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Industrial production of many chemicals and chemical products depends primarily on
fossil resources. Lignocellulosic biomass, which is the most abundant and sustainable
biomass on earth, is a potential renewable resource for the production of a wide range of
products (e.g. chemicals, fuels, materials) that could be used to replace products currently
produced by the petrochemical industry. Large amounts of lignocellulosic materials are
generated as waste byproducts of various industrial and agro-based processes. Efficient
valorization of such materials would lead to lower greenhouse gas emissions and waste
volumes and would bring considerable economic benefits.
Various approaches are available for the conversion of lignocellulosic materials into highvalue products. In this work, partial wet oxidation by molecular oxygen is proposed as a
potential industrial process for the production of chemicals, particularly low-molecular
carboxylic acids, from lignocellulosic biomass waste. The study investigated the catalytic
potential of two homogenous heteropolyacid catalysts for the partial wet oxidation of
lignin based on their effectiveness as regards carboxylic acid yield and lignin conversion.
Recovery of the carboxylic acids produced was studied using solvent extraction.
Additionally, an enzyme-mediated approach for coproduction of cellulose nanocrystals
and fermentable sugars is proposed. In this work, alkaline lignin and cellulose (wood pulp
and filter paper) were used as a model of lignocellulosic feed materials for the partial wet
oxidation and enzymatic hydrolysis experiments, respectively.
Formic acid, acetic acid and succinic acids are among the major products produced by the
partial wet oxidation of lignin in alkaline and neutral aqueous solutions. In this work,
optimum reaction conditions to obtain the maximum yield of products were investigated.

An important finding is that in an alkaline medium, the overall yield of products from
partial wet oxidation decreased at higher lignin concentration. It was found that this
reduction could be attributed to repolymerization/condensation side reactions of lignin
fragments that compete with oxidative lignin depolymerization reactions.
Of the two catalysts studied, the phosphomolybdate catalyst (H3PMo12O4) provided the
best results in terms of both the lignin conversion rate and the total yield of carboxylic
acids. Although both heteropolyacids showed different catalytic behaviors, the reaction
pathway of the lignin oxidation seems to be determined by the type of addenda atom in
the HPA catalyst, with Mo favoring a selective oxidation reaction. In addition, it was
found that recovery of the two catalysts could be easily achieved, which would make
partial lignin wet oxidation an environmentally friendly and potentially economically
viable process.
In the solvent extraction studies, various types of extractants were evaluated. Different
factors were considered in the solvent selection process. Of the tested solvents, Alamine
336 and 2-methyltetrahydrofuran (2-MTHF) solvents showed the most promising results
and both solvents can be used to recover the studied components from aqueous solutions.
It was found that the use of toluene as a diluent for Alamine 336 prevented the formation
of a third intermediate liquid phase.
The impacts of introducing a cellulase-cocktail treatment system before an acid
hydrolysis process for isolating cellulose nanocrystals (CNCs) from a cellulose-based
model feedstock was investigated. It was found that for a given weight of feedstock, the
enzyme-mediated approach improved CNC yield (8-86 wt%) from acid hydrolysis.
Another important finding was that significant recovery of fermentable sugars (20-60
wt%), which would otherwise have entered the acid waste stream, is achievable with this
method. These findings indicate the potential of enzymatically mediated acid hydrolysis
processes for the co-production of fermentable sugars, thus providing additional revenue,
and for improvement of the acid hydrolysis efficiency, thus offsetting CNC production
costs.
Keywords: wet oxidation, carboxylic acids, lignocellulose, cellulose nanocrystals,
solvent extraction, acid hydrolysis, enzyme treatment.

Acknowledgments
This research work was carried out in the School of Engineering Science at Lappeenranta
University of Technology.
I would like to acknowledge the generosity of the Graduate School of Chemical
Engineering (GSCE), Finnish Cultural Foundation (South Karelia Regional Fund), the
Research Foundation of Lappeenranta University of Technology, the Academy of Finland,
the Finnish Funding Agency for Technology and Innovation (TEKES) and Kemira Oyj
for the financial support that enabled my research to advance.
My deepest gratitude goes to my supervisors, Professor Mika Sillanpää and Docent Arto
Laari, for their invaluable support and guidance throughout the work. I am also indebted
to Professor Ilkka Turunen, who gave me the opportunity to start my doctoral studies, and
who introduced me to the world of scientific research. I am very grateful to Professor
Tuomas Koiranen for his wholehearted support during my doctoral studies.
My research visit in 2016 to the University of Alberta, Canada, was one of the most
fascinating experiences of my life. I am very much obliged to Professor David Bressler
and Dr Michael Chae for welcoming me to their research group and contributing to my
research. My stay in Canada would not have been easy without the support of Dawit
Beyene, whose invaluable contribution to this thesis is deeply appreciated.
Special thanks go to my reviewers, Professor Marina Trapido from Tallinn University of
Technology, Estonia, and Professor Juha Tanskanen from the University of Oulu, Finland,
whose valuable comments and corrections made it possible to improve and refine the
thesis. A sincere thank you to Peter Jones for his diligent and professional work in
language revision of the published articles and this thesis.
I would like to thank all my current and former colleagues in the Laboratory of Process
and Product Development for creating an enthusiastic and pleasant working atmosphere,
especially Dmitry, Matti, Mei, Mihret and Vladimir.
Most of all, I am indebted to my parents and siblings for their endless support and
encouragement throughout this work and my whole life. You have been a constant source
of strength and determination, and you have brought a great deal of happiness to my life.
Finally, I wish to express my profound gratitude and sincerest thanks to my wife and
daughter, Kidist and Eliana, for giving me inspiration and for being with me through the
difficult times.

Abayneh Getachew Demesa
October 2018, Lappeenranta, Finland

I dedicate this doctoral dissertation to my father, Getachew
Demesa, for his unconditional support and encouragement to
pursue my interest in science.

TABLE OF CONTENTS
Abstract
Acknowledgments
Table of contents
List of publications ....................................................................................................... 13
Symbols and abbreviations .......................................................................................... 15
1. Introduction .............................................................................................................. 17
1.1 Aim of the current research .............................................................................. 18
1.2 Structure of the thesis ....................................................................................... 19
2. Lignocellulosic biomass as an alternative source of value-added products ........ 20
2.1 Composition and characteristics of lignocellulosic biomass ............................ 20
2.2 Production of chemicals from lignocellulosic biomass .................................... 23
2.3 Production of biofuels from lignocellulose ...................................................... 24
2.4 Production of bio-based materials (nanocomposites) from lignocellulosic
biomass ................................................................................................................... 26
2.5 Main routes for lignocellulosic biomass conversion ........................................ 28
2.6 Pretreatment routes for biomass conversion..................................................... 30
2.6.1 Physical pretreatment ............................................................................ 31
2.6.2 Chemical pretreatment ........................................................................... 31
2.6.3 Biological pretreatment ......................................................................... 34
2.6.4 Physico-chemical pretreatment.............................................................. 34
3. Partial wet oxidation as a route for the production of carboxylic acids .............. 36
3.1 Chemistry of wet oxidation .............................................................................. 36
3.2 Catalytic wet oxidation ..................................................................................... 39
3.2.1 Heteropolyacids as wet oxidation catalysts ........................................... 39
3.3 Applications of wet oxidation........................................................................... 41
3.3.1 Waste treatment ..................................................................................... 41

3.3.2 Biomass pretreatment ............................................................................ 41
3.3.3 Production of chemicals ........................................................................ 41
4. Recovery of carboxylic acids from aqueous solutions by liquid-liquid extraction
........................................................................................................................................ 43
4.1 Solvent selection for liquid-liquid extraction ................................................... 44
4.2 Types of extraction solvents ............................................................................. 45
4.3 Solvent recovery ............................................................................................... 46
4.3.1 Distillation ............................................................................................. 46
4.3.2 Back-extraction ...................................................................................... 47
5. Integrated co-production of cellulose nanocrystals and fermentable sugars ...... 49
5.1 CNC preparation methods ................................................................................ 49
5.1.1 Acid hydrolysis ...................................................................................... 49
5.1.2 Hydrolysis with solid acids.................................................................... 50
5.1.3 Hydrolysis with metal salt catalysts ...................................................... 50
5.1.4 Hydrolysis with gaseous acids............................................................... 51
5.1.5 Enzymatic hydrolysis ............................................................................ 51
5.1.6 Other preparation techniques ................................................................. 52
5.2 Co-production of CNC and fermentable sugars ............................................... 52
6. Experimental work ................................................................................................... 53
6.1 PWO experiments ............................................................................................. 53
6.2 Solvent extraction and regeneration experiments ............................................. 53
6.3 Enzymatic treatment and CNC isolation .......................................................... 55
6.4 Analytical methods ........................................................................................... 57
7. Results and discussion .............................................................................................. 58
7.1 PWO of lignin in an alkaline medium .............................................................. 58
7.1.1 Effect of temperature and reaction time ................................................ 58
7.1.2 Effect of oxygen partial pressure ........................................................... 59

7.1.3 Effect of lignin concentration ................................................................ 59
7.1.4 Changes in the structure of lignin during PWO .................................... 60
7.1.5 TOC, COD and degree of oxidation ...................................................... 61
7.2 Catalytic PWO of lignin with heteropolyacids ................................................. 61
7.2.1 Influence of temperature and reaction time ........................................... 62
7.2.2 Yield and selectivity of the main detected products .............................. 63
7.2.3 Effect of catalyst concentration ............................................................. 64
7.2.4 Acid hydrolysis efficiency and oxidation potential of HPA catalysts ... 65
7.2.5 Recoverability of HPA catalysts............................................................ 66
7.3 Comparison of solvents for the recovery of carboxylic acids and furfural ...... 66
7.3.1 Solvent screening based on formic acid extraction ............................... 66
7.3.2 Phase separation and the formation of intermediates ............................ 68
7.3.3 Extraction of a mixture of formic acid, acetic acid and furfural with
Alamine 336-toluene and 2-MTHF solvents .................................................. 69
7.4 Enzymatic hydrolysis and CNC isolation ......................................................... 70
7.4.1 Sugar yields ........................................................................................... 70
7.4.2 CNC yield (wt% acid-hydrolyzed feedstock) ........................................ 71
7.4.3 Overall CNC yield (wt% original feedstock) ........................................ 72
7.4.4 Structure of the CNCs............................................................................ 73
8. Conclusions and suggestions for future work ........................................................ 75
8.1 Conclusions ...................................................................................................... 75
8.2 Suggestions for future work ............................................................................. 76
References...................................................................................................................... 78

13

List of publications
This thesis is based on the following publications, which are referred to in the text by
Roman numerals I-IV.
I.

Demesa A.G., Laari A., Turunen I., Sillanpää M., Alkaline partial wet
oxidation of lignin for production of carboxylic acids. Chem. Eng. Technol.
2015, 38(12), 2270-2278.

II.

Demesa A.G., Laari A., Sillanpää M., Koiranen T., Valorization of lignin by
partial wet oxidation using sustainable heteropoly acid catalysts. Molecules,
2017, 22(10), 1625.

III.

Demesa A.G., Laari A., Tirronen E., Turunen I., Comparison of solvents for
the recovery of low-molecular carboxylic acids and furfural from aqueous
solutions. Chem. Eng. Res. Des., 2015, 93, 531-540.

IV.

Beyene D., Chae M., Dai J., Danumah C., Tosto F., Demesa A.G., Bressler
D.C., Enzymatically-mediated co-production of cellulose nanocrystals and
fermentable sugars, Catalysts, 2017, 7(11), 322.

Author’s contribution
For publications I, II and III, the author was the principal contributor responsible for the
experimental design and work. The author analyzed the experimental results and wrote
the papers with the co-authors. In publication IV, the author performed the experiments,
together with Dawit Beyene and Jing Dai, and contributed to the final manuscript. Dawit
Beyene is the principal writer of the manuscript in publication IV.

14

Related conference presentations
Demesa A.G, Laari A., Partial catalytic wet oxidation of lignocellulosic biomass for
production of carboxylic acids. 10th World Congress of Chemical Engineering (WCCE10),
Barcelona, Spain, October 1-5, 2017.
Demesa A.G., Laari A., Sillanpää M., Partial wet oxidation of lignin for production of
Chemicals. 17th International Conference on Chemical and Molecular Engineering
(ICCME 2015), Toronto, Canada, June 15-16, 2015.
Demesa A.G., Laari A., Sillanpää M., Catalytic wet oxidation of lignin for production of
carboxylic acids. 23rd European Biomass Conference and Exhibition, Vienna, Austria,
June 1-5, 2015. Conference proceedings, DOI: 10.5071/23rdEUBCE2015-3AV.3.54.
Demesa A.G., Laari A., Turunen I., Production of carboxylic acids from forest industry
wastes by wet oxidation. 21st International Congress of Chemical and Process
Engineering (CHISA 2014), Prague, Czech Republic, August 23-27, 2014.
Demesa A.G., Laari A., Tirronen E., Turunen I., Solvent selection for recovery of
carboxylic acids and furfural from aqueous solution by liquid-liquid extraction. 9th
European Congress of Chemical Engineering (ECCE 9), The Hague, The Netherlands,
April 21-25, 2013.

Other publications
Beyene D., Chae M., Dai J., Danumah C., Tosto F., Demesa A.G., Bressler D.C.,
Characterization of cellulase-treated fibers and resulting cellulose nanocrystals generated
through acid hydrolysis, Materials, 2018, 11(8), 1272.

15

Symbols and abbreviations
Symbols
separation factor
[B]
C
E
k°
n
R
T

concentration of species B, mol/L
oxidation end products
activation energy, J/mol
pre-exponential factor, (1/s)
order of reaction with respect to the oxidant (O2)
gas constant, J/mol K
temperature, °C and K

Abbreviations
AFEX
AOSC
CF
CMF
CNC

ammonia fiber explosion
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Subscripts
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ox
red
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1. Introduction
Increasing oil prices, declining reserves of fossil fuels and growing concerns about
climate change are forcing chemical producers to search for alternative raw materials for
chemical production. In this context, the substitution of fossil raw materials with
renewable resources is of particular interest. Lignocellulosic materials are the most
abundantly available biomass resource on Earth and can potentially be converted into a
large variety of bio-based products (Iqbal et al, 2013). A distinct advantage of this
biomass is that its utilization for chemical, material or biofuel production does not directly
interfere with food supplies, as lignocellulosic material is non-edible by humans.
For profitable chemical production in biorefineries, it is essential that the process operates
efficiently with good yields of chemicals from the biomass. In conventional acid
hydrolysis, only part of the lignocellulosic biomass is converted to valuable chemicals,
while most of the lignin and part of the cellulose remains unreacted in the hydrolysis.
Methods that have been proposed to improve process efficiency include pre-treatment by
acid hydrolysis, steam explosion, oxidation by strong oxidants such as ozone, and wet
oxidation at elevated temperature and pressure (Harmsen et al., 2010).
Modern biorefinery concepts use acid hydrolysis to convert biomass into sugars, which
can be further fermented to ethanol. One such process is the Biofine process (Hayes et al.,
2005), which uses acid hydrolysis for conversion of biomass into levulinic acid. As a side
stream, the process produces an aqueous condensate stream containing a mixture of
formic acid, acetic acid and furfural.
Wet oxidation can be considered a realistic alternative biomass treatment method to acid
hydrolysis because both processes can be implemented under relatively similar conditions.
The reaction products from wet oxidation are mainly low molecular carboxylic acids,
while acid hydrolysis converts cellulose to levulinic acid and formic acids. Most
importantly, wet oxidation is best suited for raw materials containing mainly lignin
fractions that cannot be treated by hydrolysis.
The separation of products after wet oxidation or acid hydrolysis reaction is a crucial step
in biomass conversion, since the products have to be separated from the aqueous reaction
mixture and purified. In processes that contain mostly water and small amounts of
carboxylic acids, the chosen technique has to target the carboxylic acids rather than the
accompanying water in order to be efficient. In this context, affinity-based separation
techniques such as liquid-liquid extraction (LLX) are often preferred, as they make use
of agents that target the carboxylic acids to separate them selectively. Furthermore, liquidliquid extraction is often preferable to other affinity-based separation techniques because
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of its applicability to a wide concentration range and its high separation capacity (Ijmker
et al., 2014).
As in the chemicals production and energy industries, replacing the widespread use of
petroleum-derived nonbiodegradable substances with green and sustainable materials is
gaining increasing attention also in other parts of the manufacturing and scientific
community. Cellulose nanocrystal (CNC) generation via acid hydrolysis of cellulosic
biomass is one system of major interest. CNCs, crystalline domains extracted from wood
fiber through acid hydrolysis (Habibi et al., 2010), have a wide range of applications
owing to their exceptional properties such as high mechanical strength, biocompatibility
and biodegradability. Nanocellulose-based materials have the potential to become
unquestionably green nano-materials with unique properties, as they are carbon-neutral,
sustainable, recyclable, and non-toxic (Mariano et al., 2014).
Modern biorefinery strategies are based on the fermentation of C5 and C6 sugars generated
from the polysaccharide components of the feedstock (Decker et al., 2012). In such
systems, recovery of fermentable hydrolysate during nanocellulose production would
allow integrated production of nanocellulose with biofuels (Yarbrough et al., 2017).
However, the strong acid hydrolysis nanocellulose production methods hitherto employed
are incompatible with biorefinery processes, because the highly acidic hydrolysate is
unfavorable for fermentation and, even after neutralization of the acidic hydrolysate,
processing of the neutralized liquid to make it suitable for fermentation is a bottleneck.

1.1 Aim of the current research
The current study investigates the feasibility of sustainable production of value-added
products (chemicals and bio-based materials) from lignocellulosic biomass. The study
covers the various stages that are needed to transform lignocellulosic waste to valorizable
products, including partial wet oxidation, recovery of the wet oxidation products from the
reaction media, and production of cellulose nanocrystals. Valorization of lignin has
received little attention in the literature; hence, its potential has hitherto remained
underutilized. In this work, the potential of partial wet oxidation of lignin for the
production of carboxylic acids was examined experimentally. The transformation of
lignin during partial wet oxidation was studied by analyzing the changes in molecular
weight distribution. Wet oxidations reactions can be catalytically accelerated, but the
catalyst should be environmentally benign and easily recoverable. Heteropolyacids are
potentially suitable catalysts; however, they have been mostly used with cellulosic
starting materials. The current study investigated the effect of heteropolyacids on lignin
degradation and additionally studied the recovery of heteropolyacids. In order to find
optimal parameters, wider operational conditions than have mostly been reported in
literature were used in the experiments. Once the products have been formed, they should
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be separated from the reaction media. In this work, the recovery of products from reaction
media was studied using liquid-liquid extraction and a suitable solvent system was
selected. Cellulose nanocrystals are a novel form of product that can be produced from
lignocellulose. In this study, the impact of introducing an enzymatically mediated acid
hydrolysis process in co-production of fermentable sugars and improving acid hydrolysis
efficiency for cellulose nanocrystal production was investigated.
The scientific objectives of the present study were: a) to determine the best possible
reaction conditions for maximum yield of valorizable products from partial wet oxidation
of lignin; (b) to investigate efficient and reusable catalysts for the partial wet oxidation
process; (c) to select a suitable solvent system for recovery of carboxylic acids and
furfural from hydrolysis acid condensate; and (d) to study the impacts of a cellulasecocktail treatment of two cellulose model feedstocks (Whatman™ No. 1 filter paper and
wood pulp) on the recovery of fermentable sugars and acid hydrolysis efficiency.

1.2 Structure of the thesis
This thesis presents a literature review of sustainable production of value-added
chemicals from lignocellulosic material, with emphasis on the production of carboxylic
acids and cellulose nanocrystals, an overview of the most important experimental
methods used in the study, and the results obtained from the work. Chapter 2 discusses
possible products that can be obtained from lignocellulosic materials (fuels, chemicals,
bio-based materials), technologies for lignocellulosic biomass conversion, and different
pretreatment routes for biomass conversion. The potential of partial wet oxidation as a
viable route for chemical production is reviewed in Chapter 3. Separation of carboxylic
acids from aqueous solutions by solvent extraction is presented in Chapter 4. Chapter 5
introduces integrated co-production of cellulose nanocrystals and fermentable sugars. The
experimental methods used in this work are presented in Chapter 6. The most important
results obtained are presented and discussed in Chapter 7, and Chapter 8 gives a brief
summary of the main conclusions drawn.
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2. Lignocellulosic biomass as an alternative source of valueadded products
Lignocellulosic biomass is regarded as an abundant carbon-neutral renewable source
whose increased usage can help reduce CO2 emissions and environmental pollution
(Isikgor and Becer, 2015). Large amounts of lignocellulosic materials are generated as
waste byproducts from forestry and agricultural practices, pulp and paper production,
timber operations and many agro-based processes (Pérez et al., 2002). Huge amounts of
lignocellulosic biomass waste can potentially be converted into a large variety of valueadded products, including chemicals, biofuels, polymer composites, pulp and paper
products, animal feed, textiles and agricultural products (Iqbal et al., 2013).
Compared to petroleum, lignocellulosic biomass contains, in general, more oxygen and
less hydrogen and carbon. The compositional variety of biomass feedstocks is both a
benefit and a drawback (Pandey et al., 2011). Biorefineries can produce many more
different product classes than petroleum refineries and producers are not reliant on a small
number of specific raw materials. A demerit is that a relatively wide range of processing
technologies are required, many of which are still at the precommercial stage of
development (Pandey et al., 2011). In production of transportation fuels, the
lignocellulosic biomass needs to be first depolymerized and deoxygenated prior to
conversion. In the case of chemical production, however, the presence of oxygen usually
contributes valuable physical and chemical properties to the product (Isikgor and Becer,
2015) and, consequently, the chemical production process requires much less
deoxygenation (Cherubini and Strømman, 2011). While oxygenation or deoxygenation
of lignocellulosic biomass feedstocks results in completely different products, it is not the
only consideration in lignocellulosic biomass conversion; the source of the lignocellulosic
biomass also needs to be considered carefully, since different sources have different
compositions of cellulose, hemicellulose and lignin (Isikgor and Becer, 2015).

2.1 Composition and characteristics of lignocellulosic biomass
Lignocellulose is a class of biomass that comprises three major components: cellulose,
hemicellulose and lignin. A typical lignocellulosic biomass consists of 50% cellulose,
25% hemicellulose, 20% lignin and 5% other minor components (Guo et al., 2012). The
chemical structures of the three main lignocellulosic components are shown in Figure 1.
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Figure 1: Chemical structures of (a) cellulose, (b) hemicellulose and (c) lignin. (Adapted
from Kobayashi et al., 2012).
Cellulose: Cellulose is a water-insoluble polymer composed of glucose linked by -1,4glycosidic bonds. Cellulose forms robust crystal structures due to the inter- and intramolecular hydrogen bonds. The nature of -1,4-glycosidic bonds between the glucose
molecules allows the polymer to arrange in long straight chains. This arrangement
together with the even distribution of the hydroxides on both sides of the monomers
enables hydrogen bonds to be formed between the cellulose molecules, which in turn
results in a compound consisting of several parallel chains attached to each other (Faulon
et al., 1994). Cellulose is insoluble in water but it absorbs 8-14% of water under normal
atmospheric conditions (Guo et al., 2012; Harmsen et al., 2010). While its structure
provides both mechanical and chemical stability, cellulose is further protected from
degradation by its proximity to a sheath of matrix polymers including lignin and
hemicelluloses.
Hemicellulose: Hemicellulose is a two-dimensional heteropolysaccharide comprised of
pentoses and hexoses with short branched side connections (Liu, 2010; Guo et al., 2012).
Hemicellulose contains different sugar monomers, such as xylose, mannose, galactose,
glucose, rhamnose and arabinose. Xylose is the predominant sugar monomer found in
hemicellulose. Xylan has been described as the most common type of polymers belonging
to the hemicellulose family of polysaccharides (Harmsen et al., 2010). Hemicellulose
also contains acetyl groups attached to the polymer chain. The composition and structure
of hemicellulose vary depending on the source and the method used for extraction.
Relative to cellulose, hemicelluloses have lower molecular weights and a lower degree of
polymerization, and they thus break down more easily and are soluble in alkaline
solutions.
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Lignin: Lignin is an amorphous three-dimensional polymer having phenylpropane units
as the main building blocks. The phenylpropane units form a complex and cross-linked
aromatic structure (Harmsen et al., 2010; Guo et al., 2012). The phenylpropanoid units
are primarily methoxylated phenyl propylene alcohols connected by various types of
linkages that include carbon-oxygen-carbon or ether ( -0-4 and -0-4) and carbon-carbon
(C-C) linkages, with the -0-4 inter-unit linkages being the most abundant in lignin (Guo
et al., 2012; Liu 2010). The most commonly encountered alcohols in lignin are pcoumaryl alcohol, coniferyl alcohol and sinapyl alcohol (Harmsen et al., 2010). Lignin
is insoluble in water and has a high molecular weight. It has a higher energy content than
cellulose or hemicelluloses and contains highly reactive groups (Varanasi et al., 2013).
The aromatic ring structure of lignin provides distinctive functional sources when
depolymerized (Liu, 2010). Lignin is chemically attached to cellulose and hemicellulose
in its native state, where it functions as a strengthening material by helping to resist
compressional forces (Bjerre and Schmidt, 1997).
The source of lignocellulosic biomass determines its composition and the composition is
often dependent on the relative amount of hemicellulose and lignin fractions, which vary
significantly for different sources. Table 1 shows the compositions of a selection of
lignocellulosic biomasses.
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Table 1: Percent composition of lignocellulose components in various sources.
Lignocellulosic Cellulose Hemicellulose Lignin
material
(%)
(%)
(%)

Reference

Sugar cane
baggasse
Sweet sorghum
Hardwood

42

25

20

Kim & Day, 2011

45
40-55

27
24-40

21
18-25

Softwood

45-50

25-35

25-35

Corn cobs
Corn stover
Rice straw
Nut shells
Newspaper
Grasses

45
38
32.1
25-30
40-55
25-40

35
26
24
25-30
25-40
25-50

15
19
18
30-40
18-30
10-30

Wheat straw
Banana waste
Bagasse
Sponge gourd
fibers
Cotton seed
hairs
Waste papers
from chemical
pulps

29-35
13
55
67

26-32
15
16
17

16-21
14
23
15

Kim & Day, 2011
Malherbe & Cloete,
2002
Malherbe & Cloete,
2002
Prassad et al., 2007
Zhu et al., 2005
Prassad et al., 2007
Abbasi & Abbasi, 2010
Howard et al., 2003
Malherbe & Cloete,
2002
McKendry, 2002
John et al., 2006
Guimarães et al., 2009
Guimarães et al., 2009

80-95

5-20

0

Sun and Cheng, 2002

60-70

10-20

5-10

Sun and Cheng, 2002

2.2 Production of chemicals from lignocellulosic biomass
The adoption of a bio-refinery approach to the production of bio-chemicals from
renewable raw materials is considered a potential opportunity to address increased
demand for fine chemicals and, consequently, reduce dependence on fossil-based
petrochemicals (Iqbal et al., 2013). The use of lignocellulosic materials as renewable
resources for the production of various useful biological and chemical products has been
researched extensively (Ghosh and Singh, 1993; Moldes et al., 2007; Chandel et al., 2011;
Iqbal et al., 2013). Production of such chemicals can boost the economics of bio-refineries.
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A range of chemicals can be produced from lignocellulosic biomass feedstock. Sugar
compounds are often the primary platform chemicals in a biorefinery and sugars can be
obtained from lignocellulosic or non-food biomass. Efficient release of C5 and C6 sugars
with low energy consumption is rather important because the generation of further
degradation products relies on this step (Isikgor and Becer, 2015). Glucose is produced
through hydrolysis of cellulose. In hydrolysis of hemicellulose, xylose and mannose are
the main products obtained (Pandey et al., 2011). A variety of lignocellulosic sugars and
lignin derivable platform chemicals have been reported (Isikgor and Becer, 2015). C5 and
C6 sugar derived platform chemicals include levulinic acid, 1,4-diacids (succinic acid,
fumaric acid, malic acid), 2,5-furan dicarboxylic acid, aspartic acid, 3-hydroxy propionic
acid, glucaric acid, glutamic acid, itaconic acid, 3-hydroxybutyrolactone, glycerol,
sorbitol, and xylitol/arabinitol (Werpy and Petersen, 2004). These building blocks can
subsequently be converted into a wide spectrum of valuable chemicals and materials by
means of biochemical or chemical transformations.

