides are the most
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commonly used Lewis acidic catalysts beacuse of their stability at strong Bronsted
acidic environments, compared to enzymes and bases [48]. The most widely used
Lewis acidic metal chlorides are CrCl3, CrCl2, AlCl3, FeCl3, FeCl2, ZnCl2, RuCl3, and
CuCl2 [12, 211]. As shown in Fig. 2.6, metal chlorides catalytic performance is oc-
cured through transformation in glucose open form into fructose, using intermolecular
hydride shift [212].
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Fig. 2.6: Reaction mechanism of metal chlorides catalyzed isomerization of glucose
to fructose [213]

Based on the hydrolysis constant, metal chlorides, as water sensitive catalysts produce
both Bronsted and Lewis acidity [214]. For an example, Cr3

+ and Al3
+ like Lewis acid

metal ions generate both Bronsted and Lewis acidity in aqueous solutions according to
this equation (2.1), where trivalent Lewis acid metal ion is denoted as “M3

+” [215].

𝑥𝑀3+ + 𝑦𝐻2𝑂 = 𝑀𝑥(𝑂𝐻)(3𝑥−𝑦)+
𝑦 + 𝑦𝐻+ (2.1)

2.6.1.3 Bifunctional catalysts

Bifucntional catalysts are composed of both Lewis and Bronsted acid sites on its’
surface. Therefore, these catalysts are capanle in facilitating one-pot conversion of
cellulose to 5-HMF [48]. It is required a balanced Lewis and Bronsted acid sites ra-
tio in bifunctional catalysts to fasten the kinetics of cellulose hydrolysis, glucosse to
fructose isomerization, and fructose dehydration to 5-HMF [216]. Organic salts like
bifunctional organocatalysts are capable in generating more than 52% 5-HMF yield in
a completely metal free reaction system [217]. Currently, using agricultural waste to
develop Bronsted and Lewis acid functionalized carbonaceous catalysts has gained in-
creasing interest due to several advantages, such as cost effectiveness, environmentally
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friendliness, and sustainability. In this regard, carbonaceous catalysts [198] generated
from cellulose and Niobia/carbon(Nb/C) composites generated from glucose [201] are
proved in improving sugars dehydration into 5-HMF and hydrolysis of cellulose with
yields of 53.3% and 40.50%, respectively. The shape, particle size, and surface area
of these catalysts provide superior performance in increasing the selectivity of 5-HMF.
However, catalysts synthesis processes are extremely difficult and it has limited these
catalysts usage at mass-scale production of 5-HMF [17].

As a conclusion, in the reaction system, controlling Lewis and Bronsted acidity is im-
portant for the promotion of faster kinetics of dehydration, hydrolysis, and isomeriza-
tion. Therefore, Table 2.5 has presented a brief description on mass-scale applicability
of 5-HMF synthesis catalysts with pros/cons.

2.6.2 Solvents used in conversion of cellulose to 5-HMF

Solvents are required in 5-HMF synthesis, mainly to create the medium reaction by
dissolving biomass and catalysts. Solvents also act as catalysts to improve reaction
kinetics. These solvents can be categorized into five types as polar aprotic solvents,
polar protic solvents, biomass-derived solvents, deep eutectic solvents, and ionic liq-
uids [13, 208].

2.6.2.1 Polar protic solvents

Among polar protic solvents, the most commonly used type is subcritical water [208].
As the reaction medium, subcritical water creates around pH 3.5 acidic nature helping
autocatalysis of dehydration of sugars into 5-HMF [218]. Saito investigated cellulose
conversion to 5-HMF in hot pressurized water at 200 to 240 ∘C and 15 to 20MPa and
gained high yield of 5-HMF [219]. However, 5-HMF decomposition to humin in water
at high temperatures for extended times is avoidable, and thus 5-HMF selectivity can
be reduced [180, 218].

2.6.2.2 Polar aprotic solvents

Higher applicability is shown by polar aprotic solvents in the conversion of biomass
to 5-HMF, compared to polar protic solvents [208]. These solvents include tetrahy-
drofuran (THF), dimethyl sulfoxide (DMSO), N,N-Dimethylacetamide (DMA), and
methyl isobutyl ketone (MIBK). As one of the most widely used solvent, DMSO ex-
hibits strong effect on dehydration of fructose into 5-HMF [220–222]. Ionic liquid and
DMSO system has improved hydrolysis of cellulose withincreased sugar concentra-
tion for the dehydration. Application of ionic liquid/ceInCl3/DMSO catalytic/solvent
system has provided considerable amount of 5-HMF yield (45.3%) [199]. However,
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TABLE 2.5: Catalysts utilized in cellulose to 5-HMF conversion with pros and cons

Type of catalyst Examples Pros Cons Ref.

Bronsted homo-
geneous acids

Inorganic acids
Hydrochloric acid (HCl),
Sulfuric acid (H2SO4),
Nitric acid (HNO3),
Phosphoric acid (H3PO4)

Inexpensive and easy accessible method
with robust handling practices, moderate
5-HMF yield.

Less 5-HMF selectivity, costly acid
recovery processes, and corrosive
nature.

[17, 48,
176, 180,
204, 208]

Organic acids
Formic acid,
Lactic acid,
Maleic acid,
Acetic acid.

less toxic and safe method, in high acid
concentrations 5-HMF with low to moder-
ate yields.

In comparison to mineral acids less
efficient in hydrolysis of cellulose,
Occuring of side reactions at high
acid loadings, and less recoverabil-
ity of catalysts at mass-scale opera-
tions.

[208]

Homogeneous
Lewis acids

Metal salts and minerals
CrCl2, CrCl3, AlCl3, FeCl3, ZnCl2, ZrCl4,
CuCl2, MnCl2

Moderate to high 5-HMF yields by alu-
minium and chromium salts in an appropri-
ate solvent system (mostly in ionic liquids
and solvents with polar aprotic nature), cat-
alyst recoverability is satisfactory, and less
corrosive to equipments.

Less efficient in cellulose hydrol-
ysis, limited application at mass-
scale operations due to high cost,
and toxic nature in chromium salts
catalyzed processes.

[17, 48,
178, 186,
208, 211,
223]
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TABLE 2.5: (ctd.) Catalysts utilized in cellulose to 5-HMF conversion with pros and cons

Type of catalyst Examples Pros Cons Ref.

Heterogeneous
solid acids

Bronsted and Lewis mixed acidic cata-
lysts - Zeolites
Sn –𝛽, HY – Zeolite, HZSM – 5,
H – modernite,
Ion-exchange resins
Dowex – 50 wx8 – 100, Amberlyst – 15,
Heteropoly acids
12-CsTPA, 12-AgTPA, Cs2.5H0.5PW12O40,
12-TSA

Increased yield of 5-HMF in suitable sol-
vents like ionic liquids and when using
microwave irradiation like heating mech-
anisms, moderate to high yield of 5-HMF,
acidic sites improve the catalyst efficiency.

Costly catalyst synthesis methods,
low efficiency in hydrolysis of raw
biomass, requirement of high cat-
alyst dosage, and separation diffi-
culties from solid acid catalysts and
unreacted cellulose.

[12, 17,
182, 200,
206, 208,
224]
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DMSO usage has being limited to laboratory experiments due to its’ toxicity and cost-
intensive recovery processes [17]. In contrast to DMSO, MIBK is considered as a
less toxic solvent. Adding MIBK to water acidified phase, it creates water-immiscible
extracting phase for 5-HMF continuous extraction, and thus has caused to immprove
the selectivity of 5-HMF [176]. Therefore, CHEM21 guide has recommended to use
MIBK to produce 5-HMF even at mass-scale production [212]. Another favourable
solvent, THF widely applies in cellulose to 5-HMF conversion due to its’ improved
reaction kinetics [42, 182, 200, 201]. Generally, THF creates water-miscible reaction
system. However, salt addition transforms it into water-immiscible reaction system
and supports to increase 5-HMF selecvity [194].

2.6.2.3 Ionic liquids

Ionic liquids (ILs) is used aqueous phase replacement in reaction system of 5-HMF
producion. Generally, ILs is capable to function as catalysts and solvents at the same
time to convert cellulose to 5-HMF [223, 225]. ILs, like [BMIM]Cl, [AMIM]Cl, and
[EMIM]Cl exhibit satisfactory performance to yield 5-HMF [187, 188, 190, 225]. The
main reason to this is their acidic functional group (HSO4

– or Cl– anion). These acidic
functional groups have the ability to facilitate both hydrolysis of cellulose and dehy-
dration of fructose into 5-HMF [226]. Shi and co-workers have investigated cellulose
transformation into 5-HMF with [BMIM]Cl application. They have reported a high
5-HMF yield 66.5% [187]. However, high cost of synthesis processes, toxicity, and
difficult recycling have restricted ILs usage in mass-scale operations [17, 225].

2.6.2.4 Biomass-derived solvents

Biomass-derived gamma valerolactone (GVL) has gained increasing interest recently
to produce 5-HMF like value-added chemicals [227–229]. This is mainly due to the re-
vealation of recent studies that higher 5-HMF production in water/GVL systems, com-
pared to conventional aqueous systems [204, 227, 230, 231]. Generally, water/GVL
systems fasten the hydrolysis of cellulose via disrupting crystallinity of cellulose and
avoiding reprecipitation of lignin on cellulose [232]. Water/GVL systems are also im-
portant for the efficient sugar isomerization and dehydration of 5-HMF [173]. This
is mainly due to the influence of GVL to facilitate acid-catalyzed isomerization and
dehydration by stabilizing the acidic portion [233, 234]. As another valuable solvent,
methyltetrahydrofuran (MTHF), is applied in the conversion of cellulose into 5-HMF.
High stability of MTHF in water has created an efficient MTHF/water biphasic reac-
tion system to produce 5-HMF in higher yields [235]. As a summary, Table 2.6 shows
commonly used 5-HMF synthesis solvents used with advantages/disadvantages.
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TABLE 2.6: 5-HMF synthesis solvents with pros and cons

Type of Solvent Description Pros Cons Ref

Polar protic solvent -
Subcritical water

Pressurized liquid water in between
the temperatures of its critical tem-
perature (374 ∘C) and normal boiling
point (100 ∘C)

low cost and green reaction medium,
via offering hydroxyl ions and pro-
tons catalyze dehydration and hydrol-
ysis reactions, autocatalytic nature

Less efficiency in hydrolysis of cel-
lulose, lower yield and selectivity of
5-HMF, rapid rehydration of 5-HMF
into formic acid and levulinic acid

[17, 180, 208, 218]

Polar aprotic solvents
– Dimethylsulfoxide
(DMSO)

DMSO neucleophilic action promotes
dehydration of sugar into 5-HMF.

Stabilize 5-HMF via lowering the oc-
curing of undesirable side reactions,
compatibility with various types of
catalysts, and higher effectivity com-
pared to aqueous systems.

High energy required 5-HMF separa-
tion process due to DMSO high boil-
ing point.

[17, 195, 208, 236]

Tetrahydrofuran
(THF)

miscible solvent with water Higher yield of 5-HMF High temperatures (> 180 ∘C) cause
to 5-HMF degradation.

[208, 237, 238]

Methyl isobutyl ketone
(MIBK)

Serve as an extraction phase Higher yield of 5-HMF.
Higher extraction efficiency of 5-
HMF into MIBK

Expensive [176, 208, 239]

Ionic liquids (ILs)
[BMIM+][Cl – ],
[EMIM+][Cl – ]

Liquid salts at low temperatures. High concentration of ILs favours cel-
lulose dissolution at mild tempera-
tures for the production of 5-HMF.

High cost synthesis processes, diffi-
culty in product separation, and low
reusability.

[17, 181, 190, 208,
211]

Biomass derived sol-
vents

Biomass derived gamma valerolac-
tone (GVL) and methyltetrahydrofu-
ran (MTHF) are highly used.

Green solvents, 5-HMF in moderate
to high yields, and breakdown of crys-
taline cellulose.

Costly synthesis operations. [208]
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2.6.3 Reaction systems used in cellulose to 5-HMF conversion

The reaction systems can be categorized as biphasic and monophasic systems. In
monophasic system there is one solvent or miscible two solvents. In biphasic sys-
tems consist two immisible solvents as reaction phase and extracting phase [12, 208].
The aqueous monophasic system produces comparable 5-HMF yield from glucose and
fructose like model carbohydrates [208]. Biphasic systems have a strong effect on im-
proving both yield and purity of 5-HMF by increasing its partition coefficient into the
extracting phase. Organic solvents are highly used as the extracting phase due to the
effective 5–HMF extraction. The continues development of biphasic systems is impor-
tant to minimize secondary reactions mainly, 5-HMF rehydration into formic acid and
levulinic acid and repolymerization into humins. This is required to increase 5-HMF
selectivity and yield [180, 187, 195, 212, 240].