2.3 Production of biofuels from lignocellulose
The progressive depletion of easily accessible fossil carbon sources has been causing
increasing concern due to issues related with the security of their supply. In this context,
biofuels, whose feedstock is geographically widespread and locally available, can play a
vital role (Faaij, 2006; Pandey et al., 2011). In order to be suitable for the production of
biofuel, biomass needs to be depolymerized and deoxygenated. Deoxygenation of
biomass is essential in biofuels production since the presence of oxygen reduces the heat
content of molecules and often gives them high polarity, which limits blending with
existing fossil fuels (Lange, 2007). First generation biofuels are synthesized from edible
crops (wheat, soya bean, sugarcane, rapeseed etc.) using biochemical conversion routes,
i.e. hydrolysis and fermentation (Luque et al., 2008; Naqvi and Yan, 2015). Since the
first generation biofuels are derived from food feedstocks and cultivated on arable land,
they potentially cause pressure on food prices (Luque et al., 2008). Biodiesel, bioethanol,
biobutanol, and 2,5-dimethylfuran are examples of first generation biofuels (Sikarwar et
al., 2017). Second-generation biofuels, on the other hand, are produced from non-food
renewable resources such as lignocellulosic biomass. Second-generation biofuels are
synthesized using either thermochemical or biochemical pathways. They overcome the
main drawback of first-generation biofuels by avoiding the use of arable land and food
crops. Moreover, the use of wastes as feedstock can lead to processes that are more
sustainable, with reduced environmental impacts, compared to first generation biofuels
(Mohr and Raman, 2013). Examples of second-generation biofuels include bio-ethanol,
bio-methanol, Fischer-Tropsch (FT) diesel, dimethyl ether (DME) and bio-hydrogen.
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Bio-ethanol: Depolymerization of polysaccharides (cellulose and hemicellulose) yields
sugar monomers, which can be converted to ethanol or other chemicals. Hydrolysis of
lignocellulosic biomass breaks down the cellulose into glucose and the hemicellulose into
pentoses (xylose and arabinose) and hexoses (glucose, galactose and mannose) (Banerjee
et al., 2009). These sugars can be fermented to ethanol using various microorganisms.
Huber et al. (2006) reported that fermentation of glucose, mannose, fructose and galactose
with Saccharomyces cerevisiae produced high yields of ethanol with small amounts of
byproducts that included acetic acid, lactic acid, glycerol, succinic acid and fusel oil. In
general, three types of bioethanol feedstock have been used for bioethanol productions
(Zabed et al., 2014). These feedstocks are: (i) lignocellulosic materials; (ii) starch-rich
crops such as maize and grain sorghum; and (iii) sucrose-rich crops such as sugarcane
and sugar beet. Bioethanol has been regarded as a potential alternative to petroleumderived transportation fuels, and bioethanol has several beneficial characteristics such as
high octane number, low cetane number and high heat of vaporization (Oliveria et al.,
2005; Pandey et al., 2011).
Syngas derived biofuels: Another important approach for the conversion of biomass into
gas or liquid is via direct gasification of the biomass, where the whole feedstock is kept
at high temperature (600-1000 ºC or higher) with low oxygen levels to produce syngas,
which is a mixture of H2, CO, CO2, and CH4 (Griffin and Schultz, 2012). The resulting
gases can be processed further in a variety of ways to produce fuels.
The Fischer-Tropsch (FT) process, for instance, converts syngas (mainly carbon
monoxide and hydrogen) into diesel fuel, naphtha (gasoline) and heavy oils by building
polymer chains out of these basic building blocks using cobalt catalysts (Sikarwar et al.,
2017). The FT process is considered the most developed and mature technology for liquid
transportation fuels synthesis, and the process can produce a diverse range of
hydrocarbons and oxygenated hydrocarbons. The product spectrum depends on the
mechanism and kinetics of the reactions as well as the type of catalyst and reaction
conditions.
Other routes to convert syngas into biofuel include the water gas shift reaction to produce
H2 (Rauch et al., 2014), a thermochemical and biochemical route to produce ethanol
(Griffin and Schultz, 2012) and hydrogenation of carbon dioxide to produce methanol.
Methanol can be used either directly as a transportation fuel or it can be converted further
to methanol-derived fuels such as diesel and gasoline (Rauch et al., 2014). Various syngas
transformation routes and applications are shown in Figure 2.
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Figure 2: Different syngas transformation routes for the production of fuels and chemicals
(Spath and Dayton, 2003).
Bio-oil: Fast pyrolysis of lignocellulosic biomass produces bio-oil, which consist of a
mixture of organic acids, aldehydes, alcohol, ketones, and water (Tsai et al., 2007; Jung
et al., 2008). Bio-oil has high energy and mass densities, which are the key reasons for
increased interest in bio-oil utilization for the production of fuels and chemicals (Pandey
et al., 2011). Bio-oil can be gasified to produce syngas, which, as noted in the previous
section, can subsequently be converted into fuels and chemicals. The syngas produced
from bio-oil is much cleaner than that produced by biomass gasification since most of the
inorganics are left in the char during its production (Pandey et al., 2011). In addition, biooil can be converted to renewable hydrogen, which is a clean and stable fuel with
applications in internal combustion engines and fuel cells (Chen et al., 2015). Conversion
to hydrogen is viewed as an important use of bio-oil and a promising source for hydrogen
production in the near future (Chen et al., 2015). The production of hydrogen from biooil can be achieved via catalytic pyrolysis or partial oxidation with steam reforming in a
fluidized bed system (Tanksale et al., 2010).

2.4 Production of bio-based materials (nanocomposites) from lignocellulosic
biomass
Increasing environmental concerns have resulted in significant research efforts aimed at
developing green materials based on raw materials derived from renewable resources
(Armentano et al., 2018). Consequently, the use of lignocellulosic materials as substitutes
for synthetic materials to prepare various composites with different functionalities of
interest has been widely studied in recent years (Iqbal et al., 2013; Mariano et al., 2014).
A nanocomposite is a multiphase solid material in which one of the phases has one, two
or three dimensions in the nanometer scale, i.e. less than 100 nm (Mariano et al., 2014).
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As a consequence of the nanometric size effect, nanocomposites provide unique
properties compared to conventional composites even at low filler content.
Cellulose can be used as filler for different polymer matrices, as a matrix reinforced by
different fillers, or it can be used as a component in polyblend nanocomposites (Feldman,
2015). Nano-sized cellulose particles are renewable, lightweight and inexpensive to
produce. They have been considered one of the most promising reinforcements in the
field of sustainable materials (Feldman, 2015). Different cellulose nanoparticles and
techniques for their preparation enable the production of cellulose nanocomposites with
various mechanical, thermal, and other properties. The most widely used technique to
obtain these crystalline regions is a controlled acid hydrolysis with sulfuric acid, during
which amorphous domains are preferentially attacked while crystalline regions present
higher resistance to acid attack (Abitbol et al., 2013; Habibi et al., 2010). This leads to
the release of rod-like particles, namely nanocrystals. An important characteristic of
cellulose nanocrystals is their high stiffness and elongated morphology (Mariano et al.,
2014). Potential applications for nanocellulose-based materials include their use in drugdelivery systems (Lin and Dufresn, 2013), as edible films (Azeredo et al., 2012), as
antimicrobial agents (Berndt et al., 2013), and in smart materials for electroconductivity
(Mattoso et al., 2009). In general, nanocellulose-based materials have the potential to be
truly green nano-materials with unexpected properties, since they are carbon-neutral,
sustainable, recyclable, and non-toxic (Mariano et al., 2014).
Lignin also provides a viable route for material and polymer syntheses. However, due to
the aromatic structure of lignin, most materials based on the simple addition or
incorporation of lignin are brittle. Therefore, lignin has to undergo chemical modification
and be synthesized with other polymers to become suitable for preparation of materials
with advanced properties (Bonini et al., 2005). Among modifications performed on lignin,
the industrial elaboration of vanillin, dimethyl sulfoxide (DMSO) and lignin-based polyol
for the synthesis of high-performance polymers and materials have been successful
(Laurichesse and Avérous, 2014). Moreover, lignin degradation products have been used
to elaborate numerous polymers, including polyhydroxy styrene derivatives, polyethers
and polyesters (Hatakeyama et al., 1990). Lignin-based epoxy resins have been applied
as replacements for synthetic phenols in binders and in epoxy or phenol-formaldehyde
resin formulations (Kouisni et al., 2011). These resins show particularly high thermal
stability and widen the range of applications for lignin epoxy resins (Laurichesse and
Avérous, 2014). A lignin-based thermoplastic polymer (Arboform®) has been
commercially developed in Germany (Inone-Kauffmann, 2009). Having very low
swelling and very high transverse tensile strength, the thermoplastic polymer can be used
in consumer products such as automotive parts, children's toys, furniture, casings for
watches, designer loudspeakers, degradable golf tees etc. Additionally, several studies
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have indicated that lignin can potentially be used for development of high-performance
materials such as carbon fibers (CFs) (Norberg et al., 2013; Qin et al., 2013). However,
the need to purify the lignin to make it suitable for melt spinning and carbon fiber
production increases the cost of lignin-based CFs. Nevertheless, the development of
lignin-based high-performance materials will potentially result in real benefits in the
context of a need for both increased energy efficiency and reduced environmental impact.

2.5 Main routes for lignocellulosic biomass conversion
The decomposition of the solid lignocellulosic biomass into its building blocks or its
precursors is the first step in any biomass conversion process. Depending upon the
characteristics of the biomass feedstock and the type of products desired, the biomass can
be converted into various forms by many different technical processes. The technologies
utilized in biomass conversion can be categorized into three typical main routes:
thermochemical (gasification, pyrolysis, direct liquefaction), biochemical (enzymatic
process and fermentation) and chemical (mineral acid and base treatment processes)
routes. The reactions involved during biomass conversion typically include hydrolysis,
dehydration, isomerization, dehydrogenation and hydrogenation reactions. Figure 3
shows a schematic presentation of the three main routes of biomass conversion.

Figure 3: The three main routes for biomass conversion.

Lignocellulosic feedstocks are characterized by their intrinsic recalcitrance as well as a
high degree of chemical and structural complexity. Consequently, technologies for the
conversion of these resources typically involve a combination of different processes
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(Serrano-Ruiz and Dumesic, 2014). The most commonly used methodology to overcome
lignocellulose complexity involves the transformation of non-edible feedstocks into
simpler fractions that can subsequently be easily converted into a variety of useful
products. Further development of this approach would allow the simultaneous production
of fuels, power, and chemicals from lignocellulose in an integrated facility, a concept
known as a biorefinery (Kamm, 2007; Pandey et al., 2011). Current technologies used to
transform lignocellulose to liquid hydrocarbon transportation fuels involve three major
routes: gasification, pyrolysis and hydrolysis (Serrano-Ruiz and Dumesic, 2014).
In the gasification process, the solid biomass is converted to synthesis gas (syngas), which
is a valuable mixture of H2, CO, CH4 and other light gases. The syngas serves as a
precursor for liquid hydrocarbon fuels produced by Fischer-Tropsch (FT) reactions
(Pandey et al., 2011) and for methanol or dimethyl ether (DME) production
(Reubroycharoen et al., 2003; Li and Jiang, 1999; Peng, 2002), or the syngas can be
converted to mixed alcohols (ethanol and other alcohols) (Pandey et al., 2011).
The second route is based on pyrolysis, which is the thermal decomposition of organic
matter in the absence of air or oxygen. Pyrolysis allows transformation of lignocellulosic
biomass into a liquid fraction, typically known as bio-oil, which can subsequently be
upgraded to hydrocarbon fuels via catalytic processes. During pyrolysis, the first stage is
evaporation of moisture (at ~110°C) and this operation is followed by decomposition of
the hemicellulose (at 200-260°C), cellulose (at 240-380°C) and lignin (at 280-500°C).
The third route utilizes hydrolysis steps to produce aqueous solutions of C5 and C6 sugars
derived from lignocellulose. These pentoses and hexoses can subsequently be converted
to biofuels or platform commodity chemicals such as polyols, furans, and acids (Geboers
et al., 2011). Cellulose is hydrolyzed into glucose monomers under elevated reaction
conditions with sulfuric acid as a catalyst. The glucose can be further converted into
various useful chemicals via oxidation, hydrogenation and dehydration reactions (Hara et
al., 2015). The oxidation of glucose yields gluconic acid, which can be further oxidized
to glucaric acid as a monomer for the preparation of biodegradable polyamides with
unique properties. Hydrogenation of glucose produces sorbitol, which if followed by acidcatalyzed dehydration yields sorbitan and subsequently isosorbide as an industrial
monomer. Acid-catalyzed dehydration of fructose, which is formed by isomerization of
glucose, gives 5-hydroxymethylfurfural (HMF) as a raw material for the production of
chemicals, polymers and biofuels (Rosatella, et al., 2011; van Putten et al., 2013).
However, achieving commercially viable selectivity toward HMF is a challenge due to
the tendency of HMF towards further reactions under acidic reaction conditions.
Oxidation of HMF forms furan-2,5-dicarboxylic acid (FDCA), which can be used to
produce polyethylene furandicarboxylate, an alternative bio-based plastic to replace
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polyethylene terephthalate (Wang et al., 2017). Further reaction of HMF with water under
acidic conditions produces levulinic acid as well as formic acid as a side product.
Levulinic acid is an attractive platform chemical and its subsequent hydrogenation yields
-valerolactone, which is a potential building block for polyesters (Hara et al., 2015).
Depolymerization of polymeric xylan, which is obtained from the hemicellulose fraction,
forms a xylose monomer through diluted acid hydrolysis with sulfuric acid (Martel et al.,
2010; Mäki-Arvela et al., 2011). Pentoses such as xylose can be converted to levulinic
acid. Their conversion is based on dehydration of xylose to furfural and subsequent
hydrogenation to furfuryl alcohol, which is then hydrolyzed to levulinic acid.

2.6 Pretreatment routes for biomass conversion
Pretreatment is an important step in the conversion of lignocellulosic biomass to
fermentable sugars and biofuels. Pretreatment processes are necessary to efficiently open
up the solid crystalline cellulose structure, solubilize the hemicelluloses, and degrade the
lignin without generating byproducts that can be detrimental to downstream processes
such as fermentation (Guo et al., 2012; Banerjee et al., 2009). Pretreatment changes the
crystalline structure of the lignocellulose by removing lignin and solubilizing
hemicellulose into pentoses and hexoses (Banerjee et al., 2009; Harmsen et al., 2010; Guo
et al., 2012). A schematic representation of lignocellulosic pretreatment is shown in
Figure 4.

Figure 4: Effect of pretreatment on lignocellulosic biomass (modified from Mosier et al.,
2005).
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The various pretreatment processes used to overcome the recalcitrance of biomass can be
categorized into physical (mechanical), chemical, combined chemical and mechanical,
and biological pretreatments. The choice of the optimum pretreatment process depends
primarily on the objective of the biomass pretreatment, economics and environmental
impact (Harmsen et al., 2010).
2.6.1 Physical pretreatment
This pretreatment method aims to reduce the physical size of the biomass from logs and
chips to the level of fibers and or bundles of fibers (Zhu et al., 2010). Mechanical
pretreatment helps to make biomass material handling easier and increases the surfaceto-volume ratio of the biomass (Harmsen et al., 2010). Physical pretreatment methods
include processes such as chipping, grinding, microwave irradiation and ultrasonication
(Kumar et al., 2009; Zhu and Pan 2010; Harmsen et al., 2010). According to Kumar et al.
(2009), the crystallinity of cellulose reduces after chipping, grinding and milling,
resulting in a reduction in the number of hydrogen bonds. In general, reduction in the
physical size of the biomass particles after mechanical pretreatment results in improved
mass transfer characteristics.
2.6.2 Chemical pretreatment
Chemical pretreatments disrupt the structure of the biomass via a chemical reaction. In
such pretreatment processes, chemicals are used to eliminate or modify the main chemical
components (hemicellulose and lignin) that interfere with the breakdown of cellulose into
sugar monomers (Zhu and Pan, 2010).
Acid pretreatment: Acid pretreatment involves the addition of concentrated or dilute
acid to the biomass to break down the intermolecular and intramolecular bonds between
the cellulose, hemicellulose, and lignin (Guo et al., 2012). Additionally, the cellulose and
hemicellulose are broken down by the acid treatment into individual sugar molecules
(Lenihan et al., 2010). Sulfuric acid, nitric acid, hydrochloric acid and phosphoric acid
(at concentrations of 1–10% and temperature range of 100–150 oC) are commonly used
in the pretreatment of lignocelluloses. In addition, organic acids such as maleic acid and
fumaric acid have also been used for acid hydrolysis of biomass (Harmsen et al., 2010).
In dilute acid pretreatment, the hemicellulose breaks into monomeric sugars, thus
increasing the porosity of the biomass (Guo et al., 2012). However, subsequent
degradation of hemicellulose-derived sugars to furfural and hydroxymethylfurfural
(fermentation inhibitors), and the corrosive nature of the acids are among the
disadvantages of dilute acid pretreatments (Banerjee et al., 2009; Harmsen et al., 2010).
According to Harmsen et al. (2010), dilute acid pretreatment is particularly suitable for
biomass with low lignin content. Therefore, the chemical and structural composition of
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the biomass should be taken into consideration when choosing the operating conditions
for the pretreatment.
Concentrated acid pretreatment, on the other hand, involves the use of concentrated acids,
such as sulfuric acid and hydrochloric acid, for the treatment of the lignocellulosic
biomass. The flexibility of the feedstock choice and the mild temperature required are
among the merits of concentrated acid pretreatments (Harmsen et al., 2010). Moreover,
the faster rate of the hydrolysis relative to enzymatic hydrolysis is a further advantage of
concentrated acid hydrolysis (Lenihan et al., 2010). In contrast, the high corrosiveness of
the reaction and the need to recycle the acids used are drawbacks of concentrated acid
pretreatment (Harmsen et al., 2010).
Alkaline pretreatment: In this method, the biomass is soaked in an alkaline solution,
such as sodium, potassium, calcium or ammonium hydroxide, to remove or modify the
key components of the lignocellulosic biomass (Menon and Rao, 2012). During alkaline
pretreatment, the lignin is removed from the biomass through degradation of the ester and
glycosidic side chains, leading to structural modification of the lignin. (Harmsen et al.,
2010; Menon and Rao, 2012). In addition, cellulose swelling, partial decrystallization of
cellulose and partial solvation of hemicellulose take place during alkaline hydrolysis.
Alkaline pretreatment requires less severe conditions compared to other pretreatment
methods; however, longer pretreatment times are needed when operating at ambient
conditions. This method is suitable for various types of biomasses and the potential sugar
yield after the pretreatment is high (Badiei et al., 2014). A drawback of the method is that
catalysts suitable for this process are expensive, which increases the operational costs
(Badiei et al., 2014).
Organosolv pretreatment: This method uses organic solvents such as ethanol, methanol,
acetone and ethylene glycol or a mixture of solvents to dissolve the lignin and hydrolyze
the hemicellulose (Badiei et al., 2014). The process is usually performed at elevated
temperature and pressure; however, the type of biomass and the catalyst used determines
the temperature required (Harmsen et al., 2010). Typical organosolv pretreatment
conditions for lignocellulosic biomass are temperatures of about 160-190 °C,
pretreatment time of 30-60 min, and ethanol concentration of 40-60% (Zhu and Pan,
2010). Solvents removal is needed prior to fermentation or enzymatic hydrolysis to
reduce solvent costs and to avoid inhibition of downstream processes (Harmsen et al.,
2010, Badiei et al., 2014). Organosolv pretreatment produces high quality lignin that is
suitable for use in the production of chemicals.
Oxidative pretreatment: This pretreatment method involves treatment of biomass with
oxidizing agents such as ozone, hydrogen peroxide or oxygen. The oxidizing agents are
highly reactive with aromatic rings of lignin, resulting in the transformation of lignin
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polymer into carboxylic acids (Harmsen et al., 2010; Badiei et al., 2014). Kumar et al.
(2009) reported that biodegradation of lignin could be catalyzed by peroxidase enzyme
in the presence of H2O2. It was also reported that pretreatment with H2O2 greatly
enhanced the susceptibility of cane bagasse to enzymatic hydrolysis. About 50%
dissolution of lignin and dissolution of most of the hemicellulose was achieved in a
solution of 2% H2O2 at 30 °C within 8 h of the pretreatment period (Kumar et al., 2009).
Subsequent enzymatic hydrolysis using cellulase at 45 °C for 24 h obtained about 95%
glucose recovery efficiency (Harmsen et al., 2010; Kumar et al., 2009). Oxidative
pretreatment with ozone also attacks and cleaves the aromatic ring structures of lignin,
but leaves the hemicellulose and cellulose fractions undecomposed. Ozonolysis
oxidations are more effectively performed in a hydrated fixed bed than in an aqueous
suspension (Badiei et al., 2014). However, compared to other oxidizing agents, ozone is
relatively expensive.
Ionic liquids: This pretreatment method uses ionic liquids (ILs) to dissolve a variety of
biomasses of different hardness (Cao et al., 2010). Ionic liquids are a relatively new class
of solvents which are entirely composed of ions (cations and anions), have low melting
points (<100 °C), high thermal stability, negligible vapor pressure, and high polarity
(Zavrel et al., 2009; Behera et al., 2014). In treatment with ionic liquids, the ionic liquid
solubilizes the biomass at ambient pressure and at temperatures of 90 to 130 °C, and the
solubilization is followed by the addition of water to precipitate the biomass (Badiei et
al., 2014). According to Moultrop et al. (2005), ILs are assumed to compete with
lignocellulosic components for hydrogen bonding, thereby disrupting the network. The
structure of the lignin and hemicellulose remain unchanged after treatment with ionic
liquids, which allows selective extraction of unaltered lignin (Wyman et al., 2009). This
pretreatment method, therefore, enables the separation of lignin and enhancement in
cellulose accessibility under ambient temperature and pressure without the need for
alkaline or acidic reagents. Ionic solvents are expensive, but their recoverability after use
makes them economically competitive with organic solvents. However, cellulase enzyme
is irreversibly inactivated in ionic liquid solvents (Zhi et al., 2012), resulting in lower
biomass conversion efficiency and increased overall costs in enzymatic hydrolysis. This
indicates a need to develop solvents in which cellulase and microorganisms are active.
Wet oxidation: This pretreatment method uses air, oxygen, or hydrogen peroxide along
with water to treat lignocellulosic biomass at elevated temperatures (above 120 °C)
(Varga et al., 2003). Wet oxidation has earlier been applied in wastewater treatment and
soil remediation (Chaturvedi and Verma, 2013). Wet oxidation is very suitable for lignin
enriched biomass residues. When the temperature is raised above 170 °C, the water
behaves like an acid and catalyzes hydrolytic reactions. Consequently, the hemicelluloses
are broken down into smaller pentose monomers and the lignin undergoes oxidation,

34
while the cellulose remains least affected by the wet oxidation. It has been reported that
the addition of chemical agents like sodium carbonate and alkaline peroxide in wet
oxidation reduces the required reaction temperature, improves hemicellulose degradation
and decreases the formation of inhibitory components such as furfurals and
furfuraldehydes (Banerjee et al., 2011). According to Qiang et al. (2012), a combination
of wet oxidation with chemical and physiochemical methods increased the yield of sugars.
The wet oxidation pretreatment process has been shown to be efficient for a variety of
agricultural wastes, including wheat straw, corn stover, sugarcane bagasse, cassava and
canola (Hamsen et al., 2010). Besides its role in biomass pretreatment, wet oxidation is a
potential viable route for conversion of lignocellulosic materials into valuable chemicals,
which is a topic that will be discussed in detail in the next chapter.
2.6.3 Biological pretreatment
Biological pretreatments are carried out using microorganisms such as white, brown, and
soft-rot fungi, which degrade the lignin and hemicellulose and some fraction of the
cellulose (Sánchez, 2009). Kumar et al. (2009) pointed out that degradation of lignin by
white-rot fungi occurs due to the presence of peroxidases and laccases (lignin-degrading
enzymes). In general, compared with conventional chemical and physical pretreatment
methods, biological pretreatment has been regarded as an environmentally safe and lowenergy process and the process can be operated at mild conditions (Kumar and Sharma,
2017). However, the rate of biological hydrolysis of the lignocellulosic fraction is slow,
which severely constrains usage of biological pretreatment at an industrial scale (Sun and
Cheng 2002).
2.6.4 Physico-chemical pretreatment
Physico-chemical pretreatment methods combine physical and chemical action. Physicochemical processes include steam explosion (SE), ammonia fiber explosion (AFEX), CO2
explosion and mechanical/alkaline pretreatment. In steam explosion, high pressure
saturated steam is injected into a reactor filled with biomass and the biomass undergoes
an explosive decompression, following a sudden reduction of pressure, which causes
hemicellulose and lignin matrix disruptions (Hamsen et al., 2010). During the steam
injection, the temperature in the reactor rises to 160–260 °C. In the AFEX process,
biomass is similarly treated with liquid ammonia at high temperature and pressure
followed by a swift reduction of pressure (Teymouri et al., 2005). AFEX reduces the
lignin content and removes some hemicellulose while decrystallising the cellulose. CO2
explosion pretreatment involves the use of high pressure CO2, which is first injected into
the batch reactor and then liberated by an explosive decompression (Harmsen et al., 2010).
According to Sun and Cheng (2002), the yields of sugars achieved in CO2 explosion are
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lower than those obtained with steam or ammonia explosion. However, the yields are
higher than those reached with enzymatic hydrolysis without pretreatment.
Combined mechanical and alkaline pretreatment consists of a continuous mechanical
pretreatment (e.g. milling, extrusion, refining) of the lignocellulosic biomass in the
presence of an alkaline (Harmsen et al., 2010). The resulting fractions contain a soluble
fraction (composed of lignin, hemicellulose and inorganic components) and a celluloseenriched solid fraction. The solid fraction can then be subjected to enzymatic hydrolysis
for the production of C6 and C5 sugars. The method is suitable for combination with
fermentation routes in which both the C6 and C5 sugars can be converted to products. The
accessibility of the cellulose for the enzymes is improved when performing extrusion and
chemical pretreatment in one step, resulting in higher delignification efficiency and
improved enzymatic hydrolysis. The moderate operation temperatures of this process
prevent the formation of degradation and oxidation products.
Limitations of physico-chemical pretreatment methods include the formation of
degradation products that may inhibit downstream processes (steam explosion), high
capital costs for high-pressure equipment (SE, AFEX and CO2 explosion), use of
expensive chemicals (AFEX and mechanical/alkaline), and the need for recycling and
waste treatment (mechanical/alkaline pretreatment).
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3. Partial wet oxidation as a route for the production of
carboxylic acids
Wet oxidation (WO) involves oxidation of organic compounds or matter in the liquid
phase at elevated temperatures (125–320 °C) and pressures (0.5–20 MPa) using air or
oxygen as the oxidizing agent (Nirmal and Gaikwad, 2016). The elevated pressure is
necessary to maintain the liquid phase, to avoid excessive evaporation of water, and to
conserve energy. The high pressure also increases the concentration of dissolved oxygen,
and thus the oxidation rate (Demesa et al., 2015). When sufficiently high temperature and
pressure and long residence times are used, the organic matter is completely oxidized to
carbon dioxide and water. At milder conditions, however, organic matter is only partially
oxidized, leading to the formation of mostly low-molecular carboxylic acids and
aldehydes (Bhargava et al., 2006). Wet oxidation can be carried out both catalytically and
without a catalyst. WO is a well-established method for wastewater treatment as well as
biomass pretreatment method and its potential applicability with respect to the production
of chemicals is very promising.

3.1 Chemistry of wet oxidation
Different types of chemical reactions, both oxidative and non-oxidative, can occur for
various organic compounds under normal WO conditions (Bhargava et al., 2006). These
reactions include auto-oxidation (free radical reactions), heterolytic/homolytic cleavage,
hydrolysis, decarboxylation and alkoxide reactions, as well as carbanion formation
followed by subsequent oxidation (in alkaline solution). The total number of reactions
that occur during the WO of a single organic compound can be very high, even for a
simple low molecular weight compound such as propionic acid (Day et al., 1973;
Bhargava et al., 2006). Day et al. (1973) proposed a 16-step free radical reaction
mechanism for the WO of propionic acid. The number of reactions involved and complex
chemistry of biomass make full understanding of the chemistry of WO of organic
compounds challenging.
The oxidation of organic compounds proceeds according to a chain reaction mechanism
as shown in Figure 5 (Debellefontaine and Foussard, 2000).
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Figure 5: Simplified diagram for wet oxidation (Debellefontaine and Foussard, 2000).
The overall wet oxidation mechanism involves two steps (Debellefontaine et al., 1996):
(a) chemical reaction between the organic matter and the dissolved oxygen; and (b) the
transfer of oxygen from the gas to the liquid phase and the transfer of CO2 from the liquid
to the gas phase. These two stages determine the rate at which an organic compound
undergoes wet oxidation.
The following reactions can give a better insight into the mechanism of wet oxidation
(Debellefontaine and Foussard, 2000):

O - O+ R•

ROO•
R• + HO2•

RH + O2
RH + HO2•
H2O2

R• + H2O2

2HO•

ROO• + RH

(1)
(2)
(3)
(4)

ROOH + R•

(5)

The above series of reactions (1-5) indicate that the reaction is propagated by an organic
radical (R•) during coupling with molecular oxygen (Reaction 1). According to Li et al.
(1991), the radical is formed when oxygen reacts with the weakest C-H bonds of the
organic compound (Reaction 2) and in the reaction of the hydroperoxy radical (HO2•)
with the C-H bonds (Reaction 3). In addition, hydroxyl radicals are generated because of
rapid thermal decomposition of hydrogen peroxide (Reaction 4). The organic peroxy
radical (ROO•) formed in Reaction 1 further abstracts a hydrogen atom from the organic
compounds and produces an organic hydroperoxide (ROOH) and another organic radical
(Reaction 5). The organic hydroperoxides formed are relatively unstable and their
decomposition usually leads to molecular breakdown and formation of subsequent
intermediates with lower carbon numbers. These reactions proceed until the formation of
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acetic or formic acid, which is eventually converted into carbon dioxide and water. While
Reaction 5 is a propagation step leading to oxidized species, Reaction 2 is the limiting
step for most of the molecules. Reaction 2 is highly dependent on temperature
(Debellefontaine and Foussard, 2000). The temperature dependence explains why the
wet oxidation process does not occur at ambient temperature but requires high
temperature. However, the severity of the reaction conditions can be reduced by the use
of catalysts and promoters.
Li et al. (1991) proposed a generalized kinetic model (Figure 6) based on a simplified
reaction scheme with acetic acid as the rate-limiting intermediate product.

Figure 6: Simplified scheme of the reaction pathways (Li et al., 1991).

As depicted in Figure 6, three groups of organic substances exist in the liquid and gaseous
phases. Group A represents all initial and relatively unstable intermediate organic
compounds except acetic acid, group B contains the refractory intermediates represented
by acetic acid, and group C includes the oxidation end products. The compounds in group
A follow two reaction pathways. In the first path, they are oxidized to form the oxidation
end products, CO2 and H2O (group C). In the second path, intermediate compounds
(group B) are formed by partial oxidation of the organic compounds. If the reaction rate
of k2 is much slower than the rate of k1, the organic compounds have little tendency to
form stable intermediates, instead they are completely oxidized to the end products. On
the other hand, when the k2 reaction rate is fast, partial oxidation of the organic compound
occurs and formation of intermediate products (group B) is favored. The kinetics of the
reactions for compounds A and B in an isothermal, ideal, stirred batch reactor or plug
flow reactor can be expressed by equations 6 and 7 (Li et al., 1991; Verenich and Kallas ,
2002).
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Catalytic conversion of biomass by wet oxidation involves several reaction pathways
taking place in parallel or successively depending on specific precursors, reaction
conditions and catalysts (Verenich et al., 2001; Sales et al., 2006). Significant efforts have
been made in this field, mainly in overcoming the recalcitrant nature of the feedstock via
acid-catalyzed depolymerization followed by oxidative cleavage of the carbon bonds in
the biomolecule (Sutton et al., 2013). In general, catalytic biomass conversion often
provides a cost-effective and environmentally benign route to the desired products with a
high reaction rate and selectivity (Sales et al., 2006).
Several types of catalysts have been extensively explored for the conversion of
lignocellulosic biomass into chemicals by wet oxidation (Sales et al., 2006; Deng et al.,
2008). Homogenous-type catalysts that have been applied include metal ion catalysts
such as iron, copper and cobalt (Wu et al., 1994; Villar et al., 2001). Heterogeneous
catalysts that have been tested include metal oxides, supported metals, acidic and ion
exchange resins, functionalized porous materials, zeolites and carbonaceous materials
(De et al., 2016). In general, homogeneous catalysts offer relatively high activity and
selectivity, but they have some drawbacks as regards separation, recyclability and
disposal (De et al., 2016). Heterogeneous catalysts, on the other hand, have advantages
in terms of easy separation, reusability and low corrosivity, providing practical
conveniences in a continuous system (Yabushita et al. 2014; De et al., 2016). However,
it can be expected that in the treatment of solid biomass, heterogeneous catalysts will be
prone to low catalytic activity owing to the poor access for solids on the catalyst surface.
3.2.1 Heteropolyacids as wet oxidation catalysts
Polyoxometalates (POMs) are organo-metallic complexes of light transition metals that
are in their highest oxidation state and occur in combination with oxygen. In addition,
these metal-oxo anion clusters contain a large group of a heteroatom such as phosphorus
(P), arsenic (As), silicon (Si) or germanium (Ge). (Albert, 2017)
Heteropolyacid (HPAs), also known as Keggin type polyoxometalates, have been
regarded as environmentally benign and economically feasible solid catalysts, owing to
their inherent beneficial characteristics such as ease of handling and removal, reusability,
few side reactions, strong Brønsted acidity approaching the super-acid region, and high
proton mobility, stability and catalytic activity (Kozhevnikov, 1998; Zhang, 2015). Their
high solubility in water makes HPAs more efficient for catalyzing reactions in biomass
than water-insoluble solid catalysts. Furthermore, since they are insoluble in non-polar
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hydrocarbons, it is possible to recover them from the reaction mixture without the
requirement for neutralization, for instance, by extraction or precipitation (Lana et al.,
2006; Zhang et al., 2012).
HPAs comprise anionic units of metal oxide, which are the main structure of the material.
HPAs can be deconstructed as metal-oxygen polyhedron unit (addenda unit), such as
Mo6+, W6+ and V, organized by at least one central atom that is referred to as the
“heteroatom” (e.g., Si4+, Ge4+, P5+, etc.) (Sun et al., 2014). Figure 7 presents six types of
heteropolyanion structures in polyhedral representation.

Figure 7: Basic heteropolyanion structures in polyhedral representation: (A) Keggin-type;
(B) Well-Dawson-type; (C) Anderson-type; (D) Lindqvist-type; (E) Silverton-type; and
(F) Waugh-type (Sun et al., 2014).

POM-catalyzed oxidation involves mainly a two-stage redox cycle (Arslan-Alaton and
Ferry, 2002; Kozhevnikov, 1998). The first stage involves an interaction between the
organic substrate (S) (an electron donor) and the oxidized form of the POM (POMox)
resulting in products (P) and a reduced form of the catalyst (POMred). In the last stage, the
catalytic cycle is completed by re-oxidation of the reduced catalyst by molecular oxygen.
In most cases, the rate-determining step is the re-oxidation of the reduced POM, which in
turn depends on the oxygen concentration (Albert, 2017). The two stages involved in the
redox reaction of POMs are shown in the following equations.
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POMox + S

P + POMred +nH+

POMred + n/2O2+ nH+

POMox + n/2H2O2

(8)
(9)

Several industrial processes based on HPA catalysis have been developed and
commercialized, for example, oxidation of methacrolein, polymerization of
tetrahydrofuran, and hydration of olefins (Kozhevnikov, 1998).

3.3 Applications of wet oxidation
3.3.1 Waste treatment
In wastewater treatment, WO is a well-established technique and its main usage is found
in the treatment of aqueous solutions of biologically recalcitrant and hazardous organic
or inorganic wastewaters (Zimmermann, 1961; Laari et al., 1999; Gomes et al., 2007). A
combination of coagulation by ferrous sulphate and wet oxidation has been shown to be
very effective for the treatment of concentrated wastewater streams due to the catalytic
effect of iron in the chemical sludge (Verenich et al., 2001).
3.3.2 Biomass pretreatment
As discussed in Chapter 2, WO has been presented as a promising pretreatment method
in lignocellulosic biomass conversion because it performs several reactions such as
hydrolysis, oxidation, and extraction of hemicelluloses in a single step (Schmidt and
Thomsen, 1998). Wet air oxidation (WAO) has been reported to effectively fractionate
lignocellulosic biomass into a cellulose-rich solid fraction and a solubilized hemicellulose
fraction with reduced inhibitor formation (Banerjee et al., 2009).
3.3.3 Production of chemicals
Besides its roles in wastewater treatment and biomass pretreatment, the potential of WO
as a promising route for the conversion of lignocellulose into a variety of chemicals, such
as carboxylic acids, has been the subject of many recent studies (Pant and Mohanty, 2014;
Hara et al., 2015). Carboxylic acids are valuable commodity chemicals that can be used
as intermediates in the production of various fuels and chemicals through further
transformations. In 1983, McGinnis et al. investigated the conversion of groundwood into
chemicals at 170-230 °C. They found that the main detected chemicals were formic acid,
acetic acid and glycolic acid, with a maximum formic acid yield of about 30% from the
initial mass. In addition, they reported the formation of hydroxylated acid products,
including erythronic acid, succinic acid, glyceric acids, threonic acid and glycolic acid.
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Klinke et al. (2002) studied the degradation products from alkaline wet oxidation. The
main compounds detected were formic acid, acetic acid and glycolic acid, with a total
yield of 13% from the dry mass of the straw. A two-stage process that combines
hydrothermal and wet oxidation stages has been investigated for the production of acetic
acid from biomass (Jin et al., 2005; Jin et al., 2006). The hydrothermal process operates
at high temperature in the absence of oxygen. In the first stage, polysaccharides are
hydrolyzed and simultaneously degraded to produce furans and lactic acid. The second
stage involves further conversion of the furan and lactic acid into acetic acid by wet
oxidation. It was reported that the two-stage process maximizes acetic acid production,
with a good yield of 40% from the carbon base. Suzuki et al. (2006) used lignin model
compounds to investigate the possibility of acetic acid production by wet oxidation.
According to their study, wet oxidation of guaiacol, syringol and phenol as lignin model
compounds resulted in low acetic acid yields.
Recently, HPAs have been studied as potential wet oxidation catalysts for the production
of chemicals. Wölfel et al. (2011) reported selective conversion of biobased
carbohydrates to formic acid using Keggin-type H5PV2Mo10O40 polyoxometalate as a
catalyst. It was presented that even complex biomass mixtures such as wood sawdust
could be converted to formic acid, with 19 wt% yield under non-optimized conditions. In
a similar study, Albert et al. (2012) investigated the selective oxidation of water-insoluble
biomass with a H5PV2Mo10O40 catalyst and an additive as a reaction accelerator. They
reported formic acid yield up to 53% for xylan as the feedstock. Other studies include the
oxidation of lignin using aqueous polyoxometalates (H3PMo12O40 in water) in the
presence of alcohol (Voitl and Rudolf von Rohr, 2008). It was reported that the addition
of methanol prevented repolymerization and resulted in an increase in the yield of
monomeric products (vanillin and methyl vanillate) to 5 wt%.
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4. Recovery of carboxylic acids from aqueous solutions by
liquid-liquid extraction
Carboxylic acids are frequently present in aqueous streams of processes treating biomass
(Demesa et al., 2015). The Biofine process (Hayes et al., 2005), which uses acid
hydrolysis for conversion of biomass into levulinic acid, is one such process. As a side
stream, it produces an aqueous condensate stream containing a mixture of formic acid,
acetic acid and furfural. After the hydrolysis reaction steps, the products have to be
separated from the aqueous reaction mixture and purified. Fermentative production of
carboxylic acids has been extensively studied (Honda et al., 1995; Wu and Yang, 2003;
Yabannavar and Wang, 1991), but the low concentration of carboxylic acids in
fermentation broths impose a significant cost factor on their separation. This suggests that
development of cost-effective recovery technology is vitally important for large-scale
fermentative production of carboxylic acids. In the literature, various separation methods
such as ultrafiltration (Boyaval et al., 1987), reverse osmosis (Timmer et al., 1994),
membrane extraction (Sirman et al., 1991), electrodialysis (Lee et al., 1998), distillation
(Errico and Rong, 2012), anion exchange (Cao et al., 2002), and precipitation (Pazouki
and Panda, 1998; Min et al., 2011) have been proposed as potential methods to recover
carboxylic acids.
An important factor for the selection of a suitable separation technique is the carboxylic
acid concentration in the aqueous solution. In processes that contain mostly water and
just small amounts of carboxylic acids, the chosen technique has to target the carboxylic
acids rather than the accompanying water in order to be efficient. In such cases, affinitybased separation techniques such as liquid-liquid extraction (LLX) are often preferred as
they make use of agents that target the carboxylic acids to selectively separate them. Its
applicability to a wide concentration range and its high separation capacity makes liquidliquid extraction often preferable to other affinity-based separation techniques (Ijmker et
al., 2014). Liquid-liquid extraction has other advantages, such as a short cycle, fast mass
transfer and low energy demand. Drake et al. (1985) proposed liquid-liquid extractions as
a practical technique for the separation of acetic acid from aqueous solution when the acid
content is below 50 wt%. In LLX, compounds are separated based on their different
solubility in two partially miscible or immiscible liquids. In some processes, such as
ethanol dehydration (Vázquez-Ojeda et al., 2013) or removal of tributyl phosphate (Lade
et al., 2014), LLX has been demonstrated to be a viable option.
The principal scheme of an extraction process is shown in Figure 8. The feed is brought
into contact with the solvent to facilitate mass transfer between the aqueous phase and the
solvent phase. After the two phases are separated, the raffinate (aqueous phase) is
withdrawn from the extraction unit and the loaded solvent (extract) is fed into a
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regeneration unit where the extracted substance is separated and the solvent regenerated.
The regenerated solvent is then recycled back to the extraction unit. (Mersmann et al.,
2011).

Figure 8: Principal scheme of an extraction process (Mersmann et al., 2011).

4.1 Solvent selection for liquid-liquid extraction
An important problem in process development for LLX is selection of a suitable solvent
or solvent mixture for the extraction process. Solvent selection is not a trivial task and
many aspects have to be considered. General principles for solvent selection have been
considered in many studies, and solvents must fulfill several requirements (Munson and
King, 1984; Jung, et al., 2000). First, the solvent must effectively and selectively extract
the products from water and the extraction equilibrium should be favorable. The existence
of a large miscibility gap between the raffinate and extract is a necessity for all types of
extraction processes; hence, phase densities need to be considered in solvent selection.
Large density difference between the organic and aqueous phases permits a rapid phase
separation due to the high rise velocity of the dispersed phase (Lo et al., 1991). In
industrial extraction processes, regeneration of the solvent is often performed by
distillation. Consequently, a further aspect for solvent selection is that the solvent should
be easily regenerated for further use at reasonably mild temperature. Moreover, the
solvent should be easily separable from the aqueous phase without the formation of
emulsion. Other important aspects to consider are costs, availability, nontoxicity of the
solvent, and chemical stability (Mersmann et al., 2011).
The use of distribution coefficients and separation factors enables experimental screening
of a large number of solvents as it is relatively fast and frugal as regards the solvent
volume used (Offeman et al., 2005). The equilibrium distribution coefficients for the
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extracted component (KDE) and the water (KDW) as well as the separation factor ( ) are
defined with the following equations:
=
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4.2 Types of extraction solvents
The solvents commonly reported for LLX of carboxylic acids can be categorized as:
physical, chemical (reactive), ionic liquid and switchable extraction solvents.
Physical extraction solvents: Physical solvents do not interact strongly with carboxylic
acids and, consequently, they do not form complexes with carboxylic acids. As a result,
regeneration of physical solvents is generally straightforward. Common physical solvents
used for extraction of carboxylic acids include alcohols, esters and ketones.
Chemical (reactive) extraction solvents: Unlike physical solvents, chemical solvents
induce a strong chemical interaction with carboxylic acids, which results in the formation
of solvent-carboxylic acids complexes. Organophosphorus and amine compounds are
typical chemical solvents used for carboxylic acids extraction (Kurzrock and WeusterBotz, 2011; Alkaya et al., 2009). They are usually dissolved in a diluent to enhance their
distribution coefficients and selectivities for carboxylic acids. In general, higher
distribution coefficients are achieved with chemical solvents than physical solvents.
However, regeneration of chemical solvents is usually more challenging due to their
strong intermolecular interactions with the carboxylic acids.
Ionic liquid extraction solvents: Ionic liquids (ILs) are a group of organic salts which
have been shown to possess certain characteristics that appear superior to those of
conventional solvents. ILs have drawn considerable attention in recent years and new ILs
have been developed rapidly (More et al., 2017; Sun et al., 2012; Wang et al., 2005).
Examples are imidazolium, quaternary ammonium salts and quaternary phosphate. These
compounds are non-flammable, non-volatile and in liquid form at a wide range of
temperatures. Their chemical stability, lower viscosity, higher density than many organic
solvents, and good extractability for organic compounds make ILs promising alternatives
to conventional organic solvents (More et al., 2017; Sun et al., 2012).
Switchable extraction solvents: These solvents are regarded as a new generation of
solvents whose chemical identity can be altered by applying an external trigger such as
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CO2 (Jessop et al., 2012). CO2-triggered switchable solvents have been used to extract
lipids and fatty acids from algae (Samorì et al., 2010; Du et al., 2013) and soy oil from
soybeans (Phan et al., 2009). The idea was considered for carboxylic acids extraction by
Urbas already in 1983, although not named “switchable solvents” at that time (Urbas,
1983).

4.3 Solvent recovery
Solvent recovery is a critical element in the economics of industrial extraction processes.
Depending on the boiling point and thermal stability of the carboxylic acids of interest,
the technique used to regenerate a solvent is either distillation or back-extraction followed
by a further regeneration step such as crystallization or distillation.
4.3.1 Distillation
One of the most conventional and common processes for chemical separation is
distillation, which can be used both at the beginning of the separation and as the last step
of multi-step processes, for example, following crystallization (Li et al., 2016). Using
distillation for solvent regeneration enables the production of highly concentrated
carboxylic acid streams at the expense of evaporation of either the carboxylic acid or the
solvent. It is often beneficial to use a high boiling point solvent, i.e. solvents with a boiling
point higher than the carboxylic acids, for extraction particularly when the carboxylic acid
content of the extract is limited, as the major part of the energy supplied is spent on
evaporation of the carboxylic acid (Li et al., 2016). Because of the higher boiling point,
the solvent is obtained as the bottom product of the distillation column and the volatile
carboxylic acid as the distillate. Figure 9 depicts the process scheme of a carboxylic acid
recovery process using a high-boiling solvent and a volatile carboxylic acid.
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Figure 9: Process scheme of carboxylic acid extraction and recovery of a high boiling
point solvent by distillation
With low boiling point solvents such as ethyl acetate, on the other hand, the solvent is
evaporated to obtain a pure carboxylic acid stream as the bottom product. Applying a
low-boiling solvent for extraction can be advantageous for purification of non-volatile
carboxylic acids since the carboxylic acids cannot be recovered as the distillate.
Moreover, the use of a low-boiling solvent can resolve the issue of possible accumulation
of high-boiling impurities in the extract phase. However, the method requires distillation
of the solvent, which can be energy intensive.
4.3.2 Back-extraction
In back-extraction, a sequential extraction is applied to regenerate the solvent. The
obtained product is typically not a high-purity carboxylic acid stream, so an additional
separation operation is necessary. When water is used for back-extraction, a dilute
aqueous product stream of carboxylic acid is often produced. To resolve this issue, an
alkali solution can be used instead of water. However, this produces carboxylate salt of
the carboxylic acid rather than free carboxylic acid. Therefore, the solution requires
acidification to obtain a pure carboxylic acid product, which in turn produces a salt byproduct. Figure 10 describes a simplified process scheme of a carboxylic acid extraction
process using back-extraction for solvent regeneration.
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Figure 10: Simplified process scheme of the carboxylic acid extraction process and
solvent regeneration using back-extraction.
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5. Integrated co-production of cellulose nanocrystals and
fermentable sugars
Production of fuels, chemicals, and materials from renewable resources has been
recognized as an important step in the transition to a sustainable, clean energy economy.
Nanocellulose (NS) is advancing rapidly as a remarkable class of renewable
nanobiomaterials with extensive applications and NS can be produced from biomass at
industrial scales (Yarbrough et al., 2017). These nanobiomaterials can be produced from
a variety of cellulosic feedstock, for example, wood (Wang et al., 2012), grasses (Meng
et al., 2015) and algae (Feng et al., 2015). In general, NS can be grouped into two classes
of nanomaterials: cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs). CNCs
are described as highly crystalline rod-like microfibril fragments in nanoscale dimensions
of 3-10 nm diameter and 50 to 500 nm length (Moon et al., 2011); CNFs are generally
defined as extremely high aspect ratio (the ratio of the length to the width) nanostructures
consisting of cellulose microfibrils or bundles thereof with diameters ranging from a few
to several hundred nanometers and lengths up to several microns (Yarbrough et al., 2017).
The unique properties of these materials, such as high mechanical strength,
biocompatibility, biodegradability and relatively low cost compared to many other classes
of nanomaterials, enable their use in a wide range of applications (Brinchi et al., 2013;
Zhu et al., 2016).