2.6.4 Reaction conditions influences on conversion of cellulose to 5-HMF

Operating parameters, such as reaction temperature and time show high influence on
5-HMF production. In general, to prduce satisfactory yield of 5-HMF, reaction tem-
perature varies between 80 to 240 ∘C, and variation of reaction time around seconds
to hours. The literature reveals that an application of high temperatures for short re-
action time is important in producing high 5-HMF yield [241, 242]. In contrast, >
60min long reaction times at elevated temperatures (> 140 ∘C) has shown negative
effect on yield 5-HMF because of 5-HMF decompostion into humin and rehydration
into levulinic acid [204].
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CHAPTER 3

COMPARATIVE EVALUATION OF CELLULOSE TO 5-HMF

The literature on the catalytic conversion of cellulose into 5-HMF processes reveals
four unique process parameters that can be used to characterize a process. These
process parameters includes process temperature (𝜃𝑘), process time (𝑡𝑘), reaction sys-
tem used (𝑅𝑆𝑘), and catalysts used (𝐶𝑘), where 𝑘 denotes the 𝑘𝑡ℎ process considered.
When application of these parameters for a process 𝑃𝑘, 𝑦𝑘 yield can be resulted. Con-
sequently, as given in eq (3.1), 𝑃𝑘 process can be represented, using these parameters
as inputs 𝜃𝑘, 𝑡𝑘, 𝑅𝑆𝑘, and 𝐶𝑘 providing 𝑦𝑘 yield.

𝑦𝑘 = 𝑃𝑘 (𝑡𝑘, 𝜃𝑘, 𝐶𝑘, 𝑅𝑆𝑘) (3.1)

Even so, 5-HMF production processes provides the values of 5-HMF yield and above
mentioned parameters, they are not adequate to infer optimality of each process. There-
fore, in this study, an objective function, 𝑓𝑐 is proposed to find out a optimal process to
produce 5-HMF [243, 244]. Optimal process conditions are corresponded to the 𝑓𝑐(𝑢𝑘)

minimum value and (3.2) gives the 𝑢𝑘. Then, prior to defining of objective function,
the contribution of each parameter to it is presented.

𝑢𝑘 = {𝜃𝑘, 𝑡𝑘, 𝐶𝑘, 𝑦𝑘, 𝑅𝑆𝑘} (3.2)

1. Process time (𝑡𝑘) and process temperature (𝜃𝑘)

Considering a cellulose to 5-HMF conversion process, energy 𝐸1,𝑘 is needed for
the heating of system of reaction comprising cellulose, solvents, and catalyst(𝜃𝑘).
The required energy 𝐸1,𝑘 is shown as in eq (3.3), where cellulose, catalyst, and
solvent specific heat capacities and masses are 𝑚𝑐,𝑘, 𝑚𝑜, 𝐶𝑜, 𝑚𝑠,𝑘, 𝐶𝑠,𝑘, and 𝐶𝑐,𝑘,
respectively.

𝐸1,𝑘 = (𝑚𝑜𝐶𝑜 +𝑚𝑠,𝑘𝐶𝑠,𝑘 +𝑚𝑐,𝑘𝐶𝑐,𝑘) (𝜃𝑘 − 𝜃𝑜) (3.3)

Generally, as stated in Newton’s cooling law, (𝜃𝑘 − 𝜃𝑜) proportional, 𝑃𝑤2,𝑘

power will be drived away to the ambient when the process continues. Therefore,
it is required to provide 𝑃𝑤2,𝑘 power to the system for the maintaining of process
temperature. For process time 𝑡𝑘, it is required to maintain the temperature, and
the required energy 𝐸2,𝑘 can be given as in eq (3.4), where 𝐾 is shown as a
parameter specific to the reactor.

𝐸2,𝑘 = 𝑃𝑤2,𝑘𝑡, and as 𝑃𝑤2,𝑘 ∝ (𝜃𝑘 − 𝜃𝑜) ⇒ 𝐸2,𝑘 = 𝐾 (𝜃𝑘 − 𝜃𝑜) 𝑡𝑘 (3.4)
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Fig. 3.1: Biphasic system of conversion of cellulose into 5-HMF. Characterization of
inputs (cellulose, catalyst, and solvent) via specific heat capacities 𝐶𝑜, 𝐶𝑠,𝑘, 𝐶𝑐,𝑘 and

masses 𝑚𝑜, 𝑚𝑠,𝑘, 𝑚𝑐,𝑘, respectively. System starting temperature is 𝜃𝑜

Accodingly, the required (𝐸) total energy to reach and maintain the operating
reaction temperature can be expressed as given in eq (3.5) based on results gen-
erated from eq (3.3) and (3.4).

𝐸𝑘 = 𝐸1,𝑘 + 𝐸2,𝑘 = (𝑚𝑜𝐶𝑜 +𝑚𝑠,𝑘𝐶𝑠,𝑘 +𝑚𝑐,𝑘𝐶𝑐,𝑘 +𝐾𝑡𝑘) (𝜃𝑘 − 𝜃𝑜) (3.5)

2. Catalysts used (𝐶𝑘)

Catalyst contribution evaluated considering its price, amount required, toxicity,
and non-recoverability. Formation of the parameters discussed in section 3.1.

3. Reaction system (𝑅𝑆𝑘)

The evalutation parameter 𝑅𝑆𝑘 is formulated similar to the formation of 𝐶𝑘,
based on certain subparameters: price, non-recoverability, and toxicity. In sec-
tion 3.2, reaction system parameter formualtion is discussed.

4. Yield % (𝑌 ) of 5-HMF

According to above proposed objective function, better process is represented by
low parameter values. Therefore, to maintain the consistency, eq (3.6) defines 𝑌
yield loss %, not considering directly the yield of 5-HMF as a input parameter.

𝑌𝑘 = 1− 𝑌𝑘 (3.6)

Finally eq (3.7) defines the objective function, based on the above parameters. Ref-
fering [243, 244], coefficients 𝛼1,𝛼2,𝛼3, and 𝛼4 are used as relative weightages to the
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above process to represent the significance of parameters.

𝑓𝑐,𝑘 = 𝑓𝑐(𝑢𝑘) = ¯𝑌𝑘
𝛼1𝐸𝛼2

𝑘 𝐶𝛼3
𝑘 𝑅𝑆𝛼4

𝑘 (3.7)

This equation (3.7) is comprised of powers of individual parameters. Therefore, eq
(3.8) is shown the log value of the objective function, for the reduction of computa-
tional complexity.

¯𝑓𝑐,𝑘 = 𝛼1 log 𝑌𝑘 + 𝛼2 log𝐸𝑘 + 𝛼3 log𝐶𝑘 + 𝛼4 log𝑅𝑆𝑘 (3.8)

Although yield loss relative weightage 𝛼1, is general to the 5-HMF production plant
location, 𝛼2 to 𝛼4 relative weightages are influenced by locations’ human resource
availability, technology availability, and environmental regulations. Considering pa-
rameters contribution: yield, operating temperature, and operation time are connected
to the objective function directly. Although, there are certain parameters which are not
easily mapping such as, catalyst used and reaction system used.

3.1 Catalyst contribution (𝐶𝑘)

Considering three factors, the contribution of catalyst is determined.

1. Catalysts price (𝑃𝐶,𝑘)

Catalyst price is taken as 1 g of pure catalyst price. Employing (3.9) and (3.10),
solid and liquid catalysts prices are calculated. In equations, material purity is
indicated as 𝑤

𝑊
% ratio.

𝑃𝐶,𝑘 =
𝑝𝑟𝑖𝑐𝑒

𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 × 𝑤
𝑊
%× 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

(3.9)

𝑃𝐶,𝑘 =
𝑝𝑟𝑖𝑐𝑒

𝑚𝑎𝑠𝑠× 𝑤
𝑊
%

(3.10)

2. Catalysts non-recoverability (𝑛𝑅𝑒𝐶,𝑘)

Here, higher recoverability of catalysts is obtained, using less soluble catalysts
in the reaction medium. However, sufficient data for the catalyst recoverabil-
ity is not available in the literature and hence, catalyst solubility in grams in
water 100mL between temperature range 20 to 25 ∘C is used to define the non-
recoverability of catalyst (𝑛𝑅𝑒𝐶,𝑘) [245].

3. Catalysts toxicity (𝑇𝑥𝐶,𝑘)

relative measure are used to define catalyst toxicities here, because of the non-
availability in comparison of catalysts used [245]. For the evaluation of catalsyts
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toxicities, 1 - 10 spanning relative scale is presented. In this relative scale 1 is
regarded as the lightest and 10 is regarded as the toughest.

In the contribution function eq. (3.11), catalysts contribution is shown as (𝐶𝑘), defined
like in eq (3.8) objective function. In the contribution function 𝐶1, 𝐶2, and 𝐶3 represent
each factor weightages.

𝐶𝑘 =
1

𝐶1 + 𝐶2 + 𝐶3

(𝐶1 log𝑃𝐶,𝑘 + 𝐶2 log nRe𝐶,𝑘 + 𝐶1 log Tx𝐶,𝑘) (3.11)

3.2 Contribution of reaction system (𝑅𝑆𝑘)

Four factors are considered to determine contribution of the reaction system (𝑅𝑆𝑘).
These factors can be listed as,

1. Solvents price (𝑃𝑅𝑆,𝑘)

2. Solvents toxicity (𝑇𝑥𝑅𝑆,𝑘)

3. Solvents quantity (𝑊𝑅𝑆,𝑘)

4. Solvents non-recoverability (𝑛𝑅𝑒𝑅𝑆,𝑘)

As there is limited data availability for each above mentioned factor, “very low” to
“very high” spaning a relative measure is used for comparison of factors in different
processes. Therefore, a relative value is assigned considering severity in each factors
in various processes. Eventually, as in eq. (3.12), monophasic system contribution
function is presented. 𝑚1, 𝑚2, 𝑚3, and 𝑚4 represent the monophasic system factor
weightages.

𝑅𝑆𝑚𝑜𝑛𝑜,𝑘 =
𝛽

𝑚1 +𝑚2 +𝑚3 +𝑚4

(𝑚1 log𝑃𝑅𝑆,𝑘 +𝑚2 log 𝑇𝑥𝑅𝑆,𝑘 +𝑚3 log𝑊𝑅𝑆,𝑘 +𝑚4 log 𝑛𝑅𝑒𝑅𝑆,𝑘) (3.12)

However, due to the low production stability of 5-HMF in a monophasic system, for
the contribution function eq (3.12), 𝛽 monophasic penalty is included.

Similarly, for the biphasic system, to gain the contribution for (𝑅𝑆(𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)) reaction
phase and (𝑅𝑆(𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛)) extraction phase, two sub-equations are set according to
(3.13). Here also, 𝑟1 to 𝑟4 and 𝑒1 to 𝑒4 represent factor weightages related to respective
reaction phase and extraction phase.

𝑅𝑆(𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛,𝑘) =
𝑟1 log𝑃𝑅𝑆,𝑘 + 𝑟2 log 𝑇𝑥𝑅𝑆,𝑘 + 𝑟3 log𝑊𝑅𝑆,𝑘 + 𝑟4 log 𝑛𝑅𝑒𝑅𝑆,𝑘

(𝑟1 + 𝑟2 + 𝑟3 + 𝑟4)

𝑅𝑆(𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛,𝑘) =
𝑒1 log𝑃𝑅𝑆,𝑘 + 𝑒2 log 𝑇𝑥𝑅𝑆,𝑘 + 𝑒3 log𝑊𝑅𝑆,𝑘 + 𝑒4 log 𝑛𝑅𝑒𝑅𝑆,𝑘

(𝑒1 + 𝑒2 + 𝑒3 + 𝑒4)
(3.13)
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Finally, as in eq (3.14), defining of biphasic reaction system contribution function is
completed, and 𝛽1 and 𝛽2 parameters are utilized here for the merging of extraction
phase contribution with reaction phase contribution as 𝑅𝑆(𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) and 𝑅𝑆(𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛)

aggregation.
𝑅𝑆(𝐵𝑖,𝑘) = 𝛽1𝑅𝑆(𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛,𝑘) + 𝛽2𝑅𝑆(𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛,𝑘) (3.14)

3.3 Process Evaluation

Before demonstrating the proposed evaluation method, a set of assumptions were used.
The basis of setting the assumptions was to simplify and generalize the proposed pro-
cess evaluation method as far as possible. Assigning values to each and every relative
weightage and other co-factors was totally subjective to the financial capacity, tech-
nology availability, and environmental regulations of the area considered to establish
5-HMF plant. Here, calculation of cost of energy was done using the energy needed
for the convertion of cellulose into 1 g of 5-HMF.

1. The value of 𝛼1, 𝛼2, 𝛼3, and 𝛼4 relative weightages were taken as unity. Based
on that, eq (3.15) shows the simplified objective function.

¯𝑓𝑐,𝑘 = log 𝑌𝑘 + log𝐸𝑘 + log𝐶𝑘 + log𝑅𝑆𝑘 (3.15)

2. In all processes, the reactor energy loss constant (𝐾) and the reactor heat capac-
ity (𝛾), were considered common and taken as unity.

3. The required energy for the heating of catalyst was assumed insignificant.

4. 𝐶1, 𝐶2, and 𝐶3 contributor weightages in catalyst contribution were taken as
unity.