5.1 CNC preparation methods
5.1.1 Acid hydrolysis
The most commonly used production method for CNC is a controlled acid hydrolysis,
which is usually performed in combination with mechanical refining. During the acid
hydrolysis process, crystalline regions exhibit higher resistance to acid attack, while
amorphous domains are preferentially hydrolyzed (Habibi et al., 2010). The acid
protonates either the glycosidic or cyclic oxygen to promote nucleophilic attack of
glycosidic bonds by water (Lu and Hsieh, 2010). Under controlled conditions, the acid
hydrolysis reaches a plateau over a certain period of time, generating CNC fragments that
form the acid resistant crystalline cellulose (Nickerson, 1947). The acid hydrolysis step
is followed by subsequent centrifugation, dialysis and ultrasonication processes (Mariano
et al., 2014).
Sulfuric acid is the most typically used hydrolytic reagent due to the charged sulfate
groups generated by esterification of surface hydroxyl groups during the hydrolysis step
(Yarbrough et al., 2017). These sulfate groups help stabilize the generated CNCs in
aqueous suspensions (Beck-Candanedo et al., 2005). However, the high hydrophilicity of
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sulfated nanocellulose makes drying and dewatering expensive. Moreover, the sulfate
group also limits the suite of surface modification available. In contrast, hydrolysis with
hydrochloric acid maintains the native hydroxyl surface functionality, which provides a
more versatile platform for subsequent surface functionalization (Habibi et al., 2010).
Preserving the native surface chemistry of cellulose in CNC preparation has its own
drawback in that the crystallites tend to aggregate and eventually crash out of aqueous
solutions, particularly at physiological ionic strength. Even though this characteristic may
be problematic for aqueous-phase processing, it can be a desirable property when
significant dewatering is needed to minimize shipping costs or for potential end-use
applications that require dry particles. Although acid hydrolysis has been widely studied
for CNC extraction, the methodology has some restrictions. The main challenges of this
process include high consumption of chemicals, acidic corrosion and the loss of reusable
sugars from hydrolysis of amorphous cellulose in the acid waste stream, and reaction of
the acid with sugars in the waste stream, which reduces acid recovery efficiency
(Kargarzadeh et al., 2017; Beyene et al., 2017).
5.1.2 Hydrolysis with solid acids
This method uses solid acids instead of strong liquid acids for the acid hydrolysis process.
It has been reported that a hydrolysis procedure using an acidic cation exchange resin as
a solid catalyst produced cellulose particles with a yield of approximately 50%, and the
solid acid could be regenerated using a post-treatment procedure (Tang et al., 2011). Liu
et al. (2014) prepared cellulose nanoparticles with diameters of 15-40 nm and lengths of
hundreds of nanometers using hydrolysis of bleached pulp with phosphotungstic acid
(H3PW12O40). The major advantages of using solid acids are the easy recovery of the solid
acid, relatively low equipment corrosion, and safer working environment. On the other
hand, the drawbacks of this method are its low productivity, the very high cost of the solid
acid, the prolonged hydrolysis time, the heterogeneity of the hydrolysis process, and the
wide particle size distribution as a result of the limited contact between the solid acid
granules and the cellulose feedstock (Kargarzadeh et al., 2017).
5.1.3 Hydrolysis with metal salt catalysts
Various types of inorganic salts such as FeCl3, CaCl2, FeSO4, NaCl, KCl, have been
studied in the preparation of micro or nanocrystalline cellulose (Li et al., 2015; Lu et al.,
2014; Hamid et al., 2014). It was found that a transition metal-based catalyst provides a
feasible, controllable and selective hydrolysis process with mild acidity. The valence state
of the metal is the main factor determining the efficiency of the hydrolysis. A higher
valence stage generates more H+ ions, which act effectively in the co-catalyzed acid
hydrolysis reaction in the presence of metal ions (Kamireddy et al., 2013; Yahya et al.,
2015). Furthermore, the accessibility of metal ions for the hydrolysis process improves in
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the presence of acidic medium (HCl) or ultrasonic assisted treatment when applied
synergistically (Li et al., 2015; Lu et al., 2014).
5.1.4 Hydrolysis with gaseous acids
In this method, wet cellulose with a moisture content of up to 80% is hydrolyzed in the
presence of an acidic gas, which is absorbed by the cellulose fibers and reacts with the
moisture of the material (Kargarzadeh et al., 2017). This results in a high local acid
concentration, which leads to an increased rate of hydrolysis of the amorphous regions
and the local interfibril contacts. The CNCs are then isolated following mechanical
grinding and/or ultrasound treatment of the hydrolyzed cellulose. Nitric acid and
trifluoroacetic acid are among the various types of gaseous acids that can be used in this
process. Even though this method contains several environmentally harmful and timeconsuming steps, it has its own advantages, because large volumes of water are not
necessary, the acid recycling is easier, and the dialysis step can be omitted. In addition,
the CNC yield is higher, due to lower cellulose feedstock loss during the gaseous
hydrolysis process (Kontturi et al., 2012).
5.1.5 Enzymatic hydrolysis
Studies on enzymatic production of nanocellulose have been sparse in the literature
compared to reports about acid hydrolysis methods. Most of the studies have focused
primarily on cellulose nanofibril (CNF) or cellulose microfibril preparations (CMF)
(Yarbrough et al., 2017; Kargarzadeh et al., 2017). Various combinations of enzymatic
hydrolysis and mechanical shearing have been used to produce suspensions in which
CNCs and CMFs coexist (Siqueira et al., 2010). Filson et al. (2009) used an
endoglucanase enzyme to prepare nanocellulose (both CNFs and CNCs) from recycled
softwood pulp. They reported that microwave heating allows faster nanoparticle
production than conventional heating.
In general, hydrolytic cellulases can be categorized into three major groups:
endoglucanases that break the amorphous cellulose chains to create chain ends,
exoglucanases/cellobiohydrolases that bind to the reducing/non-reducing ends of the
chains and release cellobiose units, and -glucosidases/cellobiases that break cellobioses
to glucose (Gusakov, 2011). Non-hydrolytic proteins such as carbohydrate binding
modules (bound to the enzymes) and free proteins such as swollenin, expansins and
expansin-like proteins loosen the tightly packed domains, which facilitates enzyme
accessibility (Arantes and Saddler, 2010).

52
5.1.6 Other preparation techniques
A number of other CNC preparation techniques have been investigated, for example,
treatment with ionic liquids (Tan et al., 2015) and 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-mediated oxidation (Saito et al., 2007). However, these techniques often
require a combination of other chemical and mechanical or ultrasound treatments.

5.2 Co-production of CNC and fermentable sugars
In modern lignocellulosic biorefineries, the integrated production of biofuels and valueadded co-products from components in the biomass has become a goal, primarily to
achieve economic self-sustainability, although more efficient usage of natural resources
clearly brings environmental benefits (Yarbrough et al., 2017). Currently, the main
biofuel production strategies are based on the fermentation of C5 and C6 sugars generated
from the polysaccharide components of the feedstock (Decker et al., 2012). This suggests
that recovery of fermentable hydrolysate during nanocellulose production would allow
integrated production of nanocellulose with biofuels (Yarbrough et al., 2017). However,
existing strong acid hydrolysis nanocellulose production methods are incompatible with
biorefinery processes, since the highly acidic hydrolysate is unfavorable for fermentation
and, even after neutralization of the acidic hydrolysate, processing of the neutralized
liquid to make it suitable for fermentation is a major challenge. Moreover, endoglucanase
treatment employed to avoid excessive hydrolysis results in low yield of soluble sugars
(Yarbrough et al., 2017), as these enzymes mostly act on amorphous cellulose with
limited saccharification (Mansfield et al., 1999). This is not a favorable outcome if
coproduction of nanocellulose and biofuel is desired. These limitations can conceivably
be resolved by introducing a combined cellulase-cocktail treatment and acid hydrolysis
in which the cellulase enzymes degrade the amorphous region before the cellulose is acidhydrolyzed (Beyene et al., 2017). While investigation of this enzymatically-mediated
process is motivated primarily by possible improvements in the economics of the overall
CNC production process from recovery and reuse of sugars, the process can also give
insights into other potential uses of biomass and the development of novel materials.
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6. Experimental work
This chapter provides an overview of the experimental methods employed in the current
research. All the experiments in this work were carried out at laboratory scale. Detailed
descriptions of the individual experimental procedures can be found in Publications I-IV.
Principally, the experimental work in this research comprises three distinct parts: PWO
experiments, solvent extraction and regeneration experiments, and enzymatic treatment
and CNC isolation experiments.

6.1 PWO experiments
Partial wet oxidation experiments were conducted in batch Parr autoclave reactors
constructed of type 316 stainless steel with internal volumes of 450 mL (Publication II)
and 600 mL (Publication I). In the experiments, alkaline lignin and cellulose (Whatman™
No. 1 filter paper and wood pulp) were used as model lignocellulosic biomass feedstocks.
The lignin oxidation experiments were carried out in alkaline and neutral aqueous
solutions. Details about the PWO experiments and procedures can be found in Publication
I and II.

6.2 Solvent extraction and regeneration experiments
Initial screening of solvents for the liquid-liquid extraction system was done by
comparing the distribution coefficient of each solvent for formic acid as the extractive
component in the aqueous solutions. This speeds up and simplifies the solvent screening
process as it involves only a single component system. The solvents that showed
promising results for formic acid extraction were further studied for a simultaneous
extraction of formic acid, acetic acid and furfural from aqueous solutions. Solvent
extraction was performed in a 250 mL Erlenmeyer flask at a mixing rate of 500-1000 min1
for about an hour. For this purpose, initial aqueous solutions containing equal amounts
of each of the three components were prepared with a concentration range of 1-8 wt%.
The solvents used are listed in Table 2. These solvents were initially selected because of
their favorable chemical and physical characteristics for acid extraction.
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Table 2: Tested solvents.
Solvent

Chemical
formula

n,n-Dibutylformamide

C9H19NO

Tridodecylamine

C36H75N

A mixture of four
Trialkylphosphine
oxides
1-Octyl-2- pyrrolidone

C12H23NO

Tri-n-octylamine

C24H51N

n-Methylformanilide

C8H9NO

Other name

Supplier

Purity
(wt%)

Boiling
point
( )

Alfa Aesar

99

120 (2 kPa)

Alamine 304

Gognis
corporation

99

220-228
(0.004 kPa)

Cyanex 923

CYTEC

93

310
(6.67 kPa)

Alamine 336

SigmaAldrich

98

170-172
(12 kPa)

SigmaAldrich

98

164-168
(0.093 kPa)

SigmaAldrich

99

243-244
(101.3 kPa)

2-Methytetrahydrofuran C5H10O

SigmaAldrich

98

78-80
(101.3 kPa)

2-Octanone

C8H16O

SigmaAldrich

98

173
(101.3 kPa)

Toluene*

C7H8

SigmaAldrich

99

111
(101.3 kPa)

* is used only as diluent for Alamine 336 solvent.
Solvent regeneration experiments were conducted in a spinning band distillation unit
under vacuum (Figure 11). A feature of the distillation unit is a spinning helical band
made of Teflon that pushes the rising vapors and descending condensate to the wall of the
column, enabling them to come into close contact with each other. This allows a speedy
equilibration and provides for a large number of condensation-vaporization stages.
Further descriptions can be found in Publication III.
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Figure 11: Spinning band distillation unit.

6.3 Enzymatic treatment and CNC isolation
A cellulase cocktail enzyme solution (NS 51129) provided by Novozymes® A/S
(Bagsvaerd, Denmark) was used in the enzymatic treatment/hydrolysis. Before the
enzymatic hydrolysis step, generation of a dosage response curve is required to identify
the cellulase cocktail loading with the most effective activity, which is defined as the
lowest loading with the maximum increase in glucose yield. Details about the cellulasecocktail loading experimental procedure can be found in Publication IV.
Two types of cellulose model substrates, filter paper and wood pulp, were studied in this
work. Enzymatic hydrolysis of the filter paper and wood pulp was carried out in a 500
mL shake flask (20 g in 200 mL) over a period of 2-10 h using the cellulase-cocktail
loading with the most effective activity for each substrate. A 0.05 M sodium citrate
solution at pH 4.8 was used as a buffer in the shake flask, which was incubated for 24 h
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in a shaking water bath at 50 °C. Boiling water was applied for 15 min to terminate the
enzyme activity.
Following the enzymatic treatment, the slurry produced was centrifuged at 33,700×g for
15 min at 20 °C. Undigested solid yield (wt% from the original feedstock) was determined
from the ratio of the mass of freeze-dried solid recovered after enzymatic treatment and
the mass of substrate before enzyme hydrolysis. In addition, the liquid hydrolysate was
analyzed for sugar yield using High Performance Liquid chromatography (HPLC) and
the sugar yield (wt% conversion) was calculated from the ratio of the mass of the
recovered sugar and mass of substrate before enzyme hydrolysis.
A standard procedure developed by InfoTech Alberta for bench-scale acid hydrolysis and
CNC purification was used for the CNC extraction. Accordingly, the cellulase-cocktail
treated solid (8 g) was hydrolyzed with 64 wt% H2SO4 (100 mL) in 500 mL shake flasks.
The acid hydrolysis experiment was performed using overhead stirring (200 rpm) in a
water batch at 45 °C for 2 h (Figure 12).

Figure 12: Experimental setup for the CNC isolation.
After termination of the reaction by dilution with cold water, the suspension went through
subsequent centrifugation as well as re-suspension, neutralization and dialysis steps.
Dialysis was done using a regenerated cellulose membrane tube and the dialysis was
monitored for 3-5 days using a conductometer until the ionic strength of the liquid
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dropped to 100-150 µs/cm, allowing the CNC particles to suspend. Following
centrifugation of the suspension for 10 min, over-sized particles were precipitated and the
supernatants containing the CNCs were collected and oven-dried overnight at 103–105 °C.
Similarly, the precipitated pellets were collected and freeze-dried to determine the amount
of over-sized reject cellulosic materials that was not converted to CNCs by the acid
hydrolysis.

6.4 Analytical methods
Samples from the partial wet oxidation experiments were analyzed for total organic
carbon (TOC) content, chemical oxygen demand (COD), product composition and
molecular weight distribution (MWD). TOC analysis was done using a Shimadzu TOCL analyzer. The COD analysis was performed with a spectrophotometer using a potassium
dichromate method in which the liquid sample was first oxidized with a hot sulfuric acid
solution of potassium dichromate and silver sulfate as the catalyst. Structural changes in
the lignin were examined by monitoring the absolute values of conformational parameters
during the PWO using the SEC-MALLS technique. The composition of the PWO
products, amount of each extractive component (formic acid, acetic acid and furfural) of
the solvent extraction, as well as the sugar yields of the enzyme hydrolysate were
analyzed by HPLC. The water concentration in the organic phase of the LLX was
analyzed by Karl Fischer titration method. The structure of the CNC particles was
analyzed using a Transmission Electron Microscope (TEM). Detailed descriptions of the
procedures used in each analytical method are given in Publications I-IV.
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7. Results and discussion
This chapter presents the most important results of the research. Formic, acetic and
succinic acids were among the major products identified in all experiments involving
lignin oxidation.

7.1 PWO of lignin in an alkaline medium
7.1.1 Effect of temperature and reaction time
The effect of the temperature during the PWO process was studied at 175, 200 and 225 °C
for constant oxygen partial pressure and initial lignin concentration of 10 bar and 40 g/L,
respectively. In general, higher reaction temperatures favored the formation of formic,
acetic and succinic acids. However, formic acid decomposition occurred at 200 and
225 °C, whereas both succinic acid and acetic acid exhibited stability even at higher
temperatures as the reaction continued (see Figure 3 in Publication I). On the other hand,
the yields of glutaconic and oxalic acid decreased significantly at 225 °C (see Figure 4 in
Publication I). This result suggests that the temperature should not exceed 200 °C in order
to minimize the decomposition of these products and to obtain maximum yields.
Irrespective of the initial lignin concentration, the optimum temperature and reaction time
to achieve maximum product yield were 200 °C and 15 min, respectively (Figure 13).

Figure 13: Effect of temperature on the total yield of products at 10 bar of oxygen and an
initial lignin concentration of 40 g/mL.

59
7.1.2 Effect of oxygen partial pressure
The influence of oxygen partial pressure on the total yield of products was examined at
5, 10, and 15 bar of oxygen for constant reaction temperature and lignin concentration of
225 °C and 40 g/L, respectively. The results show that better yield was obtained at higher
oxygen partial pressure, but the effect is not significant when increasing the partial
pressure from 10 to 15 bar compared to the effect when increasing the oxygen partial
pressure from 5 to 10 bar (Figure 14).

Figure 14: Effect of the oxygen partial pressure on the total yield of products at 225 °C
and initial lignin concentration of 40 g/L.
7.1.3 Effect of lignin concentration
The influence of lignin concentration on the yield of products was studied at four different
lignin concentrations. Unlike the temperature and oxygen partial pressure, the lignin
concentration has an indirect effect on the total yield of products (Figure 15a).
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Figure 15: Effect of the initial lignin concentration on (a) the total yield of wet oxidation
products and (b) the differential MWD of lignin at 20 min of reaction time. The reaction
temperature and oxygen partial pressure were 225 °C and 10 bar, respectively.
The indirect effect of lignin concentration on the total yield of products can be explained
by how the molecular weight distribution (MWD) of lignin behaves with changes in lignin
concentration (Figure 15b). When the lignin concentration is increased, the concentration
of lignin fragments is also increased, which consequently promotes the
repolymerization/condensation rate as a side reaction competing with the
degradation/depolymerization reactions of lignin. The repolymerized fragments of lignin
result in a low yield of carboxylic acids as they seemingly are resistant to PWO.
7.1.4 Changes in the structure of lignin during PWO
The behavior of lignin as regards the structural changes during PWO was further studied
using the SEC-MALLS analytical method. Due to the significant cleavage of -O-4
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linkages during the PWO, the molecular weight of the lignin can be expected to decrease
steadily with increasing reaction time. However, the results show an increase in the molar
mass during the reaction period of 5-10 min (see Figure 8, Publication I). This suggests
that the cleavage of -O-4 linkages in the lignin was accompanied by
repolymerization/condensation reactions of lignin fragments, leading to an increase in
molecular size and the generation of a more heterogeneous lignin structure. The
condensation reactions are fast during the initial stages of PWO, and at later stages, the
oxidation reactions become more predominant, causing the molecular mass of the lignin
to decrease. This result is in agreement with the findings of Roberts et al. (2011) who
reported that under severe conditions, recombination of the highly reactive lignin
cleavage products competed with the depolymerization reactions. According to Roberts
et al. (2011), the consecutive addition and condensation reactions of the highly reactive
phenolic and catecholic monomers limit the overall depolymerization and, thus, monomer
formation.
7.1.5 TOC, COD and degree of oxidation
The overall progress of the PWO process was assessed by evaluating the reduction in the
amount of COD at a given time with respect to the original feed sample. The effect of
temperature on COD reduction and TOC removal was studied. Temperature showed a
direct effect on both COD reduction and TOC removal (see Figure 9, Publication I).
While the COD results suggest that higher temperatures are required to achieve complete
degradation of the lignin in the reaction solution, the increase in TOC removal at higher
reaction temperature indicates extensive mineralization of the lignin. Moreover, the TOC
results also demonstrated that the mineralization reaction continued during the reaction
period despite the resistance to PWO of repolymerized/condensed large fragments of
lignin.
The oxidation degree of the organic matter in the liquid phase can be assessed using the
average oxidation state of carbon atoms (AOSC). At the higher reaction temperatures of
200 and 225 °C, the calculated value of the AOSC is close to 2 at the end of the reaction
time (see Figure 10, Publication I), implying that the reaction products are highly
oxidized and that the AOSC is close to the theoretical value of formic acid, acetic acid
and oxalic acid.

7.2 Catalytic PWO of lignin with heteropolyacids
The catalytic potential of two homogenous heteropolyacid catalysts, phosphotungstic acid
(H3PW12O40) and phosphomolybdic acid (H3PMo12O40), for the partial wet oxidation of
lignin was assessed based on their effectiveness as regards carboxylic acid yield and
lignin conversion. The effect of different operational conditions was investigated.
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Accordingly, the optimal conditions to achieve the maximum yield of products and lignin
conversion were determined. The results of catalytic PWO of lignin were also compared
for similar operational conditions with those of non-catalytic experiments.
7.2.1 Influence of temperature and reaction time
To study the effects of temperature and reaction time on the total yield of carboxylic acids
(TCA) and lignin conversion, experiments were conducted at 175 °C, 200 °C and 225 °C.
It was found that both temperature and reaction time significantly affected the yield of
carboxylic acids as well as lignin conversion (Figure 16). As depicted in Figure 16a, with
the non-catalytic experiments and the H3PMo12O40 experiments, the optimum conditions
for maximum yield of products were a temperature of 200 °C and reaction time of 60 min.
With the H3PW12O40 experiments, the optimal conditions were 175 °C and a reaction time
of 60 min. Thus, the corresponding maximum yield of TCA was 26% for the non-catalytic
experiments, 22% for the phosphotungstic acid (H3PW12O40) experiments, and 40% for
the phosphomolybdic acid (H3PMo12O40) experiments.
As regards lignin conversions, significantly better results were achieved with the HPA
catalysts than in the non-catalytic experiments. As shown in Figure 16b, both the reaction
temperature and reaction time showed direct effects on the lignin conversion. The
maximum lignin conversions achieved were 56% for the non-catalytic, 76% for the
H3PW12O40, and 84% for the H3PMo12O40 experiments.
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Figure 16: Effect of temperature and reaction time on (a) the total carboxylic acids yield
and (b) lignin conversion. In the experiments, the lignin-to-catalyst ratio was 2:1 (w/w).
7.2.2 Yield and selectivity of the main detected products
In general, in almost all conditions, the best yield and selectivity for formic and acetic
acids were achieved with the H3PMo12O40 catalyst (Table 3). The non-catalytic and
H3PW12O4 experiments provided slightly better succinic acid selectivity compared to the
H3PMo12O40 experiments. However, a comparable yield was obtained for succinic acid in
all the experiments.
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Table 3: Yields and selectivities of the main detected carboxylic acids at a reaction time
of 60 min. The lignin-to-catalyst ratio was 2:1 (w/w) for both studied catalysts.
Experiment

Noncatalytic

H3PW12O4

H3PMo12O40

Temperature

Conversion

TCA

Formic acid

Acetic acid

Succinic acid

(°C)

(%)

(%)

Yield
(%)

Selectivity
(%)

Yield
(%)

Selectivity
(%)

Yield
(%)

Selectivity
(%)

175

38

22.5

8.6

22.5

6.1

16.0

0.9

2.4

200

48

26.0

16.0

33.3

6.5

13.5

1.2

2.5

225

52

24.0

12.0

23.1

4.8

9.2

0.8

1.5

175

62

22.0

15.4

24.8

0.4

0.7

1.8

1.8

200

60

14.0

9.8

16.3

0.3

0.5

1.1

2.8

225

72

12.0

8.4

11.7

0.2

0.3

1.0

3.8

175

70

33.0

21.5

30.6

8.9

12.7

1.0

1.4

200

74

40.0

26.0

35.1

10.8

14.6

1.2

1.6

225

80

30.0

19.5

24.4

8.1

10.1

0.9

1.1

7.2.3 Effect of catalyst concentration
The effect of the lignin-to-catalyst mass ratio was investigated at 200 °C and 60 min
reaction time. As can be seen from Figure 17a, the total yield of carboxylic acids was
significantly affected by the lignin-to-catalyst mass ratio used. With the H3PW12O40
catalyst, the TCA yield increased from 15 to 20%, when increasing the amount of catalyst
(catalyst-to-lignin mass ratio) from half to equal amounts relative to the lignin. However,
further increases in the amount of catalyst led to a reduced yield of products. In the case
of the H3PMo12O40 catalyst, increasing the amount of catalyst by up to two times the
amount of the lignin slightly improved the yield of carboxylic acids (from 40 to 45%).
However, the overall carboxylic acid yield was reduced to 30% when the concentration
of H3PMo12O40 was four times the amount of lignin.
Unlike the yield of products, the lignin conversion steadily increased at higher catalyst
concentration levels (Figure 17b). The maximum lignin conversion was obtained when
the catalyst-to-lignin mass ratio was 4:1, resulting in 95% lignin conversion for the
H3PMo12O40 catalyst and about 90% for the H3PW12O40 catalyst. The lignin conversion
obtained by both catalysts was notably higher that those obtained from heterogeneous
catalysts such as LaMnO3 (Deng et al., 2008) and LaCoO3 (Deng et al., 2009) or base
catalysts reported by Toledano et al. (2012). However, it is noteworthy that the reaction
conditions used in the aforementioned literature studies vary from those used in this work.
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Figure 17: Effects of the lignin-to-catalyst ratio (w:w) on (a) the total yield of carboxylic
acids, and (b) lignin conversion at 200 °C with a 60-min reaction time.
7.2.4 Acid hydrolysis efficiency and oxidation potential of HPA catalysts
During batch oxidation, a combination of acid hydrolysis and oxidation can be expected
when using HPAs as catalysts. Both H3PW12O40 and H3PMo12O40 are strong and fully
dissociated acids in aqueous solutions. H3PW12O40 is regarded as the strongest acid in the
Keggin series (Kozhevnikov, 1998). This characteristic makes phosphotungstic acid
preferable for acid hydrolysis of biomass. The effect of the acid hydrolysis was
investigated using samples taken at 0 reaction time before the start of oxidation. The
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results (see Figure 2 in Publication II) indicated that the phosphotungstic acid catalyst
gave the highest yield of carboxylic acids during the preheating period in all cases. It was
suggested that the result can be attributed to the excellent acid hydrolyzing ability of the
phosphotungstic acid due to its strong acid strength. A more detailed description can be
found in Publication II.
The partial oxidation of lignin seemed to be controlled less by the acid strength of the
catalysts than the oxidation potential of the catalysts. As reported by Kozhevnikov (1998),
the oxidation potential of HPAs, which determines their reducibility, follows the order
PMO > SiMo >> PW > SiW. Therefore, the higher yield of carboxylic acids achieved by
H3PMo12O40 can presumably be attributed to its superior oxidation potential compared
with H3PW12O40.
7.2.5 Recoverability of HPA catalysts
To make the PWO of lignin an environmentally friendly and potentially economically
viable process, an effective recycling method should be employed to offset the higher cost
of HPA catalysts relative to mineral acids. Various methods to recover HPA catalysts
have been considered in the literature. Chowdhury et al. (2006) exploited the
macromolecular size of HPAs to recover them with a mesoporous ceramic membrane.
Solvent extraction has also been used to recover HPA catalysts (Tian et al., 2013). Zhao
et al. (2013) applied a low molecular alcohol to react with the formed carboxylic acids to
generate volatile ester compounds, which can be readily removed from the reaction
mixture via evaporation or distillation. The feasibility of some of the recovery methods
in large-scale industrial processes can be considered questionable, and they thus require
further study. In this work, the recoverability of the used catalysts was demonstrated.
More than 82 % of the H3PW12O40 catalyst was recovered by solvent extraction using
diethyl ether, as described in detail in Publication II. The recovery of H3PMo12O40 catalyst
was carried out in a vacuum dryer at 90 °C by exploiting the high molecular weight of
the H3PMo12O40.