5. 𝑚1, 𝑚2, 𝑚3, and 𝑚4 contributor weightages in monophasic system and 𝛽 monopha-
sic penalty were taken as unity.

6. 𝑟1 to 𝑟4 contributing weightages in reaction phase and 𝑒1 to 𝑒4 contributing
weightages in extraction phase in biphasic system were taken as unity.

7. In a biphasic system, as merging values, 𝛽1 reaction phase and 𝛽2 extraction
phases were taken as 0.5 value for the system.

As the first step of evaluation, analysis of catalyst contribution is carried out. To sim-
plify the price represention of this comparative evaluation, priceses of catalysts were
obtained from a recognized database, Sigma-Aldrich, 2020 [246]. Tables 3.1 and 3.2
show the catalysts contributions, weightages and each categorys’ scores.
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TABLE 3.1: Evaluation of contribution of catalysts to objective function part (I)

Homogeneous - Lewis
Weightage Metal Salts

AlCl3 CrCl3 RuCl3 CuCl2 Na2SO4 ZrCl4 InCl3
Price ($) 23.5 115 144 33.8 26.9 35.4 10
Pack Amount 100 g 5 g 2 g 25 g 500 g 4 g 10 g
𝑤
𝑊 % 98 95 50 99 99 100 98

Unit cost (𝑃𝐶) 1 239.8 24210.53 144000 1365.66 54.34 8850 13367.35
Non-recoverability (𝑛𝑅𝑒𝐶) 1 45.8 58.5 70 75.7 20 55 195
Toxicity (𝑇𝑥𝐶) 1 3 10 8 6 4 5 7

Contribution (𝐶) 1.505 2.383 3.635 1.930 1.212 2.128 2.4204

TABLE 3.2: Evaluation of contribution of catalysts to objective function part (II)

Homogeneous - Bronsted Heterogeneous
Weightage Mineral Acids

HCl H2SO4 ILs Solid Acid Biomass
Price ($) 85.8 131 55.9 98.1
Pack Amount 500mL 100mL 5 g 100 g
𝑤
𝑊 % 37 99.99 98 100

Unit cost (𝑃𝐶) 1 463.78 1310.13 11408.16 981 20000
Non-recoverability (𝑛𝑅𝑒𝐶) 1 72 72 50 1 1
Toxicity (𝑇𝑥𝐶) 1 3 3 9 2 1

Contribution (𝐶) 1.666 1.8172 2.236 1.097 1.433
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TABLE 3.3: Scores used in evaluation of reaction systems

Condition Very Low Low Medium High Very High

Score 1 2 3 4 5

Finally the results show that RuCl3, CrCl3, InCl3, and ILs have shown high costs be-
cause of their toxicities and high unit prices. In contrast, solid acid catalysts, Na2SO4,
and AlCl3 have shown reduced costs because of low toxicities and low unit prices in
comparison with other catalysts.

In reaction systems evaluation, evaluation weightages, which are listed Table 3.3 were
used for the assigning of each factor score in both biphasic/ monophasic reaction sys-
tems.

The monophasic reaction systems evluation results are depicted in Table 3.4. Based
on the results, water has exhibited the lowest contribution among other monophasic
reaction systmes because of reduced toxicity and price . On the other hand, ILs and
organic solvents have showned costs elecated because of their requirement of large
amount and elevated unit prices.

Table 3.5 has shown a similar evaluation for biphasic reaction system. By applying the
same method for the evaluation, water has emerged as as the best reaction phase, be-
cause of its lowest contribution. On the other hand, the highest contribution is made by
DMSO, because of its high unit price. As the best extraction phase, THF has obtained
the lowest cost mainly due to its high recoverability.

Finally, cellulose into 5-HMF conversion methods were evaluated by using the eq
(3.15) and applying the intermediate results listed in Tables 3.1, 3.2, 3.4, and 3.5. The
summarized results are shown in Table 3.6, also showing the contribution of different
process parameters in each process.

According to the results, considering 18 processes which are out of 36 processes, the
optimal process is process No. 4 and here, because of inadequaate data availability the
rest of 18 processes were not taken into account. Considering process No. 4, it has
applied a clean and novel biomass-based carbon catalyst which is Ni-doped (Ni𝑛/CS).
The process has used a cost effect monophasic system which is water-based at 200 ∘C

for 60min. Ultimately, the process has generated (85%) 5-HMF yield from cellulose
[179].
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TABLE 3.4: Evaluation of contribution of monophasic reaction systems to objective function

Weightage Mono-Solvent Multi-
Solvent

Water ILs DMSO Org + ILs

Cost 1 “Low” “High” “Medium” “Very High”

Non-recoverability 1 “Very High” “Medium” “Low” “High”

Toxicity 1 “Very Low” “High” “Low” “Medium”

Amount 1 “Low” “Very High” “Medium” “High”

Contribution (𝑅𝑆(𝑚𝑜𝑛𝑜)) 2.5 4.0 2.5 4.0

TABLE 3.5: Evaluation of contribution of biphasic reaction systems to objective function

Weightage Reaction Phase Extraction Phase
Water NMA DMSO MIBK THF Butanol

Cost 1 “Very
Low”

“Medium” “High” “Low” “Medium” “High”

Non-recoverability 1 “High” “Medium” “Medium” “Medium” “Low” “High”

Toxicity 1 “Very
Low”

“Low” “Low” “High” “Medium” “Low”

Amount 1 “Low” “Low” “Medium” “High” “Medium” “Low”

𝑅𝑆(𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) 𝑅𝑆(𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛)

Contribution (𝑅𝑆(𝑏𝑖)) 2.0 2.5 3.0 3.25 2.75 3.0
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TABLE 3.6: Evaluation of objective function of 5-HMF production processes

Energy Catalyst Reaction System Yield
Weightage 1 1 1 1

Process ID Effect Distribution Among Parameters Total Effect
1 5.3328 1.6669 2.3750 0.5673 1.0783
4 11.7200 1.0976 2.5000 0.1500 0.6834
5 10.4350 1.6669 2.5000 0.7928 1.5375
6 5.3937 2.3837 4.0000 0.4600 1.3739
8 30.6880 2.3837 4.0000 0.4000 2.0683
9 9.2867 2.3837 4.0000 0.5900 1.7180
10 9.2867 2.3837 4.0000 0.5800 1.7106
11 9.2867 2.3837 4.0000 0.7600 1.8280
12 9.0880 2.3837 4.0000 0.4000 1.5398
20 7.0879 1.8173 4.0000 0.5900 1.4829
21 21.6430 2.2368 4.0000 0.4700 1.9591
22 18.4250 2.2368 2.6250 0.7600 1.9150
23 3.9240 1.2127 2.3750 0.4700 0.7252
24 44.8655 1.5059 2.5000 0.4510 1.8818
26 19.3108 2.1288 4.0000 0.4860 1.9026
27 3.5829 1.4337 4.0000 0.5950 1.0873
29 16.2810 1.0976 2.3750 0.3020 1.1078
30 32.9030 1.0976 2.3750 0.4670 1.5893

Therefore, satisfactory catalytic performance is exhibited by this novel biomass-based
carbon catalyst, because of carbon support with Ni metal interactions and its both
active Lewis acid and Bronsted sites. Although this process has used hydrothermal
conditions at (200 ∘C) high temperature for 60min, the conditions make easier the pro-
cess of dissolving cellulose through energy barrier of the reaction minimization. Then
considering the cost of entire process based on the reaction system, water consisting
monophasic reaction system in this process has lowered the cost of entire process, cre-
ating an eco-friendly path for the production of 5-HMF. As a conclusion, process No.
4 which produces high yield of 5-HMF in comparison to other processes in a cost ef-
fective way is selected in this evaluation as the most economical process configuration
to be developed and optimized further in future studies.
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CHAPTER 4

EXPERIMENTAL DESIGN AND ANALYSIS PROCEDURE

4.1 General procedure for rice straw to 5-HMF conversion

The major components of RS are 42.19%± 2.78% cellulose, 24.26%± 5.39% hemi-
cellulose, and 20.83% ± 3.77% lignin on dry weight basis [21]. Low volume high
value compounds production, such as cellulose derived 5-HMF, hemicellulose derived
furfural, and aromatic chemicals from lignin adds value to RS biorefinery other than
bioethanol production [20]. However, the recalcitrance nature of RS itself has direct
impact on the recovery process of cellulose, hemicellulose, and lignin, making the
pretreatment process extremely slow and cost intensive. Numerous pretreatment pro-
cedures including, mechanical (dry ball milling and wet disk milling), acidic, alkaline,
stream explosion, liquid hot water, ultrasound, microwave irradiation, organic solvents,
ionic liquids, and deep eutectic solvents methods have been investigated well in the lit-
erature to slacken the solid structure of RS [1].

As shown in Fig. 4.1, acidic pretreatment methods are highly effective in selective dis-
solution of hemicellulose present in RS, compared to hydrothermal and alkaline meth-
ods. In acidic pretreatment, hydronium ions cause splitting 𝛽-1,4-glycosidic bonds
inside hemicellulose chains and provide liquid portion mainly consisting solubilized
hemicellulose and cellulose/lignin rich residue for further reactions. The most popular
acidic pretreatment method to recover hemicellulose is dilute sulphuric acid pretreat-
ment. This is mainly due to its’ economic feasibility at large-scale production [106].
However, high temperatures (more than 100 ∘C) used in acidic pretreatment for pro-
longed time, have degraded certain part of amorphous cellulose which will be required
in subsequent 5-HMF conversion. Moreover, high acid loadings, high reaction tem-
peratures, and prolonged reaction time have influenced in escalating the overall cost of
the pretreatment process.

Additionally, high temperature treatments require special reactors due to the evapo-
ration of acid solution at 100 ∘C and atmospheric pressure. Hence, it is required to
investigate further on dilute sulphuric acid pretreatment at reduced temperatures for
the efficient recovery of hemicellulose with minimum degradation of cellulose. Di-
lute sulphuric acid pretreatment is not capable to dissolve majority of lignin content
except the acid soluble part present in RS [164]. Therefore, after removing hemicellu-
lose, further pretreatment step is required to improve crystalline cellulose accessibility.
This can be performed through breaking down lignin sheath which lies on cellulose as
shown in Fig. 4.1. Alkaline pretreatments including, NaOH, Ca(OH)2, KOH, and
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Fig. 4.1: Schematic representation of rice straw pretreatment

ammonia are the most promising methods to dissolve lignin. Among these methods,
NaOH pretreatment is the most popular method in perspectives of effectiveness, cost,
and large-scale applicability [1]. Application of NaOH saponifies the ester linkages
present in lignin and provide liquid portion consisting dissolved lignin and cellulose
rich residue for next reaction [164]. However, concentrated NaOH loadings, high reac-
tion temperatures for prolonged time periods have caused to increase the degradation
of cellulose and cost of the process. Hence, it is required to investigate further on dilute
NaOH pretreatment at reduced temperatures to recover lignin from RS and obtain high
amount of cellulose residue for the subsequent 5-HMF conversion process.

After performing pretreatment reactions, the recovered cellulose conversion into 5-
HMF is carried out. The most appropriate method to convert cellulose to 5-HMF is
selected via the proposed evaluation scheme, considering certain input parameters, in-
cluding 5-HMF yield, process temperature, process time, reaction system used, and
catalyst used. Accordingly, process number 04, 23, and 01 as shown in Table 4.1, were
selected as the most feasible processes to produce 5-HMF.

TABLE 4.1: Most feasible cellulose to 5-HMF conversion processes

Parameters Process 04 Process 23 Process 01
Catalyst used Biomass based car-

bon catalyst
NaHSO4 and ZnSO4 HCL

Reaction system used Aqueous monopha-
sic system

Water/THF Biphasic
system

Water/MIBK Biphasic
system

Process temperature 200 ∘C 160 ∘C 177 ∘C

Process time 60min 60min 60min

5-HMF yield 85% 53% 43%
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However, considering the financial capacity, technology availability, environmental
regulations, and human resource availability, feasibility of these processes are sub-
jective to a country, establishing the 5-HMF production plant [1]. Pertaining to Sri
Lankan context, lack of financial capacity and technology availability always hinder
the 5-HMF production at large-scale. A feasible process should be selected for the
optimization at local conditions. Therefore, it is required an evaluation of these three
processes considering local conditions.