7.3 Comparison of solvents for the recovery of carboxylic acids and furfural
7.3.1 Solvent screening based on formic acid extraction
In the design of a solvent extraction system, the liquid-liquid equilibrium diagram
provides important information about the behavior of the system. To generate the liquidliquid equilibrium diagram, the solvent candidates passed through an initial screening
process using formic acid as the only extractive component in a synthetic aqueous
hydrolysate solution (5-37 wt%). Figure 18 shows the equilibrium curves of formic acid
for all the solvents tested.
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Figure 18: Equilibrium curves of formic acid for different solvents at 25 °C.
For the tested solvents, Cyanex 923, n,n-dibutylformamide, Alamine 336, Alamine 304,
and 1-octyl-2-pyrrolidone showed potentially good extraction results at either low formic
acid concentrations in the raffinate phase (below 5 wt%) or higher concentrations (above
12.5 wt%). After the initial screening, the solvents were studied further for regeneration
in a spinning band distillation unit under a vacuum. The distillation temperature that can
be used in solvent regeneration is limited by the potential thermal decomposition of the
extractive component at higher temperatures. Separate study of the thermal
decomposition of formic acid in Cyanex 923 demonstrated that regeneration should be
operated under conditions in which formic acid loss is minimized. Accordingly, the
maximum distillation temperature for formic acid regeneration in Cyanex 923 should not
exceed 200 C. The total loss of acid during distillation was determined by the mass
balance of the analyzed concentration of formic acid in the feed, residue and distillate.
The most favorable regeneration results and operating conditions for each solvent based
on the series of experiments are presented in Table 4.
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Table 4: Solvent regeneration results for formic acid.
Loaded solvent

Max distillation
temperature
(°C)

Vacuum
pressure
(kPa)

Formic acid
stripped from
solvent
(wt%)

Alamine 336

173

4.1-6.8

97.6

Cyanex 923

195

3.1-4.9

75

n,ndibutylformamide

150

5.9-6.3

85

Alamine 304

150

5.6-5.7

88

1-octyl-2-pyrrolidone

148

3.6-4.4

81

Of the tested solvents, Alamine 336 showed by far the best formic acid removal, with
97.6% acid stripped from the solvent. In addition, Alamine 336 required a lower
distillation temperature than Cyanex 923. Comparable results were also obtained with
Alamine 304 and n,n-dibutylformamide solvents. The required operating conditions for
Alamine 304 are, however, far from the boiling point of the solvent and hence there is no
risk of distilling the solvent along with the formic acid.
Regeneration of 2-MTHF can be carried out in a straightforward manner as the solvent
does not require high temperature and vacuum conditions and can be relatively easily
recovered by distillation.
7.3.2 Phase separation and the formation of intermediates
Another important factor when choosing a suitable solvent is the absence or presence of
emulsion or intermediate phases. While the formation of an emulsion often only affects
the settling time of the phases, an intermediate phase, although not necessarily affecting
the settling time, can make the entire process more complex because of the need for
additional handling.
In general, fast (less than 30 min) rates of phase separation were obtained for n,ndibutylformamide, Cyanex 923, n-methylformanilide, 2-MTHF and 1-octyl-2pyrrolidone solvents. For pure Alamine 336, the mixing speeds (500, 700 and 1000 rpm)
during extraction had a noticeable effect on the rate of phase separation. At the highest
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mixing speed (1000 rpm), for instance, the settling time was long (about 12 h) and a
significant amount of emulsion as well as two distinct organic phases were formed during
the extraction. When operating at a reduced mixing rate of 700 rpm, the total settling time
reduced substantially to 0.5 h, with a small volume of emulsion formed at the walls of the
settling vessel. These results suggest that an optimal mixing rate should be used in order
to avoid the formation of emulsion while also ensuring an effective extraction. At 500
rpm mixing speed, the settling time was less than 15 min, with an absence of emulsion.
In the case of Alamine 304, the rate of phase separation was too slow for all mixing rates
and an intermediate (third) phase was formed during the extraction. The slow rate of phase
separation should be taken into account in solvent selection as it may cause problems,
particularly for operations in continuously fed extraction equipment.
Toluene was used as a diluent for Alamine 336 due to its minimal interaction with watersoluble carboxylic acids. In addition, its use as diluent prevented emulsion formation,
thereby enhancing the rate of phase separation.
7.3.3 Extraction of a mixture of formic acid, acetic acid and furfural with Alamine
336-toluene and 2-MTHF solvents
Aqueous solutions containing a mixture of formic acid, acetic acid and furfural were used
to study the extraction efficiency of Alamine 336-toluene (1:1 by volume) and 2-MTHF.
The two solvents were selected based on their extraction (Alamine 336-toluene) and
regeneration (2-MTHF) results. Due to the non-linear equilibrium of the Alamine 336toluene solvent, the distribution coefficients and separation factors for each extractive
component depend strongly on the concentration level of the initial aqueous solution (see
Table 4 in Publication III). In general, higher KDE values (6.56-6.8) for furfural were
obtained for the 2-MTHF solvent, while higher KDE values (2.69-5.30) for formic acid
were obtained for Alamine 336-toluene. For acetic acid, the difference between the two
solvents is insignificant. On the other hand, the highest separation factor for each
extractive component was achieved when Alamine 336-toluene was used as a solvent,
primarily due to the low mutual solubility between water and the solvent, as described in
detail in Publication III. In addition, it was found that the extraction temperature affects
both the distribution coefficients and the separation factors of the extracted components.
For furfural, the distribution coefficients and separation factor increased with temperature.
For acetic acid and formic acid, however, they both decreased with extraction temperature
due to the unfavorable equilibrium at high temperatures.
Overall, the results from this study imply that Alamine 336-toluene provides the most
promising results as regards the extraction of formic acid, whereas the extraction of
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furfural was better when using 2-MTHF. For acetic acid, there was only a small difference
in equilibrium for both solvents.

7.4 Enzymatic hydrolysis and CNC isolation
7.4.1 Sugar yields
Fermentable sugars produced from the enzymatic treatment (2-10 h) of filter paper and
wood pulp were assessed. Glucose yields up to 42 wt% were obtained from the enzymatic
hydrolysis of the WhatmanTM filter paper (Figure 19a). The glucose yield increased within
2-6 hours of enzymatic treatment, after which there was no significant chnage in the yield.
During initial stages of the enzymatic hydrolysis, it can be expected that the easily
accessible amorphous cellulose is degraded rapidly and the hydrolysis rate reaches a
steady state when the residual cellulose becomes recalcitrant (Lee et al., 1983). Xylose
yield from the filter paper (Figure 19a) was relatively low ( 1.3 wt%) because the filter
paper is made from cotton, which is almost completely composed of cellulose (98%) with
only a small fraction of hemicelluloses (0.5%) ( Fan et al., 1980).
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Figure 19: Glucose and xylose yields from enzymatic treatment of (a) WhatmanTM filter
paper and (b) wood pulp over a period of 2-10 h.

The enzymatic hydrolysis of wood pulp achieved glucose yield of 21.0 to 44.2 wt % and
xylose yield of 6.1 to 12.1 wt % during the 10 h treatment (see Figure 19b). Yields of
both sugars grew constantly over the 10 h treatment, with the exception of glucose where
there was a slight drop between 6 and 8 h (p < 0.05).
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The residual solids after enzymatic hydrolysis were washed and freeze-dried. Gravimetric
analysis of the freeze-dried solid was performed to determine the undigested solid (wt%
substrate) and assess the mass loss (Table 5). The acid hydrolysis of the undigested solid
was carried out at a constant solid (8 g) to acid (100 mL) ratio to extract CNCs. The CNC
yield calculated as wt% of the acid-hydrolyzed feedstock indicates the effect of the
enzymatic treatment on the acid-hydrolyzed feedstock and the overall CNC yield
(calculated based on wt% of the original feedstock) accounts for the mass loss due to
enzymatic scarification of cellulose chains.
Table 5: Undigested solid and CNC yields from cellulase-cocktail treated filter paper and
wood pulp.
Enzymatic
treatment
(h)

Filter paper
Undigested
solid

CNC yield

Wood pulp
Overall
CNC yield

Undigested
solid

(wt%
original
feedstock)

(wt%
substrate)

CNC yield
(wt% acidhydrolyzed
feedstock)

Overall
CNC yield

(wt%
substrate)

(wt% acidhydrolyzed
feedstock)

0

99.5 ± 0.5A

59.3 ± 0.1A

59.0 ± 0.4A

100.5 ± 0.5a

10.3 ± 0.1a

10.3 ± 0.1ab

2

79.2 ± 0.2B

63.8 ± 2.7B

50.5 ± 2.2B

74.5 ± 0.7b

16.2 ± 1.5b

12.1 ± 1.0a

4

70.4 ± 0.4C

65.2 ± 0.8B

45.9 ± 0.6C

62.7 ± 1.3c

17.7 ± 0.9b

11.1 ± 0.7a

6

65.4 ± 0.2D

66.7 ± 1.6BC

43.6 ± 1.1C

54.0 ± 1.4d

19.2 ± 1.5b

10.3 ± 0.7ab

8

62.5 ± 2.3E

67.2 ± 0.6BC

42.0 ± 2.0C

50.7 ± 0.2e

17.3 ± 1.9b

8.8 ± 1.0bc

10

60.0 ± 0.2E

69.9 ± 1.8C*

42.0 ± 1.2C*

45.4 ± 1.8f

18.4 ± 0.7b

8.3 ± 0.2c

(wt%
original
feedstock)

Values within columns that are denoted by non-identical letters (in superscript) are significantly different
(p < 0.05). *Means and standard deviations were calculated from duplicates.

7.4.2 CNC yield (wt% acid-hydrolyzed feedstock)
As shown in Table 5, the CNC yields obtained from the cellulase-cocktail treated filter
paper and wood pulp ranged from 59.3 to 69.9 and from 10.3 to 18.4 wt% of the acidhydrolyzed feedstock, respectively. Relative to the original (untreated) feedstock, the
enzymatic treatment improved the yields by 8-18% for the filter paper and by 58-86% for
the wood pulp (see Publication IV). Based on these results, it can be suggested that the
rapid degradation of amorphous cellulose by the enzymes and significant accumulation
of CNC precursor in the residual solids due to the relative inaccessibility of the crystalline
cellulose could contribute to the CNC yield improvements. Moreover, hydrolysis of
hemicellulose in wood pulp promotes CNC precursor concentration as the hemicellulose
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has no contribution to the CNC product. Hence, it is highly possible that the concentrated
CNC precursors in the enzyme treated feedstock were efficiently hydrolyzed by the acid,
thereby releasing more CNC (wt% acid-hydrolyzed feedstock) than with the untreated
pulp/filter paper. Consequently, the amount of sugars and their degradation products
entering into the acid waste stream is greatly reduced, which in turn eases the acid
recovery process (Marcoccia et al., 2013). When comparing the two feedstocks, CNC
yield from the filter paper was up to six times higher than from the wood pulp irrespective
of the enzyme treatment. This result implies that the filter paper has a considerably higher
composition of CNC precursors with high crystallinity than the wood pulp, thus providing
better CNC yield.
7.4.3 Overall CNC yield (wt% original feedstock)
The overall CNC yield is an important indication of CNC precursor disintegration or
dissolution during enzymatic and/or acid hydrolysis with respect to the untreated
feedstock. As shown in Table 5, the overall CNC yield from the enzyme-treated filter
paper decreased significantly relative to the untreated substrate and started to reach a
steady level after 4 h, which indicates that a significant amount of CNC precursors in the
filter paper substrates were degraded during the enzymatic and/or acid hydrolysis. Even
during the early stages of enzymatic hydrolysis (2 h) of the filter paper, the overall CNC
yield was reduced by 17 % relative to the undigested substrate. Nevertheless, there was
no major difference in the overall yield from the 4 and 10 h treatment periods, presumably
because of the recalcitrance of the residual solids. On the other hand, there was no notable
difference in the overall CNC yield from the cellulase-cocktail-treated wood pulp from
the 2 to 8 h treatment relative to the original feedstock, suggesting that degradation of
amorphous cellulose was comparably selective in the wood pulp substrate.
The total value added products (CNCs and sugars) obtained from both substrates via the
enzymatically mediated process were assessed (Figure 20). The total yield of value-added
products ranged from 59 to 85 % for filter paper and from 10.3 to 64.6% for wood pulp
relative to the original feedstock.
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Figure 20: Total value-added products (CNC and sugars, wt% original feedstock)
extracted from (a) filter paper and (b) wood pulp via the enzyme-mediated CNC
production process. The error bars represent the standard deviation of the total valueadded products (wt% original feedstock). The bars that are denoted by non-identical
letters are significantly different (p < 0.05). The means and standard deviations for CNC
yield from filter paper, cellulase-cocktail treated for 10 h, were calculated from duplicates.

The process economics of the CNC industry can be improved by co-generation of sugars
and enhanced acid hydrolysis efficiency. However, the reduced overall CNC yield for the
filter paper could affect the economic feasibility of using filter paper as a feedstock. The
overall CNC yield from wood pulp substrate, in wt%, was unaffected during the 2-8 h
enzymatic treatment. The results for wood pulp substrate are very promising and further
techno-economic studies to assess the full potential of the enzymatically mediated process
can be considered warranted.
7.4.4 Structure of the CNCs
The structures of the CNC particles isolated from the untreated and enzyme-treated
feedstock were analyzed with TEM (Figure 21). The CNC particles exhibited nanoscale
size and had elongated needle-like shape. CNC particles from the wood pulp appeared to
have narrower width than those from filter paper.
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Figure 21: TEM images of CNCs isolated from: (a) untreated filter paper; (b) 8 h enzymetreated filter paper; (c) untreated wood pulp and (d) 8 h enzyme-treated wood pulp.
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8. Conclusions and suggestions for future work
8.1 Conclusions
The work reported in this thesis studied the production of value-added chemicals and
materials from lignocellulosic raw materials. The study considered a number of issues
related to the topic, such as partial wet oxidation of biomass to produce carboxylic acids,
recovery of carboxylic acids from aqueous solutions, and the production of cellulose
nanocrystals. The potential of partial wet oxidation for the production of value-added
products from lignocellulosic materials was examined experimentally. The main products
identified include formic acid, acetic acid and succinic acid. The effects of different
operational parameters were determined to enable evaluation of the maximum yield of
products. It was found that the reaction time and temperature are crucial for achieving the
optimum yield of products, because lower-molecular carboxylic acids are susceptible to
thermal decomposition at higher temperatures. In an alkaline medium, the total yield of
partial wet oxidation products was remarkably affected by the lignin concentration, with
the maximum yield percentage (44%) obtained at the lowest lignin concentration. It was
concluded that this reduction could be attributed to repolymerization/condensation side
reactions of lignin fragments that compete with oxidative lining depolymerization
reactions.
The catalytic potential of two homogenous heteropolyacid catalysts, phosphotungstic acid
(H3PW12O40) and phosphomolybdic acid (H3PMo12O40), was evaluated for partial wet
oxidation of lignin based on their effectiveness with respect to carboxylic acid yield and
lignin conversion. It was shown that the amount of catalyst used relative to the lignin
significantly affected both the yield of the products and the lignin conversion rate. The
phosphomolybdate catalyst (H3PMo12O4) gave the best results, with a maximum yield of
carboxylic acids up to 45% and lignin conversion of 95%. The two-heteropolyacids
showed different catalytic behaviors and the type of addenda atom in the HPA catalyst
appears to determine the reaction pathway of the lignin oxidation, with Mo favoring a
selective oxidation reaction. It was also shown that both catalysts can be recovered after
use, thus making partial lignin wet oxidation an environmentally friendly and potentially
economically viable process.
The recovery of formic acid, acetic acid, and furfural from aqueous solutions was studied
using solvent extraction. It was discovered that no solvent or solvent mixture has been
reported in literature for a mixture of these particular compounds; and, therefore, it was
necessary to develop a suitable solvent system. Initial screening of solvents for a liquidliquid extraction system was carried out by comparing the distribution coefficients of each
solvent for formic acid as the extractive component. This approach simplifies and speeds
up the solvent screening process as it involves only a single component system. It was
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found that a lower mixing rate improved the rate of phase separation for Alamine 336
solvent. In addition, the use of toluene as a diluent for Alamine 336 prevented the
formation of a third intermediate phase. Overall, it was shown that the equilibrium
favored the extraction of formic acid for Alamine 336 and the extraction of furfural for
2-MTHF. For acetic acid, the difference in the distribution coefficients between the two
solvents was negligible.
In this work, the effect of introducing a cellulase-cocktail treatment system prior to an
acid hydrolysis process for isolating cellulose nanocrystals (CNCs) from a cellulosebased model feedstock was investigated. With this enzyme-mediated approach, a
significant improvement in CNC yield (8-86 wt%) was achieved for acid hydrolysis of a
given weight of cellulosic feedstock. Moreover, significant recovery of fermentable
sugars (20-60 wt%), which otherwise would have entered the acid waste stream, was
realized. These findings imply that the use of an enzymatically mediated acid hydrolysis
process in co-production of fermentable sugars for additional income and as a means to
improve acid hydrolysis efficiency to offset CNC production costs has considerable
potential.

8.2 Suggestions for future work
The work carried out in this dissertation has shown the potential of lignocellulosic
biomass as a source of valuable chemicals and materials, but it has also revealed the need
for further studies. Some areas related to the topic of this work that are worthy of further
investigation are briefly described below.
In the partial wet oxidation experiments, commercially produced alkali lignin was used
as a model lignocellulosic starting material. If considering real case scenarios, the direct
use of lignocellulosic biomass wastes, such as forestry residues, as raw materials can be
expected to provide a more feasible path to sustainable production of bio-based chemicals
by partial wet oxidation. In this case, a two-step process that combines partial wet
oxidation and acid hydrolysis might be more efficient for conversion of both the lignin
and cellulose fractions to their respective derivative products.
Kinetic studies and development of reliable mathematical models for the partial wet
oxidation would advance and extend understanding of the experimental findings obtained.
In addition, process intensification techniques such as microwave irradiation could be
applied to the partial wet oxidation process to increase the reaction rate in conversion of
lignocellulose. Using such approaches, it may be possible to increase process efficiency
and reduce investment costs.
The recoverability of the heteropoly acid catalysts by solvent extraction and vacuum
evaporation was demonstrated in this work. However, the feasibility of these methods in
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large-scale industrial processes is unproven and hence requires further study. The results
of the extraction experiments can be further applied in the design of liquid-liquid
extraction columns using process simulations. Although the work in this study has
demonstrated the feasibility of using lignocellulosic biomass as a resource, evaluation of
the process costs and profitability analysis would provide insight into whether the
proposed separation method is techno-economically feasible.
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Alkaline Partial Wet Oxidation of Lignin for
the Production of Carboxylic Acids
The production of carboxylic acids by partial wet oxidation of alkali lignin was
studied experimentally. The factors influencing the different types of products,
their yields and concentrations were investigated. Formic, acetic, succinic, oxalic,
and glutaconic acid were the main identified products. Both the temperature and
oxygen partial pressure are shown to have direct effects on the product yields
whereas the lignin concentration has an indirect effect. At low lignin concentrations, the yield of products was relatively high. However, at higher concentrations,
the yield decreased. By measuring the lignin molecular weight distributions, it is
shown that this decrease is linked to repolymerization/condensation reactions of
lignin fragments which compete with oxidative lignin depolymerization.
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Introduction

The vast majority of synthetic products and chemicals are produced from fossil raw materials. However, the utilization of
fossil resources will eventually become unsustainable due to the
global population increase, rising prices, the decline in easily
available resources, and environmental issues [1]. Therefore,
the shift towards the production of chemicals and fuels from
renewable and greener raw materials is crucial to become independent of crude oil and to permit the transfer to a more sustainable and carbon-neutral society [2, 3]. Unlike energy, which
can be obtained by various green technologies such as solar,
hydro- and wind power, many commonly used chemicals can
only be produced using carbon sources. In this context, the use
of biomass as a source of raw material is worthy of study in the
search for alternative and renewable sources for fuels and
chemicals [3].
The growing interest in non-edible feedstocks as a renewable
resource has brought about extensive research on the valorization of lignocellulose and its components for the production of
chemicals and fuels [4–7]. Non-edible sources of biomass such
as forest residues, grasses, and wastes from the forest products
industry are preferred sources since this biomass feedstock
does not compete with the food chain [8]. Lignin, a main con-
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stituent of lignocellulose, is the second most abundant resource
in nature after cellulose and accounts for about 25 % of the
world’s biomass. It is estimated that 70 million tons of lignin is
annually produced worldwide from the pulp and paper industry alone [5, 7]. Lignin is also the largest renewable source of
biopolymers [9]. However, unlike cellulose and hemicellulose,
lignin has received limited attention and its potential has been
underutilized with regard to valorization [6, 10]. The main reason for the limited interest is that, unlike cellulose and hemicellulose which are easily convertible fractions of wood, the heterogeneous and cross-linked structure of the lignin molecule
complicates its controlled depolymerization into single chemicals [3, 9]. Nevertheless, it is clear that lignin holds promise as
a significant resource for the production of a wide range of renewable chemicals, due to its high energy content, its aromatic
structure, the presence of highly reactive groups, and the fact
that it will be generated in large quantities as second-generation biorefineries are deployed [10].
Various approaches for the transformation of lignocellulose
and lignin to yield high-value products are discussed in the literature, including gasification, pyrolysis, solvolysis, hydrogenolysis, hydrolysis, and oxidation [2]. Partial wet oxidation
(PWO) by molecular oxygen has received attention as a potential process for the production of chemicals from biomass
wastes. In wet oxidation, the organics are oxidized at elevated
temperatures (125–320 C) and pressures (0.5–2 MPa) using
oxygen as the oxidizing agent. The liquid phase is maintained
by high pressure, which also increases the concentration of dissolved oxygen and thus the oxidation rate [11]. When sufficiently high temperatures and/or sufficiently long residence
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times are not used, partial oxidation occurs, leading to the formation of mostly low-molecular-weight organic products [12].
The wet oxidation process has the advantages that it uses relatively cheap molecular oxygen and that it does not involve the
use of other harmful chemical reagents [12]. Due to the presence of hydroxyl groups, lignin is a good candidate for oxidation or oxidative cracking [2]. The reactions during oxidation
involve the cleavage of lignin rings, aryl ether bonds, or other
linkages within the lignin [13].
A number of investigators have examined the conversion of
a variety of organics to chemicals by wet oxidation. McGinnis
et al. [14], for instance, considered the conversion of ground
wood into chemicals at 170–230 C. The main detected chemicals were formic acid, acetic acid, and glycolic acid. The maximum yield for formic acid was about 30 % from the initial
mass. Klinke et al. [15] studied the degradation products from
alkaline wet oxidation of wheat straw. As in the work of
McGinnis et al. [14], the main compounds detected were formic acid, acetic acid, and glycolic acid, with a total yield of
13 % from the dry mass of the straw. A two-stage process for
the production of acetic acid from biomass has also been investigated [16–18]. The first stage, in which polysaccharides are
hydrolyzed to monosaccharaides and degraded at the same
time to produce furans and lactic acid, is a hydrothermal process that operates at high temperature in the absence of oxygen.
The second stage involves further conversion of the furans and
lactic acid into acetic acid by wet oxidation. According to the
authors, this two-stage process maximizes acetic acid production, with a good yield of 40 % from a carbon base. Suzuki et al.
[19] have used lignin model compounds to study the possibility
of acetic acid production by wet oxidation. However, wet oxidation of guaiacol, syringol, and phenol as lignin model compounds resulted in low acetic acid yields [19].
PWO of lignin can be carried out either non-catalytically or
catalytically activated by a variety of catalysts. Various types of
catalysts from expensive noble metals [20–22] to inexpensive
metal ions such as iron, copper, and cobalt have been extensively studied [23–27] for a lignin catalytic wet oxidation process. In general, the lignin conversion rate and the yield of aromatic aldehydes are enhanced significantly in catalytic
processes compared with non-catalytic processes [28].
The molecular weight of lignin is a fundamental property
that influences the recalcitrance of biomass and the valorization of lignin [29]. It has become an issue of significant
research interest both for understanding the fundamental factors contributing to recalcitrance and for material applications
of lignin [30]. Conformational parameters, including the
molecular weight distribution (MWD), degree of polymerization, and molecular size distribution, can help to understand
how the lignin structure changes during the PWO reaction.
Previous studies have adopted the size exclusion chromatography (SEC) techique to determine the relative MWD of lignin
[31, 32]. However, lack of commerical absolute weight standards for calibration has restricted the use of the SEC technique
[33]. The SEC-MALLS method, which combines SEC with
multi-angle laser light scattering (MALLS) and differential
refractive index (DRI) determination, is a major improvement
in determining conformational parameters of lignin, such as
the average molecular weight, degree of polymerization, poly-
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dispersity, and root-mean-square radius of lignin molecules,
without the need for molecular weight standards [34].
In this work, the type of PWO products, their yields, and the
effects of the operation conditions, such as temperature, reaction time, and oxygen partial pressure, are explored. Moreover,
the effect of the lignin concentration on the simultaneously
occurring repolymerization/condensation reactions is also
investigated. The structural changes of lignin are examined by
monitoring the absolute values of conformational parameters
during the PWO using SEC-MALLS as the major analytical
tool.

2

Reaction Scheme of Wet Oxidation

Due to its complexity, the exact mechanism or reaction pathway of wet oxidation of organic compounds has not been
established. Li et al. [35] proposed a generalized kinetic model
based on a simplified reaction scheme involving the formation
and destruction of rate-controlling intermediates. According to
the model, the substances present in the wet oxidation process
are classified into three groups:
– Group A includes all primary degradation products.
– Group B comprises secondary degradation products (e.g.,
carboxylic acids).
– Group C includes mineralization products (i.e., CO2 and
H2O).
A scheme of the reaction pathways for wet oxidation of
organic compounds is illustrated in Fig. 1.

Figure 1. Scheme of the reaction pathways.

As shown in Fig. 1, the compounds in group A can follow
two pathways. In the first path, they are oxidized to form the
typical end products, CO2 and H2O. In the second path, intermediate compounds are formed by partial oxidation of the
organic compounds. If the reaction rate of R2 is much slower
than the rate of R1, the organic compounds are easily oxidized
and have little tendency to form stable intermediates. On the
other hand, when R2 is fast, the formation of intermediate
products (B) is more favored and the oxidation is not complete.
The kinetics of the reaction for compounds A and B can be
expressed by the following equations1) [35]:
E
E
d½A
1
2
¼ k01 e RT ½A½O2 n1 þ k02 e RT ½A½O2 n2
dt

(1)

d½B
¼ k 01 eE1=RT ½B½O2 n3 þ k02 eE2 =RT ½A½O2 n2
dt

(2)

–
1)

List of symbols at the end of the paper.
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3

Experiments

3.1 Materials
A commercially made alkali lignin provided by Sigma-Aldrich
was used in the laboratory experiments. Ultrapure water was
provided by a Milli-Q Integral Water Purification System
(Millipore).

(300 ·7.8 mm) column were used. Peak identification of intermediate compounds from the wet oxidation reaction was done
by comparing the sample peak retention times with those of
standard solutions of the pure compounds.
The yield of carboxylic acids from lignin was calculated as
follows:
mg

yield ¼

Concentration of acid produced ð Þ
mg

Initial lignin concentration ð Þ

l

!
· 100 %

l

(3)

3.2 Experimental Procedure
PWO experiments were conducted in a batch autoclave reactor
with an internal volume of 600 mL, constructed of type 316
stainless steel. Alkali lignin solutions of four different concentrations, 4, 10, 20, and 40 g L–1, were prepared for the experiments. Since alkali lignin is soluble in basic media, a 0.1 M
NaOH solution was prepared and used to dissolve the alkali
lignin at 50 C. The pH of the solution was maintained at 11
for the subsequent experiments. The air inside the reactor vessel was removed prior to starting the experiments, using 5 bar
of nitrogen to avoid any possible oxidation of lignin with air
during the preheating period before the desired operating temperature is reached. The mixing rate was kept constant at
1000 rpm throughout the experiments. After preheating of the
solution to the desired temperature, pure oxygen was introduced into the vessel up to the desired oxygen partial pressure,
which was fixed as the starting point of the oxidation reaction.
The influence of the temperature during the PWO reaction was
studied at 175, 200, and 225 C. In these experiments, the initial
lignin concentration was 40 g L–1 and the oxygen partial pressure was maintained constant at 10 bar. The effect of the oxygen partial pressure on the wet oxidation reaction was studied
at 5, 10, and 15 bar. In these experiments, the initial lignin concentration was 40 g L–1 and the reaction temperature was maintained at 225 C. The reaction lasted for 1 h, and liquid samples
were taken periodically during the whole reaction time. A zero
sample was taken when the desired reaction temperature was
reached (i.e., before the oxygen was introduced) to investigate
the possible effect of preheating which might partly decompose
the lignin in the reaction mixture. The desired reaction temperature inside the reactor was kept constant by a water cooling
system controlled by a solenoid valve.