The evaluation of process number 04, 23, and 01 based on catalyst cost, reaction sys-
tem cost, and energy cost is shown in Fig. 4.2. Process 04 is the most feasible process
which is capable at yielding high amount of 5-HMF (85%), using Ni-doped biomass-
based carbon catalyst (Nin/CS). However, considering catalyst cost, process 04 is hav-
ing the highest cost due to its cost intensive catalyst synthesis methods. Process 23
also shows a higher cost compared to process 01, because it consumes high amount
of catalysts (NaHSO4 and ZnSO4 (2.3mol dm−3)) in the conversion process. Process
01 shows the lowest catalyst cost due to the usage of dilute hydrochloric acid solution
(0.1285mol/dm-3). Dilute hydrochloric acid is less environmentally friendly, and it
produces moderate 5-HMF yield. However, its low price, robust handling practices,
and easy accessibility have made it as the most feasible catalyst at Sri Lankan con-
ditions. Based on reaction system cost, process 04 represents the lowest cost due to
the application of cost-effective water based monophasic system, which is also con-
sidered as a green method at large-scale operations. However, a sole aqueous medium
can be inefficient to produce high 5-HMF yields because of 5-HMF repolymerization
and rehydration reactions. Process 23 shows the highest cost due to its water/ tetrahy-
drofuran (THF) biphasic system. Even though THF is effective at increasing 5-HMF
yield, its higher price than methyl isobutyl ketone (MIBK) in process 01, has made it
difficult in using 5-HMF production at Sri Lankan context. MIBK is also efficient at

Fig. 4.2: Evaluation of most feasible processes to select locally feasible process
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5-HMF extraction, and hence it can be considered as a good alternative to develop a
locally feasible 5-HMF production process. Both reaction time and temperature shows
a strong effect on determining energy cost of these processes. According to the energy
cost analysis of process 04, 23, and 01, the highest cost is showed by process 04 as it
operates at 200 °C for 60 min. Process 23 and 01 have shown average costs compared
to process 04, because the temperatures are within 160-177 °C for 60 min. Eventually,
considering all three parameters (catalyst, reaction system, and energy costs), process
number 01 has shown low catalyst cost, low reaction system cost, and average energy
cost at Sri Lankan context. Therefore, process 01 can be selected as the most feasible
process to be optimized at local conditions. Finally, the proposed general procedure to
convert RS into 5-HMF is presented in Fig. 4.3.

4.2 Experimental design using response surface methodology

Optimization of the conversion of RS to 5-HMF is performed, applying response sur-
face methodology (RSM), instead of time consuming and conventional optimization
methods, like one factor at one time approach. As advanced design of experiments
(DOE) techniques, response surface designs are helpful in superior understanding and
optimizing the responses. Response surface equations model the effects of changes
(linear, quadratic, and interactions) in independent variables to a certain response vari-
able of interest. Moreover, compared to factorial designs, response surface designs
facilitate to detect the levels of each independent variable that optimize the response,
performing few experimental runs.

The general methodology of RSM is presented in Fig. 4.4 which is adapted from “re-
sponse surface methodology. in: Design and Analysis of Experiments (2017). Springer
Texts in Statistics for the optimization”. As per to the methodology, literature-based
screening test is performed to find out effective factors that highly and directly influ-
ence the process cost in pretreatments and catalytic conversion of cellulose into 5-HMF

Cellulose

Hemicellulose


Lignin
Cellulose 


Lignin Cellulose 5-HMF

Hemicellulose

Lignin

Optimization of dilute
sulphuric acid pretreatment

Optimization of sodium
hydroxide pretreatment

Optimization of cellulose to 5-
HMF applying  process #01

Step 01 Step 02 Step 03

Fig. 4.3: General procedure for conversion of RS to 5-HMF
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Start

Screening test

Defining design space
of input factors

Run first-order full
factorial design

Test model lack of fit (ANOVA
and Regression analysis)

Not significant Significant

Run steepest ascent

Run second-order
RSM design

Test model lack of fit (ANOVA
and Regression analysis)

Not significant Significant

Confirm optimum Consider alternatives

Stop

Fig. 4.4: Adapted response surface methodology for optimization

process. The design space of input factors is determined via literature-based analysis.
Then, using a first order polynomial model and a full factorial design the vicinity of
the optimum region is found out. After testing the model lack of fit via ANOVA and
regression analysis, if the model was not significant steepest ascent method is used to
find out the optimum region. If the model lack of fit is significant, a response surface
methodology design employed for the finding of optimal conditions of the input fac-
tors.

There are two main types of classical response surface designs in RSM as central com-
posite designs and Box-Behnken design. Moreover, central composite designs consist
of three types designs as central composite circumscribed, central composite inscribed,
and central composite face centered. The desirable properties of these designs include:

1. Rotatability or constant distribution of prediction variance at all points across
the experimental region

2. Minimized residuals via as much as possibly close fitted values to observed val-
ues
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TABLE 4.2: Comparison of structural differences in classical response surface
designs for three factor experiments.

CCC (CCI) CCF Box-Behnken
1 -1 -1 -1 1 -1 -1 -1 1 -1 -1 0
1 +1 -1 -1 1 +1 -1 -1 1 +1 -1 0
1 -1 +1 -1 1 -1 +1 -1 1 -1 +1 0
1 +1 +1 -1 1 +1 +1 -1 1 +1 +1 0
1 -1 -1 +1 1 -1 -1 +1 1 -1 0 -1
1 +1 -1 +1 1 +1 -1 +1 1 +1 0 -1
1 -1 +1 +1 1 -1 +1 +1 1 -1 0 +1
1 +1 +1 +1 1 +1 +1 +1 1 +1 0 +1
1 -1.682 0 0 1 -1 0 0 1 0 -1 -1
1 1.682 0 0 1 +1 0 0 1 0 -1 -1
1 0 -1.682 0 1 0 -1 0 1 0 +1 +1
1 0 1.682 0 1 0 +1 0 1 0 +1 +1
1 0 0 -1.682 1 0 0 -1 3 0 0 0
1 0 0 1.682 1 0 0 +1
6 0 0 0 6 0 0 0

Total runs = 20 Total runs = 20 Total runs = 15

3. Fewer experimental runs

4. Checking of constant variance

5. Internal estimate of error

6. Estimation of transformation

7. Superior detection in lack of fit

8. Building stepwise designs, from simpler designs to higher order designs

9. Superior graphical analysis using simple data patterns

Table 4.2. elaborates the structure of each response surface design, considering three
factor optimization experiment. As identical designs, CCC and CCI are shown in com-
bined mode.

Selection of an appropriate response surface design is performed, considering the prop-
erties of each response surface design as shown in Table 4.3.

Considering the properties of each design, CCC is selected as the appropriate response
surface design type as it explores the largest process space, providing high-quality pre-
diction. Schematic representation of the CCC for three factor experiment is shown in
Fig. 4.5.
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TABLE 4.3: Comparison of structural differences in classical response surface
designs for three factor experiments.

Response surface design type Description
Central composite circumscribed
design (CCC) • Delivers superior prediction on the whole design space

• Considering factorial part, it needs factor settings out-
side the range of factors, thus establishing new ex-
tremes (axial/star points) for high and low settings of
all the factors

• The desired properties and design factors number de-
termine star points distance from center point of the
design

• Required 5 levels for each factor

Central composite inscribed design
(CCI) • Compared to CCC, factor settings are utilized in CCI

for star points and within the originally specified factor
ranges, it is used to create factorial or fractional facto-
rial design

• Therefore, non-delivery of superior prediction for the
whole design space

• Require 5 levels for each factor

Central composite face centered
(CCF) • Provides comparatively superior prediction for the

whole design space

• In the outside of original factor settings, there are no
need of star points

• Require 3 levels for each factor

Box-Behnken design

• Shows a small number of design points, compared to
central composite designs, and hence a cost-effective
design for same number of factors

• Efficient estimation of linear and quadratic coefficients

• Does not include runs of factors in their extreme set-
tings, thus containing regions of poor prediction qual-
ity similar to CCI designs

• Require 3 levels for each factor

53



Factorial points Center point Axial points

Fig. 4.5: Schematic representation of three factor central composite design

The distance of a star point from center point is based on CCC factorial potions’ units
of experimental runs as indicated in equation (4.1).

𝛼 = (2𝑘)(1/4) (4.1)

Where, 𝛼 and 2𝑘 denote a star point distance from the center point and number of
full factorial runs, respectively. The CCC designs used in pretreatment of RS and
conversion of cellulose into 5-HMF have followed the above-mentioned equation to
maintain the rotatability of all designs.

4.3 Statistical analysis procedure

The second order polynomial regression model is employed in statistical analysis to
characterize relationships in terms of linear, quadratic, and interactions among the in-
dependent variables and the response variable. The proposed model for each pretreat-
ment and cellulose to 5-HMF conversion process is given in equation (4.2).
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𝑌𝑖 = 𝛽𝑜 +
3∑︁

𝑖=1

𝛽𝑖𝑋𝑖 +
3∑︁

𝑖=1

𝛽𝑖𝑖𝑋
2
𝑖 +

2∑︁

𝑖=1

3∑︁

𝑗=𝑖+1

𝛽𝑖𝑗𝑋𝑖𝑋𝑗 + 𝜖 (4.2)

where 𝑌𝑖 represents the predicted response variable; 𝑋𝑖 and 𝑋𝑗 are the independent
variables that influence the response variable 𝑌𝑖; 𝛽0 is the interception coefficient; 𝛽𝑖,
𝛽𝑖𝑖, and 𝛽𝑖𝑗 are the partial regression coefficients of independent variables in terms of
linear, quadratic, and interactions. 𝜖 is the random error.

MATLAB software simulations are used to conduct regression analysis of experimen-
tal data to estimate main effects and interaction effects of each independent variable.
Statistical significance of partial regression coefficients is determined by performing
Student’s t-test (t-test). Software based analysis of variance (ANOVA) is performed
for the identification of source of each component variation and test for their statistical
significance at 0.05, a specified 𝛼 level. Adequacy of the proposed model is expressed
using determination coefficient (𝑅2), and Fischer’s test (F-test) is used to determine
its’ statistical significance. Residual analyses are performed to validate assumption on
error terms. Finally, parameters require to be included in the models are selected based
on their statistical significance, using F-test.
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CHAPTER 5

OPTIMIZATION OF RS TO CELLULOSE CONVERSION

5.1 Dilute Acid Pretreatment

The dilute sulfuric acid pretreatment is optimized, employing low operating temper-
atures (< 100 ∘C), low acid concentrations (< 0.3mol dm−3), and moderate reaction
time (<45 min) to recover hemicellulose from RS. Here, RSM based central compos-
ite experimental design is applied to optimize dilute sulfuric acid pretreatment. The
effect of each pretreatment parameter is investigated, performing a comprehensive sta-
tistical analysis. Qualitative analysis of recovered hemicellulose is carried out to verify
the results of statistical analysis. Additional experiments have also been carried out to
validate optimization conditions as determined by RSM.

5.1.1 Materials

Unprocessed RS was obtained from local farmers in Anuradhapura area. The raw ma-
terial was cut into pieces and washed thoroughly using tap water to remove impurities,
such as dirt and sand. Seven days in ambient temperature, was used to air dry the
washed RS. Dried RS was ground as shown in Fig. 5.1, and it was sieved through
a mesh 0.18mm for homogeneity maintenance. At temperature 105 ∘C for 24 hours,
was used to dry RS powder and then stored in a desiccator until used for pretreatment.
Sigma-Aldrich ACS grade reagents were taken and utilized as receipt.

5.1.2 Design of experiments

The literature-based screening of parameters was carried out to identify the most sig-
nificant factors in dilute sulfuric acid pretreatment. Sulfuric acid concentration, reac-
tion temperature, reaction time, and ratio of RS to acid solution loading are the main

Fig. 5.1: Dried rice staw.
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parameters, affecting hemicellulose yield. However, in this study, sulfuric acid con-
centration, reaction temperature, and reaction time have been selected as the critical
factors based on their direct influence on both hemicellulose yield and pretreatment
process cost. Ratio of RS to pretreatment solution loading (1:20, w/v) was maintained
constant in all experiments.

Design of experiments was conducted through two stages. At the first stage, the design
space of each input factor was decided, applying one factor at a time approach (OFAT)
and results obtained from previous studies. In the second stage, the levels of each input
factor were optimized, using central composite design (CCD) method in RSM. CCDs
are capable to establish high quality prediction over the entire design space, providing
independent variables estimations and for the response variable, fitting a quadratic
polynomial regression model. However, in the factorial part, CCDs require, computing
appropriate outside factor settings from factors boundaries. Therefore, an experimental
design was developed, setting the distance of the axial points from center points (𝛼
value) equals to (2𝑛

1
4 ) without using software simulations. In the resulted CCD, there

were 20 experimental runs, including factorial runs 1 to 8 , axial point runs 9 to 14,
and center point runs 15 to 20. Adding 5 center points runs were essential to estimate
pure error squares sum in the design of experimental. Independent variables and the
corresponding coded values for the response surface analysis are shown in Table 5.1.
There, 𝑋1,𝑋2, and 𝑋3 in accord with sulfuric acid concentration, reaction temperature,
and reaction time, respectively. These variables were coded, using equation (5.1),
where, the coded value of the dimensionless independent variable 𝑋𝑖 is denoted by 𝑥𝑖.
𝑋0 is the actual value of 𝑋𝑖 at the center point and Δ𝑋𝑖 is the step change value of 𝑋𝑖.

𝑥𝑖 =
1

Δ𝑋𝑖

(𝑋𝑖 −𝑋𝑜) , 𝑖 = 1, 2, 3. (5.1)

5.1.3 Rice straw pretreatment

RS pretreatment was carried out in a water bath (J.P. SELECTA, 3001373), and utiliz-
ing falcon tubes 50mL. Oven dried 1 g of RS was subjected to pretreatment, adding
20mL of dilute sulfuric acid solution, and employing the conditions indicated in Table
5.1. High temperature (> 100 ∘C) experiments were conducted in an oven (memmert,
UF 110). After allowing the reaction to happen for specified times, samples were kept

TABLE 5.1: Actual and coded values of independent variables in acid pretreatment

Factor Variable -1.682 -1 0 1 1.682
Acid concentration (mol dm−3) 𝑋1 0.03 0.10 0.20 0.30 0.37

Reaction temperature (∘C) 𝑋2 46.36 60 80 100 113.64
Reaction time (min) 𝑋3 4.77 15 30 45 55.23
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in a cool bath to prevent further reaction.

5.1.4 Hemicellulose recovery and characterization

Hemicellulose rich filtrate as shown in Fig. 5.2, was separated after the pretreatment
via Buchner filtration and reduced its’ volume under vacuum. Then, ethanol tenfold
volume (absolute, 99.8 %) was put in and remained for 24 hours at 4 ∘C to precipitate
hemicellulose, and precipitated hemicellulose is shown in Fig. 5.3.

Finally, hemicellulose precipitates were recovered 3500 g, 10 min centrifugation. After
vacuum drying the hemicellulose precipitate was obtained and it is shown in Fig. 5.4.
The schematic representation of the dilute sulphuric acid pretreatment is illustrated in
Fig. 5.5.

Fig. 5.2: Hemicellulose rich rice straw pretreated filtrate

Fig. 5.3: Precipitated hemicellulose after keeping at 4 ∘C for 24 hours
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Fig. 5.4: Recovered hemicellulose from rice straw

Fig. 5.5: Schematic representation of dilute acid pretreatment process

Hemicellulose yield was measured using a gravimetric method [247] and the yield
was expressed as a percentage of hemicellulose dry weight per 1 g of dried RS. Char-
acterization of the recovered hemicellulose was carried out using Fourier Transform
Infrared Spectroscopy (FTIR) analysis. Bruker ALPHA spectrometer (Bruker Corpo-
ration, Billerica, MA) with a resolution of 1 cm−1 was used to obtain the FTIR spectra
and recorded in the range of 600 to 4000 cm−1.

5.1.5 Results and discussion

FTIR study is a facile procedure for qualitative and quantitative determination of RS
components in IR region of the spectrum. Therefore, FTIR analysis results were used
for the recovered solid residue identification which was hemicellulose. The FTIR spec-
trum, showing the peak positions related to different functional groups in hemicellulose
is presented in Fig. 5.6. The results are characteristic of hemicellulose. The region of
absorption band at 850 to 1200 cm−1 is unique for hemicellulose. 877.14 cm−1 ab-
sorption band has indicated 𝛽-1,4 glycosidic linkages (C–O–C) between sugar units in
hemicellulose.
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Fig. 5.6: FTIR spectrum of recovered hemicellulose

The strongest absorption bands at 1044.99 cm−1, 1087.56 cm−1, and 1126.13 cm−1 are
attributed to C–O, C-OH bending, and C–C stretching in xylan and galactan side chains
present in hemicellulose, respectively. Absorption band at 1199.39 cm−1 is typical to
C-O stretching vibrations. Since hemicellulose has strong affinity with water, bend-
ing mode of water is indicated at band intensity of 1641.86 cm−1 . 3313.37 cm−1, the
strongest absorption band has shown the O-H stretching vibrations between sugar units
[148, 248–250].

Hemicellulose yield obtained for all treatments by applying CCD experimental design
are presented in Table 5.2.

Developed second order polynomial regression model for hemicellulose recovery in
terms of coded variables is given in equation (5.2), where 𝑋1,𝑋2, and 𝑋3 represent the
applied sulfuric acid concentration, reaction temperature, and reaction time, respec-
tively. For the developed model, predicted responses are obtained by applying 𝑋1, 𝑋2,
and 𝑋3 actual values. A close agreement has been observed between the predicted and
experimental responses.

𝑌 = 14.11 + 1.56𝑋1 + 2.67𝑋2 + 0.59𝑋3 − 1.28𝑋2
1 − 1.46𝑋2

2 − 2.31𝑋2
3 (5.2)

Regression analysis is performed for the determination of relationship between inde-
pendent variables and the response variable. Regression coefficients of each indepen-
dent variable, standard errors, results of t-test, and p-values are shown in Table 5.3.
The p-values are used for the determination of the significance of each independent
variable for the response in terms of first order, interaction, and quadratic effects.
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TABLE 5.2: Coded and actual values of independent variables

Exp1 Coded variables Hemicellulose yield % Error
𝑋1 𝑋2 𝑋3 Observed2 Predicted

1 -1 -1 -1 3.5 3.6745 -0.17450
2 1 -1 -1 5.8 7.0417 -1.24167
3 -1 1 -1 9.7 9.9608 -0.26081
4 1 1 -1 13.6 13.1780 0.42203
5 -1 -1 1 4.4 5.9127 -1.51270
6 1 -1 1 8.1 8.9299 -0.82985
7 -1 1 1 10.6 10.4490 0.15100
8 1 1 1 12.4 13.3161 -0.91614
9 -1.682 0 0 8.4 7.8574 0.54255

10 1.682 0 0 14.1 13.1005 0.99950
11 0 -.1.682 0 7.2 5.4911 1.70885
12 0 1.682 0 14.3 14.4668 -0.16678
13 0 0 -1.682 6.8 6.5797 0.22028
14 0 0 1.682 9.9 8.5782 1.32178
15 0 0 0 14.2 14.1106 0.08942
16 0 0 0 14.5 14.1106 0.38942
17 0 0 0 13.8 14.1106 -0.31058
18 0 0 0 14.3 14.1106 0.18942
19 0 0 0 13.5 14.1106 -0.61058
20 0 0 0 14.1 14.1106 -0.01058

Small p-values (< 0.05) and large t-test values reveal the significance of correspond-
ing regression coefficient term. It is observed that positive first order effects of sulfuric
acid concentration and temperature, negative quadratic effects of sulfuric acid con-
centration, temperature, and time are statistically significant on hemicellulose recov-
ery. However, main effect of time and interaction effects of each independent variable
combination are not statistically significant on the response. Similar results have been
shown by Kim et al. However, according to their study, when the experiments were

1Experiment number
2Mean of triplicate determination.
3Acid concentration
4Temperature

TABLE 5.3: Regression analysis of proposed model for hemicellulose recovery from
rice straw

Term Estimate Standard error t-stat p-value

(Intercept) 14.1106 0.4534 31.1204 2.7554× 10−11

Conc3 1.5586 0.3008 5.1812 4.1238× 10−4

Temp4 2.6681 0.3008 8.8697 4.7168× 10−6

Time 0.5941 0.3008 1.9749 7.6515× 10−2

Conc×Temp -0.0375 0.3930 -0.0954 9.2588× 10−1

Conc×Time -0.0875 0.3930 -0.2226 8.2832× 10−1

Temp×Time -0.4375 0.3930 -1.1131 2.9171× 10−1

𝐶𝑜𝑛𝑐2 -1.2836 0.2927 -4.3841 1.3686× 10−3

𝑇𝑒𝑚𝑝2 -1.4604 0.2927 -4.9877 5.4716× 10−4

𝑇𝑖𝑚𝑒2 -2.3087 0.2927 -7.8850 1.3364× 10−5
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conducted at high temperature range (90 to 190 ∘C), positive main effect of time was
significant on hemicellulose recovery [108]. Similarly, Roberto and co-workers have
indicated a significant main effect of time at 121 ∘C on xylose recovery from RS [251].

Lack of fit was not detected in the model developed, which has indicated a high 𝑅2-
value of 0.953. Generally, high 𝑅2-values show high reliability between predicted and
observed data. However, adjusted 𝑅2 statistic (𝑅2

𝑎𝑑𝑗) is also estimated to obtain an
accurate measurement of the amount of reduction in variability of the response by us-
ing these independent variables. Similitude between 𝑅2 (0.953) and 𝑅2

𝑎𝑑𝑗 (0.910) has
implied that the regression model developed is adequate to explain the variability in
the response. The results obtained from ANOVA analysis are presented in Table 5.4.
ANOVA is required to partition the total variation observed in responses into various
components and test the developed model adequacy. Here, the variability is given by
sum of squares (SS) of components. However, more realistic measure of variability is
given by mean square (MS) values, which are the results of SS corrected for number
of observations. According to the developed model, the total observed variability can
be partitioned into SS due to model and SS due to experimental error. Testing the ra-
tio of MSmodel and MSerror against unity (F-test) is needed for the model adequacy
checking. There, 22.4, F-test value, indicates that the proposed regression model can
explains the observed variation in hemicellulose yield in this study. Very low p-value
(p< 0.05) associated with F-test statistic confirms further that the model is signifi-
cant at 95% of confidence level. In addition, Table 5.4 shows p-values for the F-test
statistics related to each component variation. These test statistics confirms further the
results obtained from the regression analysis.

5Acid concentration
6Temperature

TABLE 5.4: Analysis of variance for hemicellulose recovery from rice straw

Source of Variation Sum of Squares DOFc Mean Squares F-stat p-value

Conc5 33.1780 1 33.1780 26.8445 4.1238× 10−4

Temp6 97.2331 1 97.2331 78.6718 4.7168× 10−6

Time 4.8205 1 4.8205 3.9003 7.6515× 10−2

Conc:Temp 0.0112 1 0.0112 0.0091 9.2588× 10−1

Conc:Time 0.0612 1 0.0612 0.0495 8.2832× 10−1

Temp:Time 1.5312 1 1.5312 1.2389 2.9171× 10−1

𝐶𝑜𝑛𝑐2 23.7551 1 23.7551 19.2204 1.3686× 10−3

𝑇𝑒𝑚𝑝2 30.7467 1 30.7467 24.8773 5.4716× 10−4

𝑇𝑖𝑚𝑒2 76.8422 1 76.8422 62.1735 1.3364× 10−5

Error 12.3593 10 1.2359 1 5.0000× 10−1
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Three-dimensional (3D) response surface mesh graphs are helpful in: (I) visualizing
the relationships among response variable and each independent variable experimental
levels, (II) interactions identification, and (III) determining approximate optimal point
of each variable required to obtain maximum response. The response surfaces of sulfu-
ric acid concentration, reaction temperature, reaction time, and the hemicellulose yield
are illustrated in Fig. 5.7, Fig. 5.8, and Fig. 5.9. Here, keeping the third coded variable
at zero, each response surface has shown two independent variables.

Fig. 5.7 clearly shows the significant first order and quadratic effects of both acid
concentration and reaction temperature on hemicellulose recovery. A significant in-
teraction between reaction temperature and acid concentration is not visible in that
region. Quadratic relationship of acid concentration and reaction time are depicted in
Fig. 5.8, where significant interaction is not present. According to Fig. 5.7 and Fig. 5.8,
quadratic terms of reaction temperature and reaction time show more impact on hemi-
cellulose dissolution than that of acid concentration. As observed in Fig. 5.9, reaction
time has a more prominent quadratic effect, compared to the quadratic effect of reac-
tion temperature.

Error terms are tested for normality performing a residual analysis as shown in Fig. 5.10.
The residual plot shows a systematic pattern of residuals, lying around zero and within
a fixed band. Therefore, any major violation of underlying assumption on error term
and proposed model lack of adequacy are not observed.

The response surfaces in Fig. 5.7, Fig. 5.8, and Fig. 5.9 indicate the existence of a max-
ima within the domain of interest. Therefore, the partial derivatives of the developed
model in equation (5.3) are used to identify the operating point of maximum yield.
The system, which defined the maximum point of yield using partial derivatives of
each variable, can be represented in matrix form as given in equation (5.3), where C,
𝜃, and t are acid concentration, reaction temperature, and reaction time coded values,
relevantly. The non-zero determinant of coefficient matrix validates the existence of
maxima for the system defined in equation (5.3).

⎡
⎢⎣
−2.5673 −0.0375 −0.0875

−0.0375 −2.9208 −0.4375

−0.0875 −0.4375 −4.6174

⎤
⎥⎦

⎡
⎢⎣
𝐶

𝜃

𝑡

⎤
⎥⎦ =

⎡
⎢⎣
−1.5586

−2.6681

−0.5941

⎤
⎥⎦ (5.3)

The solution of equation (5.3) is decoded to extract the actual temperature, using the
step size and the center point of each variable as listed in Table 5.5. Accordingly, the
maximum hemicellulose yield (15.78%) is observed at optimal pretreatment condi-
tion. Further experiments carried out to validate the results gave hemicellulose yield
of 14.8% at optimal conditions and is in close agreement with the predicted result, thus
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Fig. 5.7: Response surface analysis of coded time and temperature vs yield

confirming the pretreatment process optimization, carried out using Sri Lankan RS.