3.3 Analytical Methods
Samples were analyzed for total organic carbon (TOC) content,
chemical oxygen demand (COD), pH, product composition,
and MWD. TOC analysis was done using a Shimadzu TOC-L
analyzer. The COD analysis was performed with a spectrophotometer using the potassium dichromate method, in which the
liquid sample was first oxidized with a hot sulfuric solution of
potassium dichromate and silver sulfate as the catalyst. The
composition of products formed during the wet oxidation reaction was determined by high-performance liquid chromatography (HPLC). In the HPLC analysis, an eluent of 0.005 M
H2SO4, a flow rate of 0.6 mL min–1, an injection volume of
10 mL, refractive index (RI) detection, and a MetaCarb 87H

The MWD of the lignin samples were determined by an SEC
system equipped with three Acquity APC Aqueous columns
connected in series (45 Å and 1.7 mm, 125 Å and 2.5 mm, and
200 Å and 2.5 mm), an Agilent RI detector, and an online
MALLS detector (miniDawn, l = 690 nm; Wyatt Technologies,
USA). Unless otherwise mentioned, the SEC conditions were:
Millipore water as the mobile phase with a flow rate of 0.1 mL
min–1, an injection volume of 100 mL, and a column temperature of 35 C. Data acquisition and processing were performed
by ASTRA 6.1.4 software (Wyatt Technologies). The averaged
molecular weights of the lignin samples were calculated from
the MALLS data using the dn/dc (RI increment) value of
0.18 mL g–1 obtained from the literature [36]. All the samples
were diluted with water and filtered through a 0.2-mm polytetrafluoroethylene (PTFE) disposable membrane prior to injection.

4

Results and Discussion

Based on the HPLC results, carboxylic acids were detected in
all samples collected during PWO of lignin. The main identified carboxylic acids were formic acid, acetic acid, succinic acid,
oxalic acid, and glutaconic acid. Other minor organic
compounds detected at low concentrations included fumaric
acid and phenolic products such as 1,2,4-benzenetriol,
1,4-dihydroxybenzene, and 1,2-dihydroxybenzene. Peak identification for oxalic and glutaconic acids was a bit challenging
due to the overlapping of their peaks with that of the unreacted
lignin.
Unlike the other organic compounds, malonic acid was
formed during the preheating period, and it seemed to decompose later after oxidation had started. Unidentified products
were also formed during the wet oxidation process. For this
reason, the total lignin conversion to chemicals is compared
based on the TOC and COD reduction during the reaction
period. The effects of oxygen partial pressure, reaction temperature, and lignin concentration were studied based on the total
yield of wet oxidation products.
The non-uniformity of the chain lengths of lignin precludes
the characterization of a specific molecular weight. Therefore,
it is important to characterize lignin in terms of an average
molecular weight [29]. There are several forms of average values. Two common averages used are the weight-averaged
molecular weight (Mw) and the number-averaged molecular
weight (Mn) (Eqs. 5 and 6). [29] The polydispersity index (D) is
given by the ratio of the mass-averaged molar mass to the
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number-averaged molar mass (Eq. 6). It represents the MWD
of the polymers [29] and is a general measure of the heterogeneity with regard to chain length [37].
P

Ni Mi2
Ni Mi
P
NM
Mn ¼ P i i
Ni
Mw ¼

D¼

Mw
Mn

(4)

(5)

(6)

The index number i represents the number of different
molecular weights present in the lignin sample and Ni is the
total number of moles with the molar mass of Mi.
The pH profiles of the wet oxidation process are shown in
Fig. 2. The pH was found to decrease during the oxidative
lignin depolymerization process, thereby suggesting an
increase in the concentration of carboxylic acids as the reaction progresses. Low pH values were obtained at the higher
reaction temperatures of 200 and 225 C, indicating that
more acids were produced when the reaction temperature
increased. However, beyond 20 min of reaction time, the pH
values at 200 C were found to be lower than at 225 C. The
reason for this result could be that, at very high temperatures
and long reaction times, the produced carboxylic acids start
to decompose to CO2 and water, thus leading to an increase
in the pH value.

4.1 Effect of the Temperature
To study the influence of the temperature during the PWO
process, experiments were carried out at 175, 200, and
225 C while keeping the oxygen partial pressure and the initial lignin concentration at 10 bar and 40 g L–1, respectively.
As indicated in Fig. 3, higher reaction temperatures, in general, favored the formation of formic, acetic, and succinic acid.

Figure 3. Effect of the temperature on the amount of main
products identified. The initial lignin concentration was 40 g L–1
and the oxygen partial pressure was 10 bar.

However, formic acid started to decompose earlier at 200
and 225 C whereas succinic and acetic acid became more
stable even at higher temperatures as the reaction
continued.
On other hand, as depicted in Fig. 4, the yields of
glutaconic and oxalic acid profoundly decreased at
225 C. Therefore, to obtain the maximum yields of
these acids, the temperature should not exceed
200 C so as to minimize the decomposition of
these products. The maximum yield obtained for
oxalic acid was 7.5 % at 200 C and 20 min of reaction time, whereas the highest yield obtained for
glutaconic acid was 5.7 % at 200 C and 15 min of
reaction time.
The effect of the temperature on the total yield
of wet oxidation products is shown in Fig. 5. It can
be seen from the results that the optimum temperature and reaction time to achieve the maximum
yield of products are 200 C and 15 min, respectively. As discussed earlier, oxalic and glutaconic acid
decompose at 225 C, thus reducing the total yield
Figure 2. pH profiles at different reaction temperatures. The initial lignin conof products obtained from PWO of lignin.
centration was 40 g L–1.
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Figure 6. Effect of the oxygen partial pressure on the total yield of
products at 225 C. The initial lignin concentration was 40 g L–1.

pressure, the better is the total product yield. However, the
effect of increasing the partial pressure from 10 to 15 bar was
small compared to the effect when increasing the oxygen pressure from 5 to 10 bar.

4.3 Effect of the Lignin Concentration

Figure 4. Effect of the temperature on the yield of (a) oxalic acid
and (b) glutaconic acid. The initial lignin concentration was
40 g L–1 and the oxygen partial pressure was 10 bar.

Figure 5. Effect of the temperature on the total yield of products at 10 bar of oxygen and an initial lignin concentration of
40 g L–1.

4.2 Effect of the Oxygen Partial Pressure
The effect of the oxygen partial pressure on the total yield of
products was investigated at 5, 10, and 15 bar of oxygen. In
these experiments, the reaction temperature and lignin concentration were kept constant at 225 C and 40 g L–1, respectively.
The results (Fig. 6) show that the higher the oxygen partial

As mentioned earlier, in alkaline PWO of lignin, the initial lignin concentration might have an important effect on the final
yield of products. To explore the influence of the lignin concentration on the yield of products, experiments were conducted
at four different lignin concentrations (4, 10, 20, and 40 g L–1).
The reaction temperature and oxygen partial pressure were
kept constant at 225 C and 10 bar, respectively. As can be seen
in Fig. 7 a, the total yield of products is eminently affected by
the lignin concentration. The maximum yield percentage was
obtained when the lignin concentration was the lowest (4 g L–1).
At higher lignin concentrations, the yield decreases. The reason
for this can be explained by how the lignin structure changes
with changes in the lignin concentration (Fig. 7 b). When the
lignin concentration is increased, the concentration of lignin
fragments is also increased, which again increases the repolymerization/condensation rate as a side reaction competing with
the degradation reactions of lignin. The repolymerized fragments of lignin seem to be more resistant to partial oxidation,
resulting in a low yield of carboxylic acids. The behavior of lignin during wet oxidation is further discussed in detail in the
following subsection.

4.4 Changes in the Structure of Lignin during PWO
In contrast to other chromatography techniques, in SEC,
large molecules (in terms of hydrodynamic volume) are
eluted first whereas small molecules will enter the pores of
the solid porous phase and elute later [37]. Fig. 8 a depicts
the elution curves (determined by the RI detector) of lignin
samples at different reaction times. As shown in the figure,
the lignin peak shifted towards the higher-molecular-weight
region (i.e. to the left) as a result of the wet oxidation reac-
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increase in the molar mass occurred during the 5–10 min of
reaction time. One reason could be that during the PWO reaction, the cleavage of b-O-4 linkages in the lignin was accompanied by repolymerization/condensation reactions of lignin fragments, resulting in an increase in molecular size and the
generation of a more heterogeneous lignin structure. In the
beginning, the repolymerization reactions are fast in the first
stage of PWO. At the later stages of PWO, the oxidation reactions become more predominant and the molecular mass of
lignin starts to decrease. This result is in line with the findings
of Roberts et al. [38] who concluded that, under severe conditions, recombination of the highly reactive lignin cleavage
products competes with the depolymerization reactions. Roberts et al. [38] also pointed out that the overall depolymerization, and especially the monomer formation, is limited by consecutive addition and condensation reactions of the highly
reactive phenolic and catecholic monomers.
Tab. 1 lists the molar mass data and polydispersity values of
lignin during PWO as determined by SEC-MALLS. In the initial stage (5–10 min) both Mn and Mw increased, followed by a
gradual decrease in their values until the reaction time was
30 min. In the later stage (30–60 min), however, these values
decreased sharply. Meanwhile, the polydispersity (Mw/Mn)
increased from 1.5 to 2.5, indicating that the MWD of lignin
broadens with increasing lignin concentration in the lowmolecular-weight fraction.

Figure 7. Effect of the initial lignin concentration on (a) the total
yield of wet oxidation products and (b) the differential MWD of
lignin at 20 min of reaction time. The reaction temperature and
oxygen partial pressure were 225 C and 10 bar, respectively.

tion. The peaks in the high-molecular-weight region (elution
volumes between 1.6 and 2.4 mL) were narrow and symmetrical and became smaller during the PWO reaction. Besides a
significant reduction in peak size, it is also worth noting that,
at 60 min of reaction time, the chromatogram shifted towards
the lower-molecular-weight region, i.e. to the right. This is
attributed to the depolymerization and mineralization of lignin at higher temperatures and longer reaction times. However, the peaks located in the lower-molecular-weight region
(elution volumes 4–5 mL) are not symmetrical and are displaced further in the direction of the lower-molecular-weight
region as the reaction time increases. Moreover, there is no
significant change in their peak areas as a result of the wet
oxidation reaction.
The effect of heating on the structure of lignin before oxidation was also evaluated by studying the molecular mass distribution of lignin at 0 min (i.e., the time at which the samples
were heated to the reaction temperature and just before oxygen
was introduced). As shown in Fig. 8 b, during the heating period, the molecular mass distribution of lignin shifted to the left,
suggesting that some thermal degradation took place, resulting
in a lower molecular size of lignin.
Owing to substantial cleavage of b-O-4 linkages, the molecular
weight of lignin could be expected to decrease distinctly with increasing reaction time during the PWO. However, as shown by
the differential molar mass distribution graph (Fig. 8 b), an

Table 1. Average molar mass data (Mn, Mw)a) and polydispersity
values (Mw/Mn) of lignin at 200 C and different reaction times.
Reaction time
[min]

Mn
[kDa]

Mw
[kDa]

Polydispersity
(Mw/Mn)

5

262

367

1.4

10

285

427

1.5

15

252

403

1.6

20

210

315

1.5

30

149

224

1.5

40

101

172

1.7

60

13

33

2.5

a) Mn and Mw were calculated by MALLS in batch mode (without
columns) using 0.01 M NaOH as the eluent.

4.5 TOC and COD Results
The overall progress of the PWO process can be followed by
evaluating the amount of COD that is reduced at a given time
with respect to the COD in the original feed sample. As
depicted in Fig. 9, the temperature has a significant effect on
the COD reduction. The effect is especially pronounced at 200
and 225 C, suggesting that higher temperatures are required to
achieve a complete degradation of lignin in the reaction solution. In addition to the COD studies, the effect of the temperature on TOC removal was also studied. The results in Fig. 9
show that TOC removal was increased at the higher reaction
temperatures, indicating extensive mineralization of lignin. The
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The AOSC values range between 4 and
–4, so that when the value is close to –4 it
can be assumed that the oxidation is not
complete and that the molecules present in
the reactor are similar to methane. When
the value is close to 4, it shows that CO2
predominantly exists in the reactor and
that the reaction is almost complete. Higher AOSC values indicate a high oxidation
state of the organics in the mixture.
As shown in Fig. 10, at higher reaction
temperatures of 200 and 225 C, the calculated value of AOSC is close to 2 at the
end of the reaction time, indicating that
the reaction products are highly oxidated
compounds and that the AOSC is close
to the theoretical value of formic acid,
acetic acid, and oxalic acid.

5

Conclusions

Alkaline PWO experiments with alkali
lignin were conducted at various operating conditions. Formic acid, acetic acid,
succinic acid, oxalic acid, and glutaconic
acid were the main products formed and
identified during the reaction period. In
general, a higher reaction temperature
and oxygen partial pressure improved the
yield of the products formed. The effect
of the oxygen partial pressure was not as
significant as that of the temperature. The
reaction time and temperature are crucial
for achieving the optimum yield of products since lower-molecular carboxylic
acids are susceptible to thermal decompoFigure 8. SEC-MALLS analysis of lignin at 200 C and 10 bar of oxygen partial pressure
sition at higher temperatures. The optitreated for different reaction periods. (a) SEC elution profile and (b) differential molar
mum temperature to obtain the maximass distribution of lignin. The initial lignin concentration was 40 g L–1.
mum total yield of products was 200 C.
The total product yield was significantly
affected by the lignin concentration, with the maximum yield
highest TOC removal was 49 % at 225 C. The TOC results also
indicate that the mineralization reaction continued during the
percentage (44 %) obtained at the lowest lignin concentration
reaction period despite the resistance of repolymerized large
(4 g L–1). At higher lignin concentrations, the overall yield of
fragments of lignin to PWO.
products decreased. It is shown by the measured lignin
MWD that this reduction can be attributed to repolymerizarion/condensation side reactions of lignin fragments
which compete with oxidative lignin depolymerization reac4.6 Degree of Oxidation
tions.
The average oxidation state of carbon atoms (AOSC) is a measure of the oxidation degree of the organic matter in the liquid
The authors have declared no conflict of interest.
phase. The AOSC in the mixture can be calculated according
to the following equation, using the TOC and COD [39].
AOSC ¼ 4  4

MC COD
MO2 TOC

Symbols used
(7)

where MC and MO2 are the molar masses of carbon and oxygen
molecules, respectively.

A
[A]
B

[–]
–1

[mol L ]
[–]

all initial and relatively unstable
intermediate organic compounds
concentration of species A
refractory intermediates of oxidation
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HPLC
MALLS
MWD
PWO
RI
SEC
TOC

high-performance liquid chromatography
multi-angle laser light scattering
molecular weight distribution
partial wet oxidation
refractive index
size exclusion chromatography
total organic carbon
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Abstract: The production of carboxylic acids by partial wet oxidation of alkali lignin at
elevated temperatures and pressures was studied experimentally. Two different heteropoly acids,
phosphotungstic acid (H3 PW12 O40 ) and phosphomolybdic acid (H3 PMo12 O40 ), were used to catalyze
the oxidation of lignin under hydrothermal conditions. Factors influencing the total yield of carboxylic
acids formed during the partial oxidation of lignin were investigated. Formic, acetic and succinic
acids were the major products identified. Of the two catalysts used, phosphomolybdic acid gave
the most promising results, with carboxylic acid yields and lignin conversions of up to 45% and
95%, respectively.
Keywords: catalysts; heteropoly acids; lignin; wet oxidation

1. Introduction
Industrial production of a wide range of chemicals and fuels relies greatly on fossil resources.
However, uncertainty surrounding oil prices and dwindling reserves of easily extractable fossil fuels,
along with growing environmental concerns, have resulted in increased attention being given to the
possible replacement of existing fossil-based feedstocks with renewable resources [1]. To meet the
growing demand for renewable fuels, biomass, which is considered a sustainable source of organic
carbon [2,3], has been proposed as an alternative to petroleum for the production of fuels and fine
chemicals with net zero carbon emissions [4,5]. In this respect, lignocellulosic biomass, which is the
most abundant and sustainable biomass on earth, has great importance [4]. In addition, lignocellulosic
feedstocks have significant advantages over other biomass sources since they do not directly interfere
with the food chain, as they utilize non-edible portions of the plant [6], and from an economic
perspective, lignocellulosic biomass can be produced quickly and at a lower cost than agriculturally
important biofuel feedstocks, such as soybeans, starch, and sugarcane [7,8]. The efficient utilization of
lignocellulosic biomass has been the focus of considerable research and development efforts, with the
aim of replacing petroleum-based products with an environmentally sustainable alternative [7].
Lignin, the second most abundant natural polymer, has potential as a promising alternative to
fossil resources, for the sustainable production of chemicals and fuels, to reduce CO2 emissions and
hence global warming. However, compared to cellulose, lignin has received little attention, in regards
to valorization; hence, its potential has hitherto remained underutilized [9]. The primary reason for the
limited interest is that the heterogeneous and cross-linked structure of lignin molecules complicates
the controlled depolymerization of lignin into single chemicals [10,11]. Yet, lignin holds promise as a
significant resource for the production of a wide range of renewable chemicals, due to its high energy
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content, aromatic structure, the presence of highly reactive groups, and the fact that it is generated in
large volumes when second generation biorefineries are deployed [12].
Different methods for converting lignocellulose into high-value products are discussed in the
literature, including gasification, pyrolysis, solvolysis, hydrogenolysis, hydrolysis and oxidation [10,11].
Partial wet oxidation by molecular oxygen has been proposed as a potential process for the production
of chemicals from biomass wastes [11]. Wet oxidation is especially well suited for the treatment of
low-value, water-containing biomass that is difficult or expensive to treat by other means. In the
partial wet oxidation process, organic compounds are oxidized at elevated temperatures (125–320 ◦ C)
and pressures (0.5–2 MPa), using gaseous oxygen or air as the oxidant [11]. The high pressure in
partial wet oxidation helps to maintain the liquid phase, which in turn increases the concentration of
dissolved oxygen and thus, the oxidation rate. The wet oxidation process has the further benefits of
using relatively cheap molecular oxygen and not requiring other harmful chemical reagents [13].
Partial wet oxidation of biomass can be carried out either catalytically or non-catalytically.
Non-catalytic partial wet oxidation of lignin in an alkaline condition to produce carboxylic acids has
been previously studied in [10], where formic acid, acetic acid, succinic acid, oxalic acid and glutaconic
acid were the main products identified. These compounds are not only important commodity
chemicals in themselves, but are also intermediates in the production of various fuels and chemicals
through further transformations. It was also found that operational conditions such as reaction time,
temperature and initial lignin concentration greatly affected the yield of products. Moreover, the total
yield of products was found to be reduced at higher initial lignin concentrations, which was attributed
to repolymerization/condensation side reactions of lignin fragments that compete with oxidative
lignin depolymerization reactions, as indicated in measured molecular weight distributions.
The catalytic conversion of biomass is a very complex process that usually involves several
reaction pathways taking place in parallel or successively depending on specific precursors, reaction
conditions and catalysts [14]. However, catalytic biomass conversion is often preferred since it provides
a cost-effective and environmentally benign route to the desired products, with a high reaction rate
and selectivity [14]. Various types of catalysts, from heterogeneous noble metal catalysts [14–16],
to inexpensive homogeneous metal ion catalysts [17–21], such as iron, copper, and cobalt have been
extensively studied for lignin catalytic oxidation processes. Noble metals are however, expensive,
which affects their commercial viability, whereas homogeneous catalysts, such as cupric sulfate,
are difficult to separate from the reaction mixture, which can lead to secondary pollution, resulting in
high recycling costs after use [22]. Heterogeneous catalysts, on the other hand, can be easily separated
and regenerated [23–25]. However, it can be expected that in the treatment of solid biomass, they are
prone to low catalytic activity, due to poor access for solids on the catalyst surface. It is, therefore,
important to find suitable homogenous catalysts that are readily separable and reusable after partial
wet oxidation and that have the lowest possible environmental impact.
Heteropoly acids (HPAs) are active catalysts for both homogeneous and heterogeneous
acid-catalyzed reactions, and some of them are also strong oxidants. HPAs are considered
environmentally benign and economically feasible solid catalysts, due to their excellent functional
characteristics, such as ease of handling and removal, reusability, few side reactions, strong
Brønsted acidity approaching the super-acid region, and high proton mobility, stability and catalytic
activity [26,27]. Because of their high solubility in water, HPAs are more efficient for catalyzing
reactions in biomass than water-insoluble solid acid catalysts. Moreover, solid heteropoly acids
are insoluble in non-polar hydrocarbons, which makes it possible to recover them from the reaction
mixture, without the need for neutralization, simply by extraction or precipitation [28,29]. The potential
of heterogeneous or immobilized HPAs [30,31] and homogeneous HPAs [32–37] as catalysts for biomass
conversion has been widely studied. However, most of the studies used cellulose as the substrate
and in many instances, had fixed operational conditions, thus they provide no indication of optimal
parameters. Consequently, to determine the best possible reaction conditions, more studies are needed,
covering a wider range of operational conditions.
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In this research, lignin is used as the feed material, and the catalytic potential of two
homogenous heteropoly acid catalysts—phosphotungstic acid (H3 PW12 O40 ) and phosphomolybdic
acid (H3 PMo12 O40 )—for the partial wet oxidation of lignin are evaluated, based on their effectiveness
in regards to carboxylic acid yield and lignin conversion. The influence of different operational
conditions is also investigated, to determine the optimal conditions to achieve the maximum yield of
products and lignin conversion.
2. Results and Discussion
Formic, acetic, and succinic acids were the main carboxylic acid compounds identified by HPLC,
and glutaconic and malonic acids were among the compounds identified in trace amounts. Other
unidentified compounds were also present, especially in the non-catalytic experiments; but they were
detected only in insignificant amounts.
2.1. Influence of Temperature and Reaction Time
To study the effects of temperature and reaction time on the total carboxylic acid yield and
lignin conversion, experiments were carried out at 175 ◦ C, 200 ◦ C, and 225 ◦ C. The quantities of
reactants used for the non-catalytic experiments were 4 g of lignin and 100 mL of water; and for the
catalytic experiments, the reaction mixture contained 4 g of lignin, 100 mL of water and 2 g of catalyst
(H3 PW12 O40 or H3 PMo12 O40 ). As shown in Figure 1, both temperature and reaction time played key
roles with regard to the yield of carboxylic acids obtained from the partial oxidation of lignin.
As shown in Figure 1, the optimum temperature for maximum yield of products was 200 ◦ C
for the non-catalytic and H3 PMo12 O40 experiments, and 175 ◦ C for the H3 PW12 O40 catalyst. Sixty
minutes was the optimal reaction time in all three cases. At longer reaction times, the products
started to decompose. The maximum yield of total carboxylic acids (TCA) obtained was 26% for the
non-catalytic experiments, 40% for the phosphomolybdic acid (H3 PMo12 O40 ) experiments, and 22%
for the phosphotungstic acid (H3 PW12 O40 ) experiments. In general, phosphotungstic acid gave the
lowest total carboxylic acid yield when compared to the non-catalytic and phosphomolybdic acid
experiments. At 175 ◦ C, the H3 PW12 O40 catalyst gave better yields and selectivity of formic acid than
found with the non-catalytic experiments (see Table 1). However, the H3 PW12 O40 catalyst exhibited
less selectivity towards acetic and succinic acids, and consequently gave lower yields of these acids,
thus resulting in a lower overall yield of carboxylic acid. Another possible reason for the lower TCA
yield with the H3 PW12 O4 catalyst could be that the produced lower molecular carboxylic acids were
further decomposed to CO2 and water in the presence of oxygen and catalyst, leading to a reduced
overall carboxylic acid yield.
Table 1. Yields and selectivity of the main detected carboxylic acids at a reaction time of 60 min. The
lignin to catalyst ratio was 2:1 (w/w) for both catalysts.
Formic Acid
Yield
Selectivity
(%)
(%)

Acetic Acid
Yield
Selectivity
(%)
(%)

Succinic Acid
Yield
Selectivity
(%)
(%)

Experiment

Temperature
(◦ C)

Conversion
(%)

TCA
(%)

Non-catalytic

175
200
225

38
48
52

22.5
26.0
24.0

8.6
16.0
12.0

22.5
33.3
23.1

6.1
6.5
4.8

16.0
13.5
9.2

0.9
1.2
0.8

2.4
2.5
1.5

H3 PW12 O4

175
200
225

62
60
72

22.0
14.0
12.0

15.4
9.8
8.4

24.8
16.3
11.7

0.4
0.3
0.2

0.7
0.5
0.3

1.8
1.1
1.0

1.8
2.8
3.8

H3 PMo12 O40

175
200
225

70
74
80

33.0
40.0
30.0

21.5
26.0
19.5

30.6
35.1
24.4

8.9
10.8
8.1

12.7
14.6
10.1

1.0
1.2
0.9

1.4
1.6
1.1
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Figure 1. Effect of temperature and reaction time on the total carboxylic acids (TCA) yield. In the
catalytic experiments, the lignin:catalyst ratio was 2:1 (w/w).