Fig. 5.8: Response surface analysis of coded concentration and time vs yield
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Fig. 5.9: Response surface analysis of coded temperature and concentration vs yield

Table 5.6 has shown the optimization results of similar acid pretreatments, conducted
in different countries in the world. In most studies, they have expressed the hemi-
cellulose yield as the percentage of solubilized xylose (the major sugar constituent in
hemicellulose) and have not clearly indicated the extracted amount of hemicellulose

Fig. 5.10: Analysis of predicted error vs experiment number
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TABLE 5.5: Optimum operating conditions for maximum hemicellulose yield

Optimal Condition Coded Value Actual Value

Acid concentration 0.5928 0.2593 mol dm−3

Reaction temperature 0.9011 98.0129 ∘C

Reaction time 0.0320 30.4807 min

TABLE 5.6: Comparison of rice straw acid pretreatments carried out in different
countries

Country Solubilized xylose Acid concentration Temperature Time Ref

Korea 7 6.31% 12% 110 ∘C 14.02 min [108]

Brazil 7 7% 1% 121 ∘C 27 min [251]

India 31.9 g L−1 035% 162 ∘C 10 min [106]

China 8 3.2% 10% 100 ∘C 120 min [252]

Iran 8 0.8% 05% 201 ∘C 10 min [253]

from RS in dry weight basis. According to these results, high temperatures (>180 ∘C)
and short reaction times (< 10 min) dissolve high amount of xylose. Conversely, 30-
90 min longer reaction times need around 120 ∘C for high amount xylose dissolution
[1, 108]. These optimal conditions are successful to dissolve RS xylose more than
90%. However, by analyzing the hemicellulose rich hydrolysate, it can be identified
around 50% of dissolved xylose as xylose . The reason is xylose degradation and
formation of pseudolignin [106]. Contrastly, the proposed low-cost dilute acid pre-
treatment has provided high quality hemicellulose. Here, the hemicellulose recovery
can be enhanced when dilute acid pretreatment is combined with physical methods,
such as ultrasound treatment and microwave irradiation [1]. Therefore, future stud-
ies are needed to develop combined dilute acid pretreatment to increase hemicellulose
recovery from RS at reduced temperatures.

5.2 NaOH Pretreatment

Sodium hydroxide pretreatment is optimized, employing low operating temperatures
(< 100 ∘C), low NaOH concentrations (< 0.5mol dm−3), and moderate reaction time
(< 180 min) to recover lignin from RS. Here also the response surface methodology
is applied to find out optimal pretreatment conditions to recover the maximum amount
of lignin. RSM based central composite experimental design is used to optimize the
pretreatment. The effect of each pretreatment parameter is investigated, performing
a comprehensive statistical analysis. Finally, additional experiments have also been
carried out to validate optimization conditions as determined by RSM.
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5.2.1 Materials

Hemicellulose extracted RS residue was washed using distilled water. Then at 105 ∘C,
the residue was subjected to dry for 24 hours and stored in desiccator until used for
experiments. Sigma-Aldrich ACS grade reagents were taken and utilized as receipt.

5.2.2 Design of experiments

The literature-based screening of parameters was carried out to identify the most sig-
nificant factors in NaOH pretreatment. NaOH concentration, reaction temperature,
reaction time, and ratio of RS to alkaline solution loading are the main parameters,
affecting lignin yield. However, in this study, NaOH concentration, reaction tempera-
ture, and reaction time have been selected as the critical factors based on their direct
influence on both lignin yield and pretreatment process cost. Ratio of RS to pretreat-
ment solution loading (1:20, w/v) was maintained constant in all experiments. Similar
to the acid pretreatment process, design of experiments was conducted through two
stages. At the first stage, the design space of each input factor was decided, applying
one factor at a time approach (OFAT) and results obtained from previous studies. In
the second stage, the levels of each input factor were optimized, using central compos-
ite design (CCD) method in RSM. Independent variables and the corresponding coded
values for the response surface analysis are shown in Table 5.7. There, 𝑋1,𝑋2, and
𝑋3 correspond to NaOH concentration, reaction temperature, and reaction time, re-
spectively. These variables were coded, using previously mentioned standard equation
(5.1).

5.2.3 Rice straw pretreatment

Pretreatment was carried out in a water bath (J.P. SELECTA, 3001373), utilizing fal-
con tubes 50mL. As shown in Fig. 5.11, oven dried RS residue 1 g was subjected to
pretreatment, adding 20mL of NaOH solution, and employing the conditions indicated
in Table 5.7. High temperature (greater than 100 ∘C) experiments were conducted in
an oven (memmert, UF 110). After allowing the reaction to happen for specified times,
samples were kept in a cool bath to prevent further reaction.

TABLE 5.7: Actual and coded values of independent variables in NaOH pretreatment

Factor Variable -1.682 -1 0 1 1.682
NaOH concentration (mol dm−3) 𝑋1 0.35 0.5 1.75 3.0 3.85

Reaction temperature (∘C) 𝑋2 46.36 60 80 100 113.64
Reaction time (min) 𝑋3 19.08 60 120 180 220.92
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Fig. 5.11: Sodium hydroxide pretreated rice straw

5.2.4 Lignin recovery

Lignin rich filtrate (black liquor) as shown in Fig. 5.12, was separated after the pre-
treatment via Buchner filtration. The filtrate was acidified with 6mol dm−3 HCl until
pH 1 was reached. It was kept for 24 hours to allow the precipitation of lignin as
shown in Fig. 5.13. Finally, the precipitated lignin as shown in Fig. 5.14, was collected
through 3500 g centrifugation for 10 min, and then air dried.

Lignin yield was measured using the same gravimetric method [247], and the yield
was expressed as a percentage of lignin dry weight per 1 g of dried RS residue. The
schematic representation of dilute sodium hydroxide pretreatment is illustrated in Fig. 5.15

5.2.5 Results and discussion

Lignin yield obtained for all treatments by applying CCD experimental design are pre-
sented in Table 5.8. Developed second order polynomial regression model for lignin

Fig. 5.12: Lignin rich rice straw filtrate
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Fig. 5.13: Precipitation of lignin at pH 1

Fig. 5.14: Recovered lignin

Fig. 5.15: Schematic representation of sodium hydroxide pretreatment process

recovery in terms of coded variables is given in (5.4), where NaOH concentration,
reaction temperature, and reaction time are represented by 𝑋1, 𝑋2, and 𝑋3, respec-
tively. Predicted responses are obtained for the developed model by applying 𝑋1, 𝑋2,
and 𝑋3 actual values. A close agreement has been observed among experimental and
predicted responses. Regression coefficients of each independent variable, standard
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TABLE 5.8: Coded and actual values of independent variables NaOH pretreatment

Exp7 Coded variables Lignin yield % Error
𝑋1 𝑋2 𝑋3 Observed8 Predicted

1 -1 -1 -1 8.1 8.7332 -0.63323

2 1 -1 -1 19.2 18.607 0.59287

3 -1 1 -1 11.5 12.093 -0.59295

4 -1 1 -1 11.5 12.093 -0.59295

5 -1 -1 1 9.7 11.085 -1.3851

6 1 -1 1 16.2 16.309 -0.10901

7 -1 1 1 13.3 14.595 -1.2948

8 1 1 1 15.8 15.869 -0.068732

9 -1.682 0 0 10.7 8.7161 1.9839

10 1.682 0 0 17.1 18.091 -0.9914

11 0 -.1.682 0 14.4 13.826 0.57387

12 0 1.682 0 16.7 16.281 0.41862

13 0 0 -1.682 15.3 15.668 -0.36807

14 0 0 1.682 17.2 15.839 1.3606

15 0 0 0 20.3 20.095 0.20507

16 0 0 0 20.2 20.095 0.10507

17 0 0 0 19.8 20.095 -0.29493

18 0 0 0 20.1 20.095 0.005068

19 0 0 0 20.2 20.095 0.10507

20 0 0 0 19.8 20.095 -0.29493

errors, results of t-test, and p-values are shown in Table 5.9.

𝑌 = 20.09 + 2.78𝑋1 + 0.73𝑋2 + 0.05𝑋3 − 2.36𝑋2
1 − 1.78𝑋2

2 − 1.53𝑋2
3 (5.4)

Small p-values (< 0.05) and large t-test values reveal the significance of correspond-
ing regression coefficient term. It is observed that positive first order effects of NaOH
concentration and temperature, negative quadratic effects of NaOH concentration, tem-
perature, and time are statistically significant for the lignin recovery. However, main
effect of time is not statistically significant on the response. Considering the interac-
tion effects of independent variable combinations, NaOH concentration/ reaction tem-
perature and NaOH concentration/ reaction time showed significant effects on lignin
recovery. However, combination of reaction temperature and time has not significant

7Experiment number
8Mean of triplicate determination.
9NaOH concentration

10Temperature
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TABLE 5.9: Regression analysis of proposed model for lignin recovery from rice
straw

Term Estimate Standard error t-stat p-value
(Intercept) 120.095 0.46198 43.497 9.908× 10−13

Conc9 2.7869 0.3065 9.0929 3.7726× 10−6

Temp10 0.72986 0.3065 2.3813 0.038527

Time 0.05094 0.3065 0.16621 0.8713

Conc×Temp -0.9875 0.40048 -2.4658 0.033343

Conc×Time -1.1625 0.40048 -2.9028 0.015758

Temp×Time 0.0375 0.40048 0.093638 0.92725

𝐶𝑜𝑛𝑐2 -2.3651 0.29833 -7.9279 1.2745× 10−5

𝑇𝑒𝑚𝑝2 -1.7819 0.29833 -5.973 0.00013697

𝑇𝑖𝑚𝑒2 -1.5345 0.29833 -5.1436 0.0004355

effect on pretreatment process.

The model has indicated a high 𝑅2 value of 0.954. Adjusted 𝑅2 statistic (𝑅2
𝑎𝑑𝑗) is also

estimated to obtain an accurate measurement of the amount of reduction in variability
of the response by using these independent variables. Similarity between 𝑅2 (0.954)
and 𝑅2

𝑎𝑑𝑗 (0.913) has implied that the regression model developed is adequate to ex-
plain the variability in the response. Therefore, lack of fit of the model is not detected
for this developed model.

Then, ANOVA analysis is conducted to partition the total variation observed in re-
sponses into various components and for the testing of the developed model adequacy.
The results obtained from ANOVA analysis are presented in Table 5.10. The total ob-
served variability can be partitioned into SS due to model and SS due to experimental
error. Testing the ratio of MSmodel and MSerror against unity (F-test) is needed for
the checking of model adequacy. 23.1, F-test value, indicates that the proposed regres-
sion model explains the lignin yield variation for the study. Very low p-value (p< 0.05)
associated with F-test statistic confirms further that the model is significant at 95% of
confidence level. Table 5.10 also shows p-values for the F-test statistics related to each
component variation. Therefore, these test statistics have confirmed further the results
obtained from the regression analysis.

The response surfaces of NaOH concentration, reaction temperature, reaction time,
and the lignin yield are illustrated in Fig. 5.16, Fig. 5.17, and Fig. 5.18. Here also,
each response surface has shown two independent variables, maintaining at zero the

11NaOH concentration
12Temperature
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TABLE 5.10: Analysis of variance for lignin recovery from rice straw

Source of Variation Sum of Squares DOFc Mean Squares F-stat p-value
Conc11 106.08 1 106.8 82.681 3.7726× 10−6

Temp12 7.2757 1 7.2757 5.6706 0.038527

Time 0.035447 1 0.035447 0.027627 0.8713

Conc:Temp 7.8012 1 7.8012 6.0802 0.033343

Conc:Time 10.811 1 10.811 8.4262 0.015758

Temp:Time 0.01125 1 0.01125 0.0087682 0.92725

𝐶𝑜𝑛𝑐2 80.642 1 80.642 62.852 1.2745× 10−5

𝑇𝑒𝑚𝑝2 45.774 1 45.774 35.676 0.00013697

𝑇𝑖𝑚𝑒2 33.945 1 33.945 26.456 0.0004355

Error 12.831 10 1.2831 5.0000× 10−1

third coded variable.

Fig. 5.16 clearly shows the significant positive first order and negative quadratic influ-
ences of both NaOH concentration and reaction temperature for the lignin recovery.
Significant interaction between reaction temperature and NaOH concentration is vis-
ible in the plot. The highest yield of lignin is visible in the upper right corner of the
plot, and it is corresponded to high value of NaOH concentration and moderate value
of reaction temperature. Quadratic relationship of NaOH concentration and reaction
time is depicted in Fig. 5.17, where significant interaction is not present. A high lignin
recovery can be observed at left right corner of the plot and it is corresponded to both
high values of NaOH concentration and reaction time. As observed in Fig. 5.18, both
reaction temperature and reaction time showed more prominent quadratic effects on
lignin recovery. However, a significant interaction can not be observed between reac-
tion temperature and time in the plot. The lignin recovery has improved with increasing
the reaction temperature and time. The highest lignin yield is observed when applying
a high value of reaction time and a moderate value of reaction temperature.