Overall, the H3 PMo12 O40 catalyst provided the best yields and selectivity for formic and acetic
acids in almost all conditions. The H3 PW12 O4 and non-catalytic experiments showed slightly
better succinic acid selectivity than the H3 PMo12 O40 experiments. This, however, is because both
the non-catalytic and H3 PW12 O4 experiments provided lower lignin conversions relative to the
H3 PMo12 O40 catalyst, hence the selectivity—which is defined here as the yield of each product divided
by lignin conversion—becomes higher. On the other hand, all the experiments showed, more or less,
comparable yields for succinic acid.
In aqueous solutions, HPAs, such as H3 PW12 O40 , and H3 PMo12 O40 , are strong and fully
dissociated acids [38]. The relative activities of Keggin HPAs depend primarily on their acid
strengths [38]. A comparison of the dissociation constants and relative acid strengths of the HPAs
and mineral acids is shown in Table 2, using the data in [38] for acids in acetone. Table 2 shows that
the two studied heteropoly acids are stronger acids than common mineral acids, such as H2 SO4 , HCl,
and HNO3 . The tungsten acids are notably stronger than the molybdenum acids (see Table 2). Relative
to other heteropoly acids, H3 PW12 O40 is regarded as the strongest acid in the Keggin series [38]. This
characteristic often makes phosphotungstic acid preferable for the acid hydrolysis of biomass [39,40].
Acid hydrolysis, unlike partial oxidation, occurs without the presence of oxidants, such as oxygen.
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Table 2. Dissociation constants of heteropoly acids in acetone at 25 °C [38].
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Acid

pK1

pK2

pK3

H3PW12Oof
40 heteropoly
1.6
3acids in4 acetone at 25 ◦ C [38].
Table 2. Dissociation constants
H3PMo12O40
AcidH2SO4

2
pK6.6
1

3.6
pK2

5.3
pK3

HCl
H3 PW12 O
1.64.3
3
4
40
H3 PMo12
O40 3
29.4
3.6
5.3
HNO
H2 SO4
6.6
HCl
4.3
The effect of HPAs during batch
oxidation experiments
is a combination of acid hydrolysis and
HNO3
9.4

TCA, %

oxidation. The effect of the acid hydrolysis can be analyzed from the samples taken at 0 reaction time,
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2.3. Recoverability of the Catalysts
The main bottleneck, limiting the use of homogeneously catalyzed processes, is the difficulties
in catalyst recovery and recycling. As the cost of HPAs is higher than that of mineral acids, effective
recycling of HPA catalysts is an important issue for the commercial viability of potential applications.
Different methods have been considered to recover the used HPA catalysts. As macromolecules,
HPAs have been effectively recovered by mesoporous ceramic membrane, without loss of catalytic
activity [43]. Solvent extraction has also been used to recover HPA catalysts [44]. However,
the feasibility of this technology is questionable for large-scale industrial processes. Another potential
method for product and catalyst recovery is, as described in [45], to react the formed carboxylic acids
with low molecular alcohols, such as methanol, to generate volatile ester compounds, which can be
readily removed from the reaction mixture by evaporation or distillation. The catalyst remaining in
the bottom flow can be recirculated back to the reactor.
To demonstrate the recoverability of the used catalysts, additional experiments were carried out
at using the following reaction conditions: a lignin:catalyst ratio of 1:1 (w/w), 175 ◦ C, and a 1 h reaction
time. The reaction was stopped by rapidly cooling the reactor in an ice bath to room temperature and
removing the oxygen from the reactor. The reaction mixture, which contained an aqueous solution of
oxidation products, the catalyst, and fragments of unreacted lignin and/or char, was vacuum-filtered
and collected for subsequent catalyst recovery experiments. With the H3 PW12 O40 catalyst, 50 mL of
diethyl ether was added to 25 mL of the filtered solution and the extraction was carried out for about
3 h at room temperature and at a mixing rate of 250 rpm. The resulting mixture was then settled for
2 h. Three layers were formed after the phases had completely separated. The lowest layer was a
phosphotungstic acid–ether complex, with a larger specific gravity. The top layer, which predominantly
comprised excess diethyl ether, had the lowest specific gravity. The middle layer contained mainly
the lignin oxidation products and water. The lowest layer (phosphotungstic acid–ether complex) was
then collected and the H3 PW12 O40 catalyst was recovered, after the removal of diethyl ether by rotary
vacuum evaporation, with mild heating on a water bath. More than 82% of the recovery of the catalyst
was achieved in just one extraction step. The recovery of the H3 PMo12 O40 catalyst was carried out by
simply distilling the products and water out of the filtered solution in a vacuum rotary dryer at 90 ◦ C,
by exploiting the high molecular weight of the H3 PMo12 O40 . Good recovery is possible with both
methods, but the economic and technical feasibilities for large scale processes require further study.
3. Materials and Methods
3.1. Materials
A commercially available alkali lignin purchased from Sigma-Aldrich (Schnelldorf, Germany)
was used in the experiments. Deionized water was used in all the experiments. The two heteropoly
acids, H3 PW12 O40 and H3 PMo12 O40 , were bought from Sigma-Aldrich and were used as provided.
3.2. Experimental Procedure and Method
The partial wet oxidation experiments were conducted in a batch Parr autoclave reactor,
constructed of type 316 stainless steel, with an internal volume of 450 mL. The desired amounts
of lignin, catalyst and distilled water were introduced into the reactor, and the reaction mixture
was heated to the desired operating condition. The air inside the reactor vessel was removed prior
to starting the experiments using 5 bars of nitrogen, to avoid possible oxidation of lignin with air
during the preheating period before the desired operating temperature was reached. The reaction
mixture was stirred at a constant rate of 450 rpm throughout the experiments. After preheating of
the solution to the desired reaction temperature, pure oxygen was introduced into the vessel up to
the desired oxygen partial pressure (10 bar). The temperature inside the reactor was kept constant
by a water cooling system that was controlled by a solenoid valve. Samples were taken at different
time intervals. The samples were vacuum filtered using 0.45 µm filter paper before subsequent
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analysis. The composition of the wet oxidation products in the liquid samples was analyzed by
high-performance liquid chromatography (HPLC). In the HPLC analysis, an eluent of 0.005 M H2 SO4 ,
flow rate 0.6 mL/min, injection volume 10 µL, UV detection (250 nm), refractive index detection (RID)
and a MetaCarb 87H (300 × 7.8 mm) column at 35 ◦ C was used. Peak identification of the partially
oxidized intermediate compounds from the wet oxidation reaction was done by comparing the sample
peak retention times with those of standard solutions of pure compounds. Lignin conversion was
determined by the change in lignin mass before and after the reaction. Non-catalytic experiments, using
lignin and distilled water as reactants, were performed for comparison with the catalytic experiments.
4. Conclusions
The potential of two types of heteropoly acid catalyst for the production of carboxylic acids via
partial wet oxidation of lignin was examined at different operational conditions. With the non-catalytic
and the H3 PMo12 O40 experiments, the optimum conditions for maximum yield of products were a
temperature of 200 ◦ C and reaction time of 60 min. With the H3 PW12 O40 experiments, the optimal
conditions were 175 ◦ C and a reaction time of 60 min. It was also found that the amount of catalyst
used, relative to the lignin, remarkably affected both the yield of the products and the lignin conversion
rate. Of the two catalysts studied, the phosphomolybdate catalyst (H3 PMo12 O4 ) provided the best
results, with a maximum yield of carboxylic acids of up to 45% and lignin conversion of 95%. The two
heteropoly acids showed different catalytic behaviors and the reaction pathway of lignin oxidation
seems to be determined by the type of addenda atom in the HPA catalyst, with Mo favoring a selective
oxidation reaction. Recovery of the catalyst was easily achieved for both HPAs, making partial lignin
wet oxidation an environmentally friendly and potentially economically viable process.
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a b s t r a c t
Liquid–liquid extraction of formic acid, acetic acid and furfural from an aqueous synthetic acid hydrolysis process
stream is studied. Different types of extractants are ﬁrst evaluated and two solvents that can efﬁciently recover
the compounds, 2-methyltetrahydrofuran (2-MTHF) and tri-n-octylamine in toluene (Alamine 336-toluene) are then
studied further. Important considerations in solvent selection were the efﬁciency of solvent regeneration and the
recovery of the extractives from the loaded solvents. Solvent regeneration experiments were carried out under a
vacuum in a spinning band distillation unit. Both solvents showed good regeneration characteristics. The rate of
phase separation for Alamine 336 increased, without the formation of an emulsion, when performing extractions at
low mixing rates. The use of toluene as a diluent for Alamine 336 prevented the formation of a third intermediate
phase. In general, the equilibrium favors the extraction of formic acid for Alamine 336 and the extraction of furfural
for 2-MTHF. For acetic acid there was only a small difference in the distribution coefﬁcients for both solvents.
© 2014 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords: Extraction; Solvent selection; Solvent regeneration; Formic acid; Acetic acid; Furfural

1.

Introduction

Interest in renewable feedstocks for the chemical industry
has increased considerably over the last decades, mainly
due to environmental concerns related to the use of fossil raw materials. Lignocellulosic biomass is an abundant,
readily available source of bio-based raw material for chemicals production. Several processes have been proposed for
treatment of biomass, including pyrolysis, aqueous phase
reforming and acid hydrolysis. Acid hydrolysis is a process
that has shown great potential for the conversion of biomass
into valuable chemicals. Acid hydrolysis produces sugars
as the main components and, if the sugars are hydrolyzed
further, furfural, hydroxymethyfurfural, levulinic acid and
formic acid. Carboxylic acids are typically present in aqueous streams of processes treating biomass. Several authors

∗

have considered the recovery of different carboxylic acids. For
instance, Rasrendra et al. (2011) have used tri-n-octylamine
in 2-ethylhexanol to extract acetic acid from an aqueous
phase derived from pyrolysis oil. According to a review
paper by Kumar and Babu (2008) focusing on reactive extraction, organophosphorus derivatives and long-chain aliphatic
amines are effective extractants for separation of carboxylic
acids from dilute aqueous solutions. Seibert (2010) has proposed a process that uses furfural to extract levulinic acid and
formic acid from water after hydrolysis. This process has the
beneﬁt that it uses one of the products, furfural, as the solvent.
Rousu et al. (2005) have patented a similar type of process
using extractive distillation with furfural to recover formic
acid, acetic acid and furfural from spent pulping liquor. In
many cases, it is necessary to modify and adjust the properties
of the extractants by suitable diluents. For example, Tamada
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Table 1 – List of chemicals used.
Nomenclature
KDE
KDW
˛

the equilibrium distribution coefﬁcient of
extractive components deﬁned in Eq. (1)
the equilibrium distribution coefﬁcient of water
deﬁned in Eq. (2)
separation factor deﬁned in Eq. (3)

and King (1990) have used Alamine 336, an aliphatic tertiary
amine, dissolved in various diluents to extract acetic, lactic,
succinic, malonic, fumaric and maleic acids.
Several processes have been proposed in literature for
biomass conversion. The Bioﬁne process (Hayes et al., 2008)
uses acid hydrolysis for conversion of biomass into levulinic
acid. Chang et al. (2007) reported that wheat straw could be
chemically converted into levulinic acid, which is a platform
chemical with dozens of potential uses. As a side stream,
the Bioﬁne process produces an aqueous condensate stream
containing a mixture of formic acid, acetic acid and furfural.
Fischer and Bipp (2005) studied hydrolysis and oxidative transformation of carbohydrate-rich biomass residues to organic
acids and monosaccharides. According their studies, a relatively high amount of formic acid was generated when the
biomass residues were oxidized with 10% H2 O2 /CuO under
alkaline conditions. Schutt et al. (2002) reported that cellulose could be selectively converted into various chemicals,
including carboxylic acids, through catalytic sub-critical water
oxidation using palladium or platinum catalysts. Niemelä
(1988) studied the conversion of cotton cellulose into carboxylic acids by applying a drastic oxygen-alkali treatment.
The results indicated that about 60–70% of the cellulose was
converted into low molecular weight carboxylic acids.
To recover compounds from an aqueous acid hydrolysis stream, a suitable solvent has to be selected for the
liquid–liquid extraction operation. The selection of a suitable solvent is made complicated in this case by the differing
chemical nature of the species. General principles for solvent
selection have been discussed by several authors (Munson and
King, 1984; Jung et al., 2001) and solvents must fulﬁll several
requirements. First, the solvent must effectively and selectively extract the compounds from water and the extraction
equilibrium should be favorable. In the case of regeneration
by distillation, the solvent should be easily regenerated for
further use at reasonably mild temperatures. A low solvent
solubility in the aqueous phase is also required to minimize

Chemical

Purity (%)

Formic acid
Acetic acid
Furfural
Toluene

98–100
98–100
99
99

Boiling point (◦ C)
101 (101.3 kPa)
117–118 (101.3 kPa)
54–56 (1.46 kPa)
111 (101.3 kPa)

solvent losses. A difference in density between the organic and
aqueous phase is also a crucial factor as an increased density
difference permits a rapid phase separation by raising the slip
velocity of the dispersed phase (Lo et al., 1991; Yizhak et al.,
1992). As pointed out by Munson and King (1984), some properties in downstream processing, such as the capability of the
solvent to form azeotropes with water in solvent dehydration
distillation, are in many cases key factors for successful solvent selection. In addition to the above considerations, the
solvent should also be cheap, non-toxic and safe for the environment. All these requirements make selection of the solvent
a challenging task.
When designing a solvent extraction process, the
liquid–liquid equilibrium diagram gives important information about the behavior of the system (Ruiz et al., 1987).
The solvent extraction data reported in the current paper
are based on calculated distribution coefﬁcients and separation factors. The use of separation factors and distribution
coefﬁcients is an important method for screening a large number of solvents since it is relatively fast and frugal as regards
the solvent volume used (Offeman et al., 2005). In this paper,
various types of solvents are discussed and evaluated, primarily based on their extraction ability, selectivity of the extracted
components over water, rate of phase separation, and their
ease of regeneration after use. The best solvents are accordingly selected for study of the recovery of formic acid, acetic
acid and furfural from a synthetic Bioﬁne process condensate.

2.

Experiments

2.1.

Materials

Formic acid (98–100%), acetic acid (98–100%), and furfural (99%)
provided by SigmaAldrich were used in the laboratory experiments. Table 1 shows the boiling point and purity of the
chemicals used. The solvents used for this study are listed in
Table 2, along with their supplier, purity, chemical formula and
boiling point. The purities of the chemicals in weight percentages were provided by the suppliers. All chemicals were used

Table 2 – Tested solvents.
Solvent
n,n-Dibutylformamide
Tridodecylamine
A mixture of four
trialkylphosphine
oxides
1-Octyl-2-pyrrolidone
Tri-n-octylamine
n-Methylformanilide
2Methyltetrahydrofuran
2-Octanone
Toluene

Chemical
formula
C9 H19 NO
C36 H75 N

Commercial
name
Alamine 304
Cyanex 923

C12 H23 NO
C24 H51 N
C8 H9 NO
C5 H10 O
C8 H16O
C7 H8

Alamine 336

Supplier

Purity (wt%)
≥99
≥99

Boiling point
(◦ C)

Density (at
25 ◦ C) (kg/m3 )

120(2 kPa)
220–228 (0.004 kPa)

864
823

Alfa Aesar
Cognis
corporation
CYTEC

≥93

Sigma–Aldrich
Cognis
Sigma–Aldrich
Sigma–Aldrich

98
98
99
≥98

170–172 (12 kPa)
164–168 (0.093 kPa)
243–244 (101.3 kPa)
78–80 (101.3 kPa)

Sigma–Aldrich
Sigma–Aldrich

≥98
99

173 (101.3 kPa)
111 (101.3 kPa)

310 (6.67 kPa)

880

920
810
109.5
860
819
866
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Fig. 1 – Simpliﬁed diagram of the extraction and regeneration processes.
without further puriﬁcation. Ultrapure water was provided by
a Milli-Q-Integral Water Puriﬁcation System (Millipore).

by Karl Fischer titration method. Standard HYDRANAL® Karl
Fischer reagents were used in the analysis.

2.2.

3.

Experimental procedures

Two types of initial aqueous solutions were prepared for the
study. The ﬁrst one contained only formic acid as its extractive
component with a concentration range from 5 wt% to 37 wt%.
The use of one simple acid speeds up and simpliﬁes the solvent screening process as it involves only a single component
system. Once promising solvents based on formic acid extraction results had been screened, they were studied further for
a simultaneous extraction of formic acid, acetic acid and furfural. In this case, initial aqueous solutions containing equal
amounts of each of the three components were prepared with
a concentration range of 1–8 wt%. The extractions of formic
acid, acetic acid and furfural from aqueous solutions were
carried out in a 250 ml Erlenmeyer ﬂask. The organic and aqueous phases were mixed together with a magnetic stirrer at a
mixing rate of 500–1000 1/min for about an hour.
After extraction, the solution was left to settle for at least
30 min. A simpliﬁed diagram of the extraction and regeneration process is shown in Fig. 1. Regeneration experiments
were carried out in a spinning band distillation unit. In order to
avoid the decomposition of formic acid at an elevated temperature, all the distillation experiments were carried out under a
vacuum. Inside the distillation unit, a Teﬂon spinning helical
band pushes the rising vapors and descending condensate to
the sides of the column, enabling them to come into close
contact with each other. This speeds up the equilibration
and provides for a large number of condensation–vaporization
cycles. Nitrogen gas was fed at a constant ﬂow either during
the whole distillation process or before commencement of the
experiments to remove the air inside the distillation unit. Tap
water was used as a cooling medium for the distillation unit.

2.3.

Analytical methods

The amounts of acid from both phases were analyzed by a
simple titration method when the initial aqueous feed had
only a single acidic component (formic or acetic acid). 0.05 M
of NaOH titrant solution, a phenolphthalein indicator and
Millipore water were used for the titration. For experiments
with aqueous solutions containing more than one extractive
component, the analysis was made by high performance liquid chromatography (HPLC). In the HPLC analysis, an eluent
of 0.005 M H2 SO4 , ﬂow rate 0.6 ml/min and a MetaCarb 87H
(300 mm × 7.8 mm) column were used. In this way, the concentration of each extractive component (formic acid, acetic
acid, and furfural) from the two phases was determined. The
amount of solvent in the rafﬁnate phase was determined with
the same method. The average retention time for formic acid
was 14.3 min, for acetic acid 15.6 min, and for furfural 42 min.
The water concentration in the organic phase was determined

Results and discussion

Distribution coefﬁcients and separation factors were calculated from equilibrium data at a given extraction temperature.
In this paper, the equilibrium distribution coefﬁcient for the
extracted component (KDE ) is deﬁned as the ratio of the weight
percentage (wt%) of the extracted component (i.e. formic acid,
acetic acid, or furfural) in the organic phase to the weight
percentage of the extracted component in the aqueous phase
KDE =

[Extracted component]org
[Extracted component]aq

(1)

In the same way, KDW , the equilibrium distribution coefﬁcient of water is deﬁned as:
KDW =

[Water]org
[Water]aq

(2)

The separation factor (˛) is deﬁned as the ratio of the distribution coefﬁcients of the extracted components and water:
˛=

3.1.

KDE
KDW

(3)

Extraction results for formic acid

The most promising solvent candidates were screened using
formic acid as the extractive agent.
The water–solvent equilibrium for formic acid was studied and the extraction efﬁciencies and the distribution
coefﬁcients were compared for each solvent at 25 ◦ C. The feed
solution for this study contained only formic acid in water
and the concentration of the aqueous solution ranged from 5
to 37 wt%. All the solvents used were in their pure form, with
the exception of Alamine 336, for which toluene was used as
a diluent at a 1:1 volume ratio. Fig. 2 shows the equilibrium
curves of formic acid for all the solvents tested.
At low formic acid concentrations in the rafﬁnate phase
(below 5 wt%) Alamine 336-toluene and Cyanex 923 have the
most favorable equilibrium with high distribution coefﬁcient
values. At higher concentrations (above 12.5 wt%) the equilibrium is more favorable for n,n-dibutylformamide, Alamine
304, 1-octyl-2-pyrrolidone and n-methylformanilide than for
the rest of the solvents. 2-Octanone showed the most unfavorable results, both at low and high concentration ranges.

3.2.
Solvent regeneration after formic acid and acetic
acid extraction
In reactive extraction, formic and acetic acids form chemical bonds with the extractants, which improves the efﬁciency

534

chemical engineering research and design 9 3 ( 2 0 1 5 ) 531–540

Fig. 3 – Thermal decomposition of formic acid in Cyanex
923.
Fig. 2 – Equilibrium curves of formic acid for different
solvents at 25 ◦ C.
of their extraction. Due to these chemical bonds, the recovery of the acids from the solvents is more difﬁcult than in
the case of purely physical extraction. Only those solvents
that showed potentially good extraction results for formic
acid were considered for study of their recoverability after
extraction. Accordingly, Cyanex 923, n,n-dibutylformamide,
Alamine 336, Alamine 304, and 1-octyl-2-pyrrolidone were
selected for further study. After the extraction had been carried out and the two phases separated, the extract phase
was drawn off for the regeneration experiment. Regeneration
experiments were carried out in a spinning band distillation
unit under a vacuum. During the distillation, the temperature
in the unit changes as the composition of the solvent changes.
The total loss of acid during distillation was calculated from
the mass balance of the analyzed concentration of formic
acid in the feed, residue and distillate. The losses include
thermal decomposition of the formic acid, the amount of
acid remaining inside the distillation unit and losses through
the vacuum pump during vacuum distillation. Therefore, the
losses in the different experiments are not directly comparable.
The distillation temperature that can be used in solvent
regeneration is limited by the potential thermal decomposition of the acids at higher temperatures. For example, formic
acid undergoes thermal decomposition in an aqueous phase
at elevated temperatures (Bjerre and Soerensen, 1992; Yu and
Savage, 1998). The thermal decomposition of formic acid in
the solvents was studied separately in a batch Parr Autoclave reactor to evaluate the effect of temperature on the
decomposition rate. This information enabled the regeneration experiments to be operated under conditions in which
formic acid loss is minimized. As shown in Fig. 3, the thermal decomposition of formic acid in Cyanex 293 is slow at
200 ◦ C but, after some initiation time (27 min), considerable
at 250 ◦ C. Therefore, the maximum distillation temperature
for formic acid regeneration in Cyanex 923 should not exceed
200 ◦ C. For real process solutions, the degradation might also
be inﬂuenced by the presence of metal ions. Consequently,
the regeneration temperature should be kept to a minimum.
For comparison with formic acid, thermal decomposition of
acetic acid in Cyanex 923 was also studied in similar conditions. Based on the results, acetic acid seems to be more
resistant to thermal decomposition than formic acid and no
signiﬁcant decomposition was found.

The most important result in recovery experiments is the
amount of acid removed from the solvent, as this is directly
analyzed from the solvent before and after distillation.
For Cyanex 923, the regeneration experiments were carried
out from low (5 wt%) to high (37 wt%) acid concentrations. To
improve the regeneration efﬁciency, the temperature should
be close to 200 ◦ C since the thermal decomposition was found
to be slow at this temperature (Fig. 3). The most favorable
results obtained for Cyanex 923 were found when operating
at a maximum distillation temperature of 195 ◦ C and under
3.1–4.9 kPa vacuum. However, even under these conditions
only 75% formic acid removal was achieved.
Maximum formic acid removal for n,n-dibutylformamide
was obtained when operating at 150 ◦ C and 5.9–6.3 kPa; 85%
formic acid removal. However, since the temperature is close
to the boiling point of the solvent, care should be taken not to
distil also the solvent phase along with the formic acid.
In the case of Alamine 304, up to 88% of the formic acid
could be removed from the solvent when operating under
vacuum (5.6–5.7 kPa) at 150 ◦ C. This result seems to be comparable to that obtained with n,n-dibutylformamide. However,
for Alamine 304, the operating conditons are not as close to the
boiling point of the solvent and hence there is no risk of distilling the solvent along with the formic acid in the distillate.
Compared to Cyanex 923, better stripping of formic acid (81%)
and lower distillation temperature (148 ◦ C) were obtained for
1-octyl-2-pyrrolidone. However, even more promising results
were observed for Alamine 304 and n,n-dibutylformamide solvents.
A regeneration experiment for Alamine 336 was carried
out at 173 ◦ C under a vacuum pressure of 4.1–6.8 kPa. The
solvent used was in its pure form, unlike the extraction
experiement for which toluene was used as a diluent. According to the regeneration result, Alamine 336 showed by far the
best percentage of formic acid stripped from the solvent, about
97.6% acid removal. Moreover, it required a lower distillation
temperature than Cyanex 923. Table 3 shows the most favorable regeneration results and operating conditions for each
selected solvent based on the series of experiments.
Solvent regeneration tests were also carried out for acetic
acid in Cyanex 923.The results obtained show that at 150 ◦ C
and a vacuum pressure of 2.8–4.4 kPa, 16% acid removal was
obtained when the initial aqueous solution contained 5 wt% of
acetic acid. With a higher concentration of acetic acid (37 wt%),
60% acetic acid removal was attained. These results can be
compared to the removed fractions of 31% and 43% for formic
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Table 3 – Solvent regeneration results for formic acid.
Loaded solvent
Alamine 336
Cyanex 923
n,n-Dibutylformamide
Alamine 304
1-Octyl-2-pyrrolidone

Max distillation
temperature (◦ C)

Vacuum pressure
(kPa)

173
195
150
150
148

acid in Cyanex 923. It seems that at low concentrations, acetic
acid is more strongly bound to the reagent. At higher concentrations, however, acetic acid is easier to remove from the
solvent than formic acid.
Of the tested solvents, the regeneration of 2-MTHF can
be carried out in a straightforward manner. As a low boiling
solvent, 2-MTHF has the beneﬁt that it can be obtained as
a distillate leaving the heavier components as bottom products. Unlike the other solvents, 2-MTHF does not require high
temperature and vacuum conditions and the solvent can be
relatively easily recovered by distillation.

3.3.
Phase separation and the formation of
intermediate phases
The absence or presence of emulsion and intermediate phases
is an important factor when choosing a suitable solvent. The
formation of an emulsion often affects the settling time of the
phases. An intermediate third phase, although not necessarily
affecting the settling time, can make the entire process more
complex because of the need for additional handling.
Of the solvents tested for formic acid, fast (less than
30 min) rates of phase separation were obtained for n,ndibutylformamide, Cyanex 923, n-methylformanilide, 2-MTHF
and 1-octyl-2-pyrrolidone. For pure Alamine 336, the rate of
phase separation was tested at different mixing speeds (500,
700 and 1000 l/min). At the highest mixing speed (1000 l/min),
the settling time was long (about 12 h) and a considerable
amount of emulsion as well as two separate organic phases
were formed during extraction. When operating at a reduced
mixing rate of 700 l/min, the total settling time reduced considerably to 0.5 h, with a small volume of emulsion formed at
the walls of the settling vessel. These results clearly indicate
that an optimal mixing rate should be used in order to avoid
the formation of emulsion while also ensuring an effective
extraction. To avoid problems with the settling time, the mixing rate was reduced to 500 l/min for further experiments. At
this mixing speed, the settling time was less than 15 min with
an absence of emulsion.
For Alamine 304, the rate of phase separation was, in general, slow for different mixing rates and an intermediate (third)
phase was also formed during the extraction. The slow rate
of phase separation may cause some problems, especially for
operations in continuously fed extraction equipment.

4.1–6.8
3.1–4.9
5.9–6.3
5.6–5.7
3.6–4.4

FA stripped from
solvent (wt%)
97.6
75
85
88
81

3. The choice of a suitable diluent depends on various factors.
Several potential diluents were examined by Munson and King
(1984). For the purpose of this work, toluene was chosen as
a diluent for Alamine 336, mainly because its minimal interaction with water soluble carboxylic acids enables the effect
of amine on acid extraction to be studied without the diluent actively participating during the extraction. Alcohols have
been used as diluents for tertiary amines (Keshava et al., 2009).
However, formic acid is a quite strong acid and it can easily esterify with alcohols in later process steps. Furthermore,
toluene is cheap and readily available. In the experiments,
the concentration of each component in the aqueous mixture
solution ranged between 1 and 8 wt%, which is comparable to
industrial processes having aqueous streams containing these
components.

3.4.1.