Error terms are tested for normality performing a residual analysis as shown in Fig. 5.19.
The residual plot shows a systematic pattern of residuals, lying around zero and within
a fixed band. Therefore, any major violation of underlying assumption on error term
and lack of adequacy of the proposed model are not observed.

The response surfaces in Fig. 5.16, Fig. 5.17, and Fig. 5.18 indicate the existence of a
maxima within the domain of interest. Therefore, the partial derivatives of the devel-
oped model in (5.5) are used to identify the operating point of maximum yield. The
system, which defined the maximum point of yield using partial derivatives of each
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Fig. 5.16: Response surface analysis of coded concentration and temperature vs yield

variable, can be represented in matrix form as given in (5.5), where C, 𝜃, and t are
the coded values of NaOH concentration, reaction temperature, and reaction time, re-

Fig. 5.17: Response surface analysis of coded concentration and time vs yield
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Fig. 5.18: Response surface analysis of coded temperature and time vs yield

spectively. The non-zero determinant of coefficient matrix validates the existence of
maxima for the system defined in (5.5).

⎡
⎢⎣
−4.7302 −0.9875 −1.1625

−0.9875 −3.5638 0.0375

−1.1625 0.0375 −3.0689

⎤
⎥⎦

⎡
⎢⎣
𝐶

𝜃

𝑡

⎤
⎥⎦ =

⎡
⎢⎣
−2.7869

−0.7299

−0.0509

⎤
⎥⎦ (5.5)

The solution of (5.5) is decoded to extract the actual temperature, using the step size
and the center point of each variable as listed in Table 5.11. Accordingly, the maxi-
mum lignin yield (20.98%) is observed at optimal pretreatment condition.

Finally, experiments were extended to validate the optimal conditions obtained for
NaOH concentration, reaction temperature, and reaction time. Validation results pro-

TABLE 5.11: Optimum operating conditions for maximum lignin yield

Optimal Condition Coded Value Actual Value

NaOH concentration 0.6393 2.55 mol dm−3

Reaction temperature 0.0253 80.50 ∘C

Reaction time -0.2252 106.48 min
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Fig. 5.19: Analysis of predicted error vs experiment number in NaOH pretreatment

vided 20.91% of lignin yield at optimal conditions, confirming the predicted results.

Table 5.12 shows a comparison of the results, obtained in this study with other NaOH
pretreatment processes carried out using RS. Compared to these pretreatment condi-
tions, optimal conditions of this study has provided a satisfactory yield of lignin.

5.3 Cellulose Recovery from Rice Straw

After completing the whole pretreatmnet process, the residue was used as cellulose. To
obtain white fibrous cellulose as shown in Fig. 5.20, RS pretreated residue was washed
thoroughly until it becomes neutral, using deionized water. Then washed RS residue
was subjected to drying at 105 ∘C for 24 hours and stored in a desiccator until used for
5-HMF conversion process.

TABLE 5.12: Comparison of resulted optimal conditions with other NaOH
pretreatment processes

Reference NaOH concentration Reaction temperature Reaction time Lignin yield %

[164] 12wt% 55 ∘C 60 minutes 19.32%

[75] 2mol dm−3 90 ∘C 150 minutes 13.84%

[254] 4wt% 55 ∘C 180 minutes 13.30%

[97] 1mol dm−3 121 ∘C 15 minutes 14.30%

Present study 2.55mol dm−3 80 ∘C 106 minutes 20.91%
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Fig. 5.20: Recovered cellulose after pretreatment process
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CHAPTER 6

OPTIMIZATION OF CELLOLOSE TO 5-HMF CONVERSION

6.1 Introduction

The conversion of recovered cellulose into 5-HMF is carried out after completing pre-
treatment process. The selection of the most appropriate method to convert cellulose
to 5-HMF is done based on the proposed evaluation scheme proposed in this thesis.
Eventually, considering 18 processes, process number 01 (HCL catalyzed microwave
assisted 5-HMF synthesis process in a water/MIBKbiphasicreactionsystem) was se-
lected as the most feasible process to be optimized at local conditions. Fig. 6.1 has
shown a continuous production system to convert RS recovered cellulose into 5-HMF.
It is consisted with a biphasic reactor, solvent separation unit, catalysts recovery unit,
and HMF recovery unit. However, the research objective is limited to the experimen-
tation on optimization of cellulose to 5-HMF conversion. Therefore, the entire experi-
ments were performed, focusing to the biphasic reactor.

The research targeted to investigate the feasibility of industry scalable 5-HMF synthe-
sis process. In scalable perspective, a hydrothermal reactor based biphasic system is
more feasible, compared to a microwave reactor. Therefore, eventhough microwave
reactor based process was selected as the benchmark process for the optimization,
hydrothermal reactor was used in this research to function as the biphasic reaction sys-
tem. As a result, this thesis has proposed and investigated an optimized acid catalyzed
hydrothermal process for the in-situ production of 5-HMF from rice straw recovered
cellulose.

6.2 Materials

The experiment was carried out using rice straw extracted cellulose. To obtain white
fibrous cellulose, deionized water was used to wash thoroughly RS pretreated residue
until all the washings were become neutral. Then washed RS residue was dried for
24 hours at 105 ∘C, and a desiccator was used to store until it was used in 5-HMF
conversion process. The required catalyst, HCl and the organic phase of the reaction
system, MIBK were purchased from Sigma-Aldrich. Deionized water was used as the
aqueous phase of the biphasic reaction system.
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Fig. 6.1: Continuous production system to convert rice straw recovered cellulose to
5-HMF

6.3 Design of experiments

Screening test of the most significant parameters in cellulose to 5-HMF conversion pro-
cess, was performed based on published studies. Accordingly, catalyst concentration,
reaction temperature, and reaction time were selected as these parameters have shown
direct influence on 5-HMF yield and process cost [176]. Ratio of aqueous phase to or-
ganic phase in the biphasic system was kept at constant (1:19, v/v) in all experimental
runs as per to the literature. All experiments were carried out using a hydrothermal
autoclave synthesis reactor with Teflon lining (100mL). The reactor vessel and its
structural parts are shown in Fig. 6.2 and 6.3, respectively. The reactor specifications
are listed in Table 6.1.

At the first stage of conducting design of experiments, design space of each parame-
ter was decided based on results obtained from OFAT and previous published studies
[[176]]. Then at the second stage levels of each input parameter were optimized ap-
plying CCD in RSM. As there were three input variables, the CCD of the experiment
was consisted with 20 experimental runs (1 to 8 factorials, 9 to 14 axial point runs, and
15 to 20 center point runs). Table 6.2 shows the independent variables, their design
space, and corresponding coded values for the analysis of response surface. Here, 𝑋1,
𝑋2, and 𝑋3 represent catalyst concentration, reaction temperature, and reaction time,
respectively. Coding of each independent variable was performed using equation (5.1).

6.4 Experimental procedure

In an experiment, 100mL hydrothermal synthesis reactor vessel was filled with 250mg

cellulose recovered from RS, 2.5mL HCl acidified deionized water as the aqueous
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phase and 47.5mL MIBK as the organic phase. The reactor was placed in a standard
laboratory oven ((memmert, UF 110) to take place the catalytic conversion of cellulose
to 5-HMF. Each experimental run was carried out employing the conditions indicated

Fig. 6.2: Hydrothermal autoclave synthesis reactor used for experimentation

Fig. 6.3: Structural parts of hydrothermal synthesis reactor

TABLE 6.1: Hydrothermal reactor specifications

Specification BJ-T-100 Series

Material 304 stainless steel & PTFE

Size/ Volume 100 ml

Max Temperature 240 𝑜C

Max Pressure 6 Mpa

Heating Rate 5 𝑜C/min

Liner PTFE

Acid & Alkali Resistance ✓/✗

Explosion Proof ✓

Suggested Heater Heater with programmed heating
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TABLE 6.2: Actual and coded values of independent variables in cellulose to 5-HMF
conversion

Factor Variable -1.682 -1 0 1 1.682

HCl concentration (mol dm−3) 𝑋1 0.02 0.06 0.12 0.18 0.22

Reaction temperature (∘C) 𝑋2 143.36 157 177 197 210.64

Reaction time (min) 𝑋3 26.36 40 60 80 93.64

in Table 6.2. After happening the reaction at specified temperatures and times, the
reactor vessel was cooled down rapidly to room temperature by placing it in an ice bath
to halt further reaction. Finally, the organic phase of the reaction mixture was filtered
through a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter and proceeded to 5-
HMF analysis. Schematic and pictorial representation of the hydrothermal assisted
catalytic conversion process is presented in Fig. 6.4. To confirm the repeatability, all
experimental runs and analyses were carried out for three times.

6.5 Analysis of 5-HMF

Quantitative analysis of 5-HMF was performed using a UV-Visible spectrophotometer.
Concentration of 5-HMF in each sample was calculated based on a standard calibra-
tion curve which was generated using reference 5-HMF. Absorbance detection of the
samples was conducted at 284 nm. Calibration curve of 5-HMF concentration with
absorbency at 284 nm is shown in Fig. 6.5, and regression statistics are shown in Table
6.3. The yield of 5-HMF was expressed using cellulose weight as a basis and calcu-
lated, applying equation (6.1). Where, YHMF, mHMF, and mCellulose represent the

Fig. 6.4: Schematic and pictorial representation of hydrothermal catalytic conversion
process followed
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TABLE 6.3: Regression statistics of calibration curve data

Regression term Value

R Square 0.9997

Adjusted R Square 0.9996

Standard Error 0.0036

Intercept 0.028

Fig. 6.5: Calibration curve of 5-HMF concentration with absorbency at 284 nm

yield percentage of 5-HMF, mass of generated 5-HMF, and mass of cellulose applied,
respectively.

𝑌 𝐻𝑀𝐹% =
𝑚𝐻𝑀𝐹

𝑚𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
× 100% (6.1)

6.6 Statistical analysis procedure

After performing the hydrothermal catalytic conversion processes, a second-order poly-
nomial regression model was introduced to characterize relationships among each in-
dependent variables (catalyst concentration, reaction time, and reaction temperature)
and the response variable (5-HMF yield percentage), in terms of linear, quadratic, and
interactions. Using MATLAB simulations, regression analysis and ANOVA of exper-
imental data were conducted. To validate the assumptions on error terms, residual
analysis was also carried out.

6.7 Results and discussion

5-HMF yield obtained for all treatments by applying CCD experimental design are
presented in Table 6.4.

1Experiment number
2Mean of triplicate determination.
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TABLE 6.4: Coded and actual values of independent variables in 5-HMF synthesis
process

Exp1 Coded variables 5-HMF yield % Error
𝑋1 𝑋2 𝑋3 Observed2 Predicted

1 -1 -1 -1 0.1 -0.1143 0.24435
2 1 -1 -1 16.6 16.586 0.03364
3 -1 1 -1 17.5 17.501 0.01935
4 -1 1 -1 9.8 9.7614 0.07864
5 -1 -1 1 12.7 12.707 -0.01675
6 1 -1 1 19.7 19.637 0.04254
7 -1 1 1 20.3 20.312 0.02824
8 1 1 1 2.6 2.8025 -0.1824
9 -1.682 0 0 14.4 14.504 -0.1337
10 1.682 0 0 13.9 13.824 0.04626
11 0 -.1.682 0 4.6 4.7308 -0.15077
12 0 1.682 0 5.4 5.3867 0.063258
13 0 0 -1.682 17.0 17.164 -0.1937
14 0 0 1.682 22.2 22.094 0.10619
15 0 0 0 21.5 21.079 -0.55917
16 0 0 0 22.2 22.079 0.14083
17 0 0 0 21.9 22.079 -0.15917
18 0 0 0 22.4 22.079 0.36083
19 0 0 0 21.8 22.079 -0.27917
20 0 0 0 22.6 22.079 0.51083

Developed second order polynomial regression model for 5-HMF synthesis in terms of
coded variables is given in (6.2), where 𝑋1, 𝑋2, and 𝑋3 represent HCl concentration,
reaction temperature, and reaction time, respectively. Predicted responses are obtained
by applying 𝑋1, 𝑋2, and 𝑋3 actual values into the developed model. Close agreement
has been observed between the predicted and experimental responses. Each indepen-
dent variable regression coefficients, standard errors, results of t-test, and p-values are
shown in Table 6.5.

𝑌 = 22.09− 0.20𝑋1 + 0.19𝑋2 + 1.46𝑋3 − 2.80𝑋2
1 − 6.02𝑋2

2

− 0.87𝑋2
3 − 0.61𝑋1𝑋2 − 2.44𝑋1𝑋3 − 2.50𝑋2𝑋3 (6.2)

Small p-values (< 0.05) and large t-test values reveal the significance of correspond-
ing regression coefficient term. It is observed that statistically significant positive first
order effects of reaction temperature and reaction time, negative first order effect of
HCl concentration, negative quadratic effects of all three factors on 5-HMF synthesis.
Considering the interaction effects of independent variable combinations, interaction

3HCl concentration
4Temperature
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TABLE 6.5: Regression analysis of proposed model for 5-HMF synthesis process

Term Estimate Standard error t-stat p-value
(Intercept) 22.079 0.13064 169 1.2926× 10−18

Conc3 -0.20215 0.086674 -2.3323 0.041886
Temp4 0.195 0.086674 2.2498 0.048196
Time 1.4656 0.086674 16.909 1.1003× 10−8

Conc×Temp -6.11 0.11325 -53.951 1.1595× 10−13

Conc×Time -2.4425 0.11325 -21.567 1.0252× 10−9

Temp×Time -2.5025 0.11325 -22.097 8.0799× 10−10

𝐶𝑜𝑛𝑐2 -2.7978 0.084363 -33.164 1.4669× 10−11

𝑇𝑒𝑚𝑝2 -6.0161 0.084363 -71.312 7.1705× 10−15

𝑇𝑖𝑚𝑒2 -0.86614 0.084363 -10.267 1.2481× 10−6

effects of all three variables are significant on 5-HMF synthesis. However, all the in-
teraction terms are showed as negative effects.

The model has indicated a high 𝑅2 value of 0.999. Adjusted 𝑅2 statistic (𝑅2
𝑎𝑑𝑗) is also

estimated to obtain an accurate measurement of the amount of reduction in variability
of the response by using these independent variables. Similarity between 𝑅2(0.999)
and 𝑅2

𝑎𝑑𝑗 (0.998) implies the adequacy of the developed regression model to explain
the variability in the response. Therefore, lack of fit is not visible in the developed
model. Then, ANOVA analysis is conducted to partition the total variation observed
in responses into various components and test the adequacy of the developed model.
Table 6.6 presents the results obtained from ANOVA analysis. Here, 1161.25, F-test
value, indicates that the proposed regression model can explain the variation in 5-HMF
yield obtained in this study.

TABLE 6.6: Analysis of variance for 5-HMF synthesis process

Source of Variation Sum of Squares DOFc Mean Squares F-stat p-value

Conc5 0.55813 1 0.55813 5.4396 0.041886

Temp6 0.51935 1 0.51935 5.0616 0.048196

Time 29.336 1 29.336 285.91 1.1003× 10−8

Conc:Temp 298.66 1 298.66 2910.7 1.2745× 10−5

Conc:Time 47.726 1 47.726 465.14 1.0252× 10−9

Temp:Time 50.1 1 50.1 488.28 8.0799× 10−10

𝐶𝑜𝑛𝑐2 112.85 1 112.85 1099.9 1.4669× 10−11

𝑇𝑒𝑚𝑝2 521.79 1 521.79 5085.4 7.1705× 10−15

𝑇𝑖𝑚𝑒2 10.815 1 10.815 105.41 1.2481× 10−6

Error 1.0261 10 0.1026 1.0261
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Table 6.6 also shows p-values for the F-test statistics related to each component vari-
ation. Therefore, these test statistics have confirmed further the results obtained from
the regression analysis. The response surfaces of 5-HMF yield, HCl concentration, re-
action time, and reaction temperature are illustrated in Fig. 6.6, Fig. 6.7, and Fig. 6.8.
Here, also keeping the third coded variable at zero, each response surface has shown
two independent variables.

Fig. 6.6 clearly shows the significant first order and quadratic effects of HCl concentra-
tion and reaction temperature on 5-HMF synthesis. A significant negative interaction
between reaction temperature and HCl concentration is visible in the plot. Significant
first order and second order effects of HCl concentration and reaction time are depicted
in Fig. 6.7, where significant interaction is also present. The highest 5-HMF yield can
be observed at upper right corner in plot which is corresponded to both high values of
HCl concentration and reaction time. As observed in Fig. 6.8, reaction temperature has
showed more prominent quadratic effects on 5-HMF synthesis than the reaction time.
Clear first order effect of time is visible in the plot. A significant interaction can also
be observed between reaction temperature and time in the plot. The highest 5-HMF
yield is observed at the upper left corner of the plot, corresponding to short reaction

5HCL concentration
6Temperature

Fig. 6.6: Response surface analysis of coded HCl concentration and reaction
temperature vs 5-HMF yield
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Fig. 6.7: Response surface analysis of coded HCl concentration and reaction time vs
5-HMF yield

Fig. 6.8: Response surface analysis of coded reaction temperature and time vs 5-HMF
yield
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Fig. 6.9: Analysis of predicted error vs experiment number in 5-HMF synthesis
process

times and high reaction temperatures. Error terms are tested for normality performing
a residual analysis as shown in Fig. 6.9. The residual plot shows a systematic pattern
of residuals, lying around zero and within a fixed band. Therefore, any major violation
of underlying assumption on error term and the proposed model lack of adequacy are
not observed.

The response surfaces in Fig. 6.6, Fig. 6.7, and Fig. 6.8 indicate the existence of a max-
ima within the domain of interest. Therefore, the partial derivatives of the developed
model in (6.3) are used to identify the operating point of maximum yield. The system,
which defined the maximum point of yield using partial derivatives of each variable,
can be shown in matrix form as presented in (6.3), where C, 𝜃, and t are the coded val-
ues of HCl concentration, reaction temperature, and reaction time, respectively. The
non-zero determinant of coefficient matrix validates the existence of maxima for the
system defined in (6.3).

⎡
⎢⎣
−5.5957 −6.1100 −2.4425

−6.110 −12.0323 −2.5025

−2.4425 −2.5025 −1.7323

⎤
⎥⎦

⎡
⎢⎣
𝐶

𝜃

𝑡

⎤
⎥⎦ =

⎡
⎢⎣

0.2021

−0.1950

−1.4656

⎤
⎥⎦ (6.3)

The solution of equation (4.10) is decoded to extract the actual temperature, using the
step size and the center point of each variable as listed in Table 6.7. Accordingly, the
maximum predicted 5-HMF yield (23.95%) is obtained at optimal treatment condition.
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TABLE 6.7: Optimum operating conditions for maximum 5-HMF yield

Optimal Condition Coded Value Actual Value
HCL concentration -1.2346 0.046 mol dm−3

Reaction temperature 0.1503 180 ∘C
Reaction time 2.3697 107.4 min

Finally, to confirm the predicted maximum 5-HMF yield, validation experiments were
carried out. The resulted 5-HMF yield (23.5%) at optimum reaction conditions was
close agreement with the predicted yield. However, as shown in Table 6.8, the resulted
maximum 5-HMF yield at optimal operating conditions in this study have consider-
ably deviated from the benchmark process 01 (microwave-assisted process for 5-HMF
in-situ production).

Based on the study of Sweygers et al. [176], the main reason for the yield difference
between process 01 and the present study, lies within the application of microwave
irradiation. According to the process 01, direct application of microwave energy as an
internal heating mechanism on the molecules of reaction mixture has caused rapid rise
in reaction temperature, due to dipole rotation and ionic conduction [176].Therefore,
5-HMF production was increased and the rate of 5-HMF transfering from the organic
phase to the extraction phase was also improved. However, in this study, application
of conventional hydrothermal heating which comprises combination of conductive and
convective heat transfer, has resulted in lower heating rate and also non-uniform heat-
ing mechanism in the system. Therefore, it has led the system overheating and decom-
position of HMF eventually [255].

Moreover, based on the significant effect of microwave irradiation on each reaction step
in process 01 as shown in Fig. 6.10, it was identified that acid hydrolysis of cellulose
to glucose was increased by 2.3 folds faster, and glucose to fructose isomerization was
increased in 2.5 folds faster in the presence of microwaves. However, in an economic
perspective, for the transformation of 5-HMF production into an industry scalable pro-
cess, a tradeoff needs to be made [1]. In such scenario, tradeoff requires for moderate
conditions with high energy demand or harsh conditions with low energy demand.

Hence, as the future directions of this study, necessary steps should be taken to improve
the hydrothermal synthsis of 5-HMF. As presented in Fig. 6.11, increasing aqueous

TABLE 6.8: Comparison of process 01 and present study

Process Reactor sys-
tem

HCl concen-
tration

Reaction
temperature

Reaction
time

5-HMF yield
%

Process 01 Microwave 0.12mol dm−3 177 ∘C 60 min 43.27%

Present study Hydrothermal 0.04mol dm−3 180 ∘C 107 min 23.9%
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Acid hydrolysis

Increased by a factor 2.3 

under microwave

irradiation 

Isomerization
Increased by a factor 

2.5 under microwave

irradiation

Dehydration

Fig. 6.10: Effect of microwave irradiation on reaction steps in process 01

Acid hydrolysis

1.	 Increasing the amount of aqueous phase to facilitate hydrolysis

2. 	 Adding salts to increase partition coefficient of 5-HMF in 

	 water/MIBK biphasic system to prevent 5-HMF degradation in
	 aqueous phase

Isomerization Adding a selected Lewis acidic catalyst  to increase the
rate of isomerization reaction

Dehydration

Fig. 6.11: Necessary steps to improve proposed hydrothermal process
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phase amount in the reaction system is required to improve cellulose conversion into
glucose acid hydrolysis. It is also required, increasing 5-HMF partition coefficient in
water/MIBK system via adding salts at the same time to prevent the degradation 5-
HMF in water phase at high temperatures. Moreover, addition of selected Lewis acidic
catalysts is needed to improve mainly glucose to fructose isomerization and parallely
fructose to HMF dehydration.
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CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

This thesis has proposed hydrothermal synthesis process to produce 5-HMF from RS
and presented experimental optimization results for the conversion process. The drawn
conclusions of the research are as follows.

The chapter 3, "Comparative process evaluation of cellulose to 5-HMF", presents
penalty scores based generalized objective function-based method to evaluate and iden-
tify an optimal process configuration to convert cellulose into 5-HMF where the min-
imum value is used to discover the optimal process. The analysis procedure and the
evaluation results are independently discussed in the same chapter, and followings are
the conclusions drawn.

1. To stipulated conditions, the lowest value is exhibited by process 04, which has
generated 85.00% 5-HMF yield in a water monophasic system with Ni-doped
biomass-based carbon catalyst (Nin/CS) at 200 ∘C for 60 min.

2. The proposed evaluation method can easily be applied to shortlist a set of optimal
processes from a large set of processes with insufficient data for deep financial
analysis.

The chapter 5, "Optimization of rice straw to cellulose conversion" and chapter 6, "Op-
timization of cellulose to 5-HMF conversion" present experimental procedures related
to RS pretreatment methods and cellulose to 5-HMF conversion process. Results and
discussion sections are separately included in both chapters to facilitate clear under-
standing of the experimental results, and followings are the conclusions drawn from
those sections.

The conclusions for the developed dilute sulphuric acid and dilute sodium hydroxide
pretreatments at reduced temperatures to optimize hemicellulose removal and lignin
removal from RS to recover cellulose and maximize the outcome of RS biorefinery,

1. The maximum hemicellulose removal (15.78%) is observed at optimal condi-
tions of 0.26 M sulphuric acid concentration, 98 ∘C reaction temperature, and 30
min reaction time.

2. The maximum lignin removal (20.98%) was obtained at 2.55 M sodium hydrox-
ide concentration, 80 ∘C reaction temperature, 106 min reaction time.

3. The proposed quadratic regression models were adequate to explain the variabil-
ity observed in both pretreatments.
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The conclusions for the developed an optimized acid-catalyzed hydrothermal process
for the in-situ production of 5-HMF from RS extracted cellulose, using water/MIBK
biphasic reaction system.

1. The maximum yield of 5-HMF is 23.51% at optimal conditions of 0.046 M HCl
acid concentration, 180 ∘C process temperature, and 107 min process time.

2. Quadratic effect of reaction temperature has shown the highest influence on the
variation in 5-HMF yield. Interaction effect of HCl concentration and reaction
temperature has shown the highest influence on the 5-HMF yield, compared to
other interaction effects.

3. The proposed second-order polynomial regression model to characterize the re-
lationships among process parameters was adequate and exhibited high adjusted
determination coefficient (0.998) and Fischer’s test value (1161.25).

7.1 Future directions

This thesis has proposed hydrothermal synthesis process to produce 5-HMF from RS
and presented experimental optimization results for the conversion process. However,
the maximum 5-HMF yield generated from this study is low, compared to the yield
in benchmark process. Therefore, future studies should be conducted to improve the
hydrothermal synthesis process to generate high 5-HMF yield. Based on the reaction
process, the immediate necessary steps to improve the process can be listed as,

• Increasing the amount of aqueous phase in the reaction system to improve the
acid hydrolysis of cellulose to glucose.

• Increasing 5-HMF partition coefficient in water/MIBK system via adding salts.

• Adding selected Lewis acidic catalysts to improve glucose to fructose isomer-
ization and fructose to 5-HMF dehydration.

After addressing above mentioned immediate necessary steps, future investigations
should be directed towards developing practical implementation of mass-scale 5-HMF
production. However, mass-scale RS to 5-HMF conversion is extremely difficult, com-
pared to the laboratory-scale conversion and it can be generated advance scale-up ef-
fects as well. Therefore, future studies are requried to conduct comprehensive techno-
economic analysis on the developed process and then pilot-scale studies prior to the
mass-scale RS biorefinery to produce 5-HMF.
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