Extraction with 2-MTHF

Extraction of formic acid, acetic acid and furfural was carried
out at 25 ◦ C and 45 ◦ C with an aqueous/organic (A/O) phase
ratio of 1:1 and 2:1, respectively. The concentration range of
each extractive component in the initial aqueous solution was
between 1 and 8 wt%. The results (Fig. 4) show that the extractions of formic acid and acetic acid seem to be more favorable
at ambient temperature (25 ◦ C) than at 45 ◦ C, whereas the
extraction of furfural was slightly improved by the temperature increment.
One of the screening criteria for an extraction solvent system is minimum mutual solubility of the solvent and water,
i.e. the dissolution of the water to the organic phase and the
solvent to the aqueous phase. The effect of extractive concentration in the solvent on water solubility is shown in Fig. 5.
The results show that the presence of formic acid and acetic
acid increases the solubility of water in 2-MTHF. This can be
explained by the fact that formic acid and acetic acid have
a polarizing effect on the oxygen atom in 2-MTHF, which in

3.4.
Extraction of a mixture of formic acid, acetic acid
and furfural with Alamine 336-toluene and 2-MTHF
solvents
Aqueous solutions containing a mixture of formic acid, acetic
acid and furfural were used to study the extraction efﬁciency
of Alamine 336-toluene (1:1 by volume) and 2-MTHF. Alamine
336 was selected due to its promising extraction and regeneration results for formic acid, as discussed in sections 2 and

Fig. 4 – Equilibrium curves for formic acid, acetic acid and
furfural between 2-MTHF and water.
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Fig. 5 – Effect of extractive concentrations on the solubility
of water in the extract phase of 2-MTHF solvent at 45 ◦ C.
turn makes 2-MTHF more hydrophilic and prone to dissolve
more water. On the other hand, the solubility of water is less
affected by the concentration of the extracted furfural. The
total water solubility enhancement is a linear combination of
the effects of the individual extracted components. Similarly,
the effect of extractive concentration in the rafﬁnate on the
solubility of 2-MTHF was studied and the results are shown
in Fig. 6. According to the results, the solubility of 2-MTHF in
water is substantially dependent on the concentration of each
extracted component in the rafﬁnate phase and it decreases
with increasing extractive concentration in the rafﬁnate.
The effect of temperature on water solubility in the extract
and on the solubility of 2-MTHF in the rafﬁnate phase is shown
in Fig. 7. The results show that both the solubility of water
in the extract and the solubility of 2-MTHF in the rafﬁnate
decrease with extraction temperature. The effect of temperature is especially signiﬁcant on the solubility of 2-MTHF in the
rafﬁnate. For instance, increasing the extraction temperature
from 25 ◦ C to 60 ◦ C decreases the solubility of 2-MTHF in the
rafﬁnate from 13.8 wt% to 6 wt%.

Fig. 6 – Effect of extractive concentrations on the solubility
of 2-MTHF in the rafﬁnate at 25 ◦ C.

Fig. 7 – Effect of temperature on mutual solubility of water
and 2-MTHF. The extractive concentrations in the solvent
phase were 3.5 wt% formic acid, 4.1 wt% acetic acid and
5.9 wt% furfural.
These results show that to obtain a minimum solubility of
2-MTHF in the rafﬁnate, both the concentration of the components in the rafﬁnate and the extraction temperature have
to be high enough. However, care has to be taken so that the
extraction temperature does not get close to the boiling point
of 2-MTHF, which is about 80 ◦ C at ambient pressure. On the
other hand, a high concentration of acid components in the
extract enhances the solubility of water in the extract (Fig. 5).
Hence, both the concentration of the individual components
in the initial aqueous solution and the extraction temperature
have to be within an optimal range so that the loss of solvent
in the rafﬁnate phase can be minimized while reducing the
concentration of water in the extract phase.
The separation factor (˛) and the distribution coefﬁcients
(KDE and KDW ) calculated for the 2-MTHF solvent are shown
in Table 4. It can be seen from Table 4 that both KDE and ˛ at
25 ◦ C decrease with extractive concentration in the aqueous
phase. The effect is particularly signiﬁcant on the ˛ value of
furfural, which decreases remarkably with concentration in
the aqueous phase. On the other hand, the distribution coefﬁcient of water (KDW ) slightly increases with the component
concentrations. This is due to the fact that the solubility of
water in the extract increases with the component concentrations (especially with acidic components) as discussed earlier
(see Fig. 5). Within the given concentration range of the components in the aqueous phase, furfural has the highest KDE
and ˛ values and the equilibrium is more favorable for furfural
than for formic and acetic acids. The effect of extraction temperature on ˛, KDE and KDW values was studied at 25, 45 and
50 ◦ C. The results are shown in Table 4. The KDW value for the
2-MTHF solvent decreases with temperature since the concentration of water in the extract decreases with the extraction
temperature (see Fig. 7). Because of a favorable equilibrium
for furfural extraction at higher temperature (Fig. 4), the KDE
value for furfural increases slightly with temperature. Due to
these overall effects of decreasing KDW values and increasing
KDE values, the separation factor for furfural increases with
extraction temperature. For acetic acid, however, the separation factor (˛) decreases with temperature despite the low
KDW values obtained with increasing temperature. This is due
to the unfavorable equilibrium for acetic acid extractions at
higher temperatures (Fig. 4) resulting in low KDE values and
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Table 4 – Extraction results for 2-MTHF: calculated values of separation factor and distribution coefﬁcients for 2-MTHF
solvent.
Solvent

Extractive
component

Formic acid

2-MTHF

Acetic acid

Furfural

Experiment

M1
M2
M3
M4
M5
M6
M7
M1
M2
M3
M4
M5
M6
M7
M1
M2
M3
M4
M5
M6
M7

Concentration
in the initial
aqueous
solution (wt%)
1
2
3
3
3
5
8
1
2
3
3
3
5
8
1
2
3
3
3
5
8

thus in low separation factors. It should be noted that the
effect of temperature is less signiﬁcant than the effect of
component concentrations on the separation factors and distribution coefﬁcients for 2-MTHF solvent.

3.4.2.

Extraction with Alamine 336-toluene

The mutual solubility of water and Alamine 336-toluene was
studied at 25, 45 and 70 ◦ C using an initial aqueous solution
with 15 wt% formic acid concentration. At this concentration
level, the solubility of water in the extract seems not to be
affected by temperature, as shown in Fig. 8. Unlike the 2-MTHF
solvent, the solubility of Alamine 336- toluene in the rafﬁnate
is less affected by temperature.
For the Alamine-336-toluene solvent, the individual component concentration in the extract does not have a linear
effect on water solubility. Instead, the water solubility ﬁrst
increases with the component concentrations and then
reaches a saturation point (Fig. 9). When the component con-

Fig. 8 – Mutual solubility of water and Alamine 336-toluene
as a function of temperature. The formic acid concentration
in the initial aqueous solution was 15 wt%.

Extraction
temperature
(◦ C)
45
45
50
45
25
25
25
45
45
50
45
25
25
25
45
45
50
45
25
25
25

Concentration
in rafﬁnate
(wt%)
0.62
1.19
1.48
1.79
1.03
1.91
3.13
0.59
1.11
1.5
1.64
1.06
1.87
3
0.25
0.51
0.43
0.76
0.37
0.67
1.05

KDW

KDE

0.065
0.066
0.067
0.068
0.072
0.080
0.090
0.065
0.066
0.067
0.068
0.072
0.080
0.090
0.065
0.066
0.067
0.068
0.072
0.080
0.090

1.32
1.33
1.29
1.27
1.71
1.52
1.41
1.34
1.43
1.32
1.41
1.63
1.55
1.48
6.80
6.56
6.6
6.56
6.46
5.57
5.3

˛

20.31
20.17
19.25
18.68
23.66
19.04
15.69
20.60
21.62
19.7
20.74
22.6
19.32
16.41
104.62
99.33
98.51
96.47
89.43
69.59
58.84

centration in the extract is below 1.5 wt%, acetic acid seems
to have a more polarizing effect on water solubility than furfural and formic acid. Formic acid is presumably consumed
in amine-acid complex formation at these low concentration
levels and thus its effect on polarization is reduced.
For the Alamine 336-toluene solvent, the extraction of
formic acid and furfural are more favored than acetic acid,
as can be seen from the equilibrium curves (Fig. 10) of the
individual components. The calculated results for KDW , KDE
and ˛ are shown in Table 5 (experiments A1–A3). The results
show that formic acid has the highest distribution coefﬁcient
and separation factor of the extracted components. The lower
KDW value obtained for this solvent is one of the reasons for
the relatively high separation factor for each component. Particularly for formic acid, both ˛ and KDE are much higher than
the values obtained when using 2-MTHF as a solvent.

Fig. 9 – Effect of component concentration in the extract on
water solubility for Alamine 336-toluene solvent. The
individual component concentration in the initial aqueous
solution was in the range of 1–3 wt%.
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Table 5 – Extraction results for Alamine 336-toluene solvent: calculated values of separation factor and distribution
coefﬁcients for Alamine 336-toluene solvent.
Solvent

Extractive
component

Formic acid

Acetic acid
Alamine
336-toluene

Furfural

Formic acid

a

Experiment

A1
A2
A3
A1
A2
A3
A1
A2
A3
A4a
A5a
A6a
A7a

Concentration
in the initial
aqueous
solution (wt%)
1
2
3
1
2
3
1
2
3
5
15
25
35

Extraction
temperature
(◦ C)
45
45
45
45
45
45
45
45
45
25
25
25
25

Concentration
in rafﬁnate
(wt%)
0.26
0.35
0.44
0.54
0.75
1.06
0.31
0.45
0.65
0.75
4.28
10.80
24.39

KDW

KDE

˛

0.011
0.015
0.016
0.011
0.015
0.016
0.011
0.015
0.016
0.012
0.017
0.018
0.023

2.69
4.47
5.63
0.86
1.48
1.77
2.02
3.11
3.43
6.67
2.75
1.42
0.67

246.32
297.90
347.36
79.88
95.27
112.90
186.15
200.87
219.18
574.60
159.61
78.91
28.93

Note: Experiments A4–A7 involved only formic acid as the only extractive in the initial aqueous solution.

on both the separation factor and distribution coefﬁcient for
formic acid.
The effect of toluene, a proposed diluent for Alamine 336,
on ˛, KDE , and KDW was also studied separately at 25 ◦ C using
formic acid as the only component in the initial aqueous solution. The results (Fig. 11) show that Alamine 336 in its pure
form extracts formic acid with a higher separation factor and
distribution coefﬁcient compared to when toluene is used
as a diluent. However, with toluene as a diluent, less water
is co-extracted (low KDW ) with formic acid than when pure
Alamine-336 is used. Moreover, as discussed in Section 3.3,
the use of toluene as a diluent prevents the formation of an
emulsion, thereby enhancing the rate of phase separation.

3.4.3. Comparison between Alamine 336-toluene and
2-MTHF solvents
Fig. 10 – Equilibrium diagram for Alamine 336-toluene
solvent at 45 ◦ C.

Despite the promising results for Alamine 336-toluene at
low concentration of formic acid, acetic acid and furfural in the
initial aqueous solution, the results have to be checked also
for extractions containing higher component concentrations
in the initial aqueous solution. This is because, unlike 2-MTHF,
the equilibrium curves for Alamine-336/toluene are not linear
and the equilibrium is more favorable at low concentrations
and becomes relatively unfavorable at high concentrations
of formic acid, as seen in Fig. 2. To ascertain the results at
high concentrations, experiments were performed for formic
acid only with a concentration range of 5–35 wt% in the initial
aqueous solution. Based on the results (see Table 5 experiments A4–A7), both KDE and ˛ decrease considerably with the
increased concentration of formic acid. On the other hand,
KDW increases with formic acid concentration, which in turn
lowers the separation factor. The highest separation factor
(575) and distribution coefﬁcient (6.67) for formic acid were
obtained when the formic acid concentration in the initial
aqueous solution was 5 wt%, whereas the corresponding lowest values (˛ = 29, KDE = 0.67) were obtained when the formic
acid concentration was 35 wt%. The concentration level of
formic acid in the initial aqueous solution clearly has an effect

A comparison of the two solvents was made at an extraction temperature of 45 ◦ C for a concentration range of 1–3 wt%
formic acid, acetic acid and furfural in the initial aqueous solution. Tables 4 and 5 show that higher KDE values (6.56–6.8)
for furfural were obtained for the 2-MTHF solvent, while
higher KDE values (2.69–5.30) for formic acid were obtained
for Alamine 336-toluene. For acetic acid, there is only a small
difference in equilibrium between 2-MTHF and Alamine 336toluene solvents. However, at low concentration levels, the
extraction of acetic acid seems to be more favored when using
2-MTHF solvent, but as the concentration level increases the
extraction of acetic acid seems to be more favored when using
Alamine 336-toluene as a solvent. The equilibrium curves for
the two solvents at 45 ◦ C are shown in Fig. 12.
At low concentrations of extractives (1–3 wt%) in the initial
aqueous solution, the highest separation factor obtained for
formic acid, acetic acid and furfural was when Alamine 336toluene was used as a solvent. This is mainly because of the
low mutual solubility between water and the solvent. However, it can be seen from Table 5 (experiments A4–A7) that both
the separation factor and distribution coefﬁcient for formic
acid with Alamine 336-toluene solvent decrease considerably
as the concentration level of formic acid in the initial solution
increases from 5 wt% to 35 wt%. This is presumably because at
lower concentration levels, the equilibrium is more dominated
by reactive extraction and as concentration increases, physical extraction dominates, thus lower KDE values are obtained.
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The effect can be seen from the equilibrium curve of formic
acid in Fig. 2.

4.

Fig. 11 – Effect of toluene on ˛, KDE , and KDW at 25 ◦ C.
Comparison between pure Alamine 336 and Alamine 336
in toluene. The formic acid concentration in the initial
aqueous solution was in the range of 5–35 wt%.

Conclusions

Extraction and regeneration experiments were performed to
study suitable solvents for recovery of carboxylic acids and furfural from aqueous solutions. Various types of solvents were
compared and evaluated in the study. Of the tested solvents,
Alamine 336 and 2-methyltetrahydrofuran (2-MTHF) solvents
showed the most promising results. In general, both solvents
can be used to recover the studied components from aqueous
solutions.
With Alamine-336, the formation of emulsion was avoided
and the rate of phase separation was fast when the extractions were performed at low mixing rates. The use of toluene
as a diluent for Alamine 336 prevented the formation of a third
intermediate phase. With pure Alamine 336, 97.6% recovery of
formic acid from the loaded solvent was obtained by vacuum
distillation at 173 ◦ C. For the Alamine 336-toluene solvent system, however, acid recovery from the loaded solvent is made
complicated due to the order of increasing boiling points of
formic acid, toluene and acetic acid. As a consequence, design
of downstream processing after extraction becomes complicated, which might inﬂuence the process economics for this
solvent system.
The regeneration results are an important aspect in the
selection process. Of the tested solvents, Alamine 336 showed
the best regeneration results for formic acid. 2-MTHF (2methyltetrahydrofuran) has a low boiling point; hence the
solvent can be relatively easily recovered by distillation without the need for high temperature and vacuum conditions.
Due to the non-linear equilibrium of the Alamine 336toluene solvent, the distribution coefﬁcients and separation
factors for each extractive component depend strongly on the
concentration level of the initial aqueous solution. At low
concentrations, the KDE and ˛ values increase with the concentration of formic acid in rafﬁnate and conversely, they both
start to decrease when the concentration is higher than 5 wt%.
With the 2-MTHF solvent, no intermediate phase was
formed and the phase separation was also fast. The solubility
of water in 2-MTHF increases with increasing concentration of
acids in the solvent. However, co-extraction of water decreases
with increasing temperature. For this reason, it is favorable to
perform the extraction at elevated temperature.
The extraction temperature affects both the distribution coefﬁcients and the separation factors of the extracted
components. For furfural, the distribution coefﬁcients and
separation factor increased with temperature. However, for
formic and acetic acids, the distribution coefﬁcients and separation factors decrease with extraction temperature due to
the unfavorable equilibrium at higher temperatures.
Comparisons of Alamine 336 and 2-MTHF were made at
25 ◦ C and 45 ◦ C. In both cases, the results show that the
extraction of formic acid was favored by Alamine 336-toluene,
whereas the extraction of furfural was better when using 2MTHF. For acetic acid, there was only a small difference in
equilibrium for both solvents.
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Abstract: Cellulose nanocrystals (CNCs) can be extracted from cellulosic materials through the
degradation of non-crystalline cellulose domains in the feedstock via acid hydrolysis. However, the
sugars released from the hydrolysis process cannot be easily recovered from the acid waste stream. In
this study, cellulases were used to preferentially degrade non-crystalline domains with the objectives
of recovering sugars and generating a feedstock with concentrated CNC precursors for a more
efficient acid hydrolysis process. Filter paper and wood pulp substrates were enzyme-treated for
2–10 h to recover 20–40 wt % glucose. Substantial xylose yield (6–12 wt %) was generated from wood
pulp. CNC yields from acid hydrolysis of cellulases-treated filter paper, and wood pulp improved
by 8–18% and 58–86%, respectively, when compared with the original substrate. It was thought that
CNC precursors accumulated in the cellulases-treated feedstock due to enzymatic digestion of the
more accessible non-crystalline celluloses. Therefore, acid hydrolysis from enzyme-treated feedstock
will require proportionally less water and reagents resulting in increased efficiency and productivity
in downstream processes. This study demonstrates that an enzymatically-mediated process allows
recovery of fermentable sugars and improves acid hydrolysis efficiency for CNC production.
Keywords: acid hydrolysis; cellulase; cellulose nanocrystals; fermentable sugars

1. Introduction
In recent years, the demand for print media products has been declining, especially in North
America [1], due to the ever growing use and popularity of electronic media. Accordingly, the pulp
and paper industry is aiming to diversify to high value-added products such as cellulose nanocrystals
(CNCs). Cellulose, which makes up the major structural component of wood, is composed of
poorly ordered amorphous chains, tightly packed crystalline regions and relatively less ordered
para-crystalline domains [2]. Highly crystalline cellulose extracted in nanoscale dimensions of 3–5 nm
width and 50–500 nm length are referred to as CNCs [3]. These cellulose crystals have been isolated
from different sources such as wood pulp [4], cotton (Whatman™ No. 1 filter paper,) [5], tunicate (an
aquatic invertebrate) [6], and bacteria [7]. CNCs are highly reactive and show a superior mechanical
strength due to their large surface area as nanoparticles and high crystallinity, respectively [8].
The tensile strength (7.5 GPa) and axial elastic modulus (150 GPa) of CNCs are greater than or
comparable with steel and Kevlar at low density (1.6 g/cm3 ) [3,9]. Therefore, CNCs have potential
application as biodegradable and renewable reinforcement fillers for composite materials. CNC
reinforced nanocomposites of cement [10], polylactic acid films [11], polyurethane foams [12], and
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adhesives [13] have shown improved mechanical properties. Cytotoxicity studies on different cell
lines [14,15] show that CNCs are safe and biocompatible for biomedical applications such as diagnostic
imaging [16] and drug delivery [17]. In addition, CNCs form a chiral nematic order that can be
manipulated to form iridescent films with a potential application in developing colored films and
sensors [18,19].
CNCs are isolated from a cellulosic feedstock by hydrolysis of amorphous celluloses with
concentrated acid [3,20,21]. In this process, the acid protonates either the glycosidic or cyclic oxygen
to promote nucleophilic attack of glycosidic bonds (and therefore cellulose chains) by water [22].
Under controlled conditions, acid hydrolysis reaches a plateau over the passage of time to generate
CNC fragments that represent the acid recalcitrant crystalline cellulose [23]. Acid recovery methods
are being introduced into CNC production processes to ensure economic feasibility and to reduce
waste [24]. Mechanical methods can also be used to degrade amorphous cellulose by applying shear
force along the length of the chain [25,26]. Recently, subcritical water has been explored for CNC
extraction with promising results in terms of CNC yield and characteristics [27].
Even though acid hydrolysis has been well studied for CNC extraction, the methodology has some
limitations. The major challenges of this process are: (a) the loss of reusable sugars from hydrolysis of
amorphous cellulose in the acid waste stream, and (b) reaction of the acid with sugars in the waste
stream reduces acid recovery efficiency [24]. These issues arise because of the high composition
of amorphous cellulose in the feedstock, which has no contribution to CNC production. However,
the recovery and reuse of sugars could improve the economics of the CNC production process. These
limitations can be potentially addressed by introducing a cellulase enzymatic treatment to degrade the
amorphous region before the cellulose is acid-hydrolyzed.
Cellulases are a set of enzymes that work in synergy to catalyze the degradation of
celluloses. Hydrolytic cellulases are divided into three major groups: (a) endoglucanases break
the amorphous cellulose chains to create chain ends; (b) exoglucanases/cellobiohydrolases bind to
reducing/non-reducing ends of chains and release cellobiose units; and, (c) β-glucosidases/cellobiases
breakdown cellobioses to glucose [28]. In addition, non-hydrolytic proteins, such as carbohydrate
binding modules (bound to the enzymes) and free proteins, such as swollenin, expansins, and
expansin-like proteins loosen tightly packed domains to facilitate enzyme accessibility [29].
Various reports show that cellulases rapidly hydrolyze amorphous cellulose [30–32]. Crystalline
cellulose degradation is relatively delayed because cellulases are too large to enter the tightly packed
core until the enzymes gradually loosen the structure [33]. There is potential to manipulate cellulase
treatment to preferentially hydrolyze amorphous cellulose, which would facilitate the recovery of
sugars and generate a feedstock with less amorphous fractions for a CNC extraction process. During
cellulose degradation, the macro-structural organization of cellulose chains could likely limit the
surface accessibility of the total amorphous domains. Detailed analysis of the cellulose structure
shows that a fiber cell wall layer (1.7–3.7 µm) is made up of stacks of macrofibrils (500 nm) [34].
The latter is an aggregate of microfibrils (25 nm), which are the basic repeating units of the cellulose
structure. Microfibrils are formed from bundles of elementary fibrils composed of tightly packed
36 parallel cellulose chains [35], with a decreasing level of crystallinity order from the core to the
outer layer [36]. The elementary fibril is also interrupted with amorphous regions (dislocation sites)
along the length [33]. This structural organization implies that amorphous and crystalline chains
are interspersed in the fiber cell wall. During enzymatic digestion, the total amorphous celluloses
are not simultaneously accessible as the cell wall is only gradually peeled off layer by layer [33,37].
Zhao et al. observed no change in the crystallinity of cotton cellulose, even after controlled acid
hydrolysis to degrade amorphous cellulose, which suggested that amorphous cellulose in the core was
not accessible [38].
Some studies have explored cellulase treatments to produce microfibrillated cellulose (MFC) via
mechanical disintegration. MFCs are particles that have a nano-sized width, with lengths that could
reach millimeters and interrupted by some less ordered celluloses [3]. Hydrolysis of less ordered
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cellulose with endoglucanase has improved the efficiency of mechanical homogenization [39,40].
CNCs have been extracted from acid hydrolysis of MFCs, generated by the homogenization of
sisal fiber that is treated with a mixture of all three groups of hydrolytic cellulases [41], from
here on referred to as a cellulase cocktail. Zhu et al. reported that the crystallinity of cellulase
cocktail-treated Kraft pulp improved with longer enzymatic treatment and CNC-like particles were
generated by homogenization [42]. There were also efforts to produce CNCs solely by endoglucanase
treatments [43,44]. Multiple cycles or high enzyme loadings are required to achieve significant
CNC yield.
Most of these enzymatic hydrolysis studies mainly focus on the generation of MFC by mechanical
disintegration, which requires multiple energy intensive passes, while acid hydrolysis is the most
common CNC extraction process [3,20,21]. In addition, the prospect of recovering fermentable sugars
could not be explored with monocomponent endoglucanases treatment, as these enzymes mostly act
on amorphous cellulose, with limited saccharification [34]. To the best of our knowledge, a report by
Beltramino et al. is the only account of a cellulase cocktail treatment study for CNC extraction via
acid hydrolysis [45]. This study showed that enzymatic treatment increased the crystallinity of cotton
linter due to the degradation of amorphous cellulose. This seems to indicate that better accessibility of
the crystalline cellulose to the acid improved the CNC yield. The influence of the extent of enzymatic
treatment on CNC yield and the prospect of co-generation of fermentable sugars are yet to be explored.
Further investigation on this enzymatically-mediated process can give insights to the forestry and
CNC industry to fully exploit this approach.
The aim of this study is to assess the effect of cellulase cocktail degradation of model substrate
(Whatman™ No. 1 filter paper) and wood pulp feedstocks over a period of time on the recovery of
fermentable sugars and acid hydrolysis efficiency. We hypothesize that the preferential degradation of
amorphous cellulose can be achieved by manipulating hydrolysis time. Hence, the CNC precursor
will be concentrated in the enzyme-treated cellulosic solid, which will improve the CNC yield from
acid hydrolysis relative to the original material.
2. Results and Discussion
2.1. Cellulase Cocktail Dosages Response Curve
A glucose yield response curve as a function of cellulase cocktail loadings from 24 h hydrolysis
was generated. The enzyme loading at the point when glucose yield started to plateau, with no
further significant increase in yield at subsequent loadings, was identified as the most effective
cellulase cocktail dosage. At this point, all of the enzyme-accessible binding sites would have been
saturated [46]. Further addition of enzyme protein would not contribute to cellulose hydrolysis and
only incur unnecessary cost to the process. Therefore, this effective cellulase loading was selected for
subsequent enzymatic treatment investigation.
The effective cellulase dosage for the filter paper substrate was 1.7 fold higher when compared
with wood pulp. Whatman™ No. 1 filter paper, which is made from cotton pulp [47], has more
crystalline cellulose (83% crystallinity index, CI) fraction than hard wood pulp (73% CI) [48]. It has
been previously suggested that the hydrolysis of crystalline cellulose requires higher loading for
synergistic action of cellulases catalyzed by certain classes of exoglucanases [34].
2.2. Substrate Degradation Profile
Filter paper and wood pulp were treated with the cellulase cocktail (using the effective loading
identified for the respective substrate) for 2–10 h. Fermentable sugars released in the enzyme
hydrolysate and the undigested solids generated were assessed. Glucose yields from enzymatic
treatment of filter paper ranged from 23.7 ± 0.2 to 42.0 ± 2.2 wt % substrate conversion (Figure 1a).
After 6 h of treatment, there was no significant difference in yield (p < 0.05). A reduction in hydrolysis
rate over time has been well reported in literature [49,50]. Based on the general understanding of
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Figure 1. Glucose and xylose yields from cellulase cocktail treatment of (a) filter paper and (b) wood
Figure 1. Glucose and xylose yields from cellulase cocktail treatment of (a) filter paper and (b) wood
pulp over a time period of 2–10 h. Bars that are denoted by non-identical letters within each yield
pulp over a time period of 2–10 h. Bars that are denoted by non-identical letters within each yield data
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Wood pulp hydrolysis released glucose (21.0 ± 0.6 to 44.2 ± 1.4 wt % substrate conversion) and
Wood pulp hydrolysis released glucose (21.0 ± 0.6 to 44.2 ± 1.4 wt % substrate conversion) and
xylose (6.1 ± 0.2 to 12.1 ± 0.3 wt % substrate conversion) during the examined period (Figure 1b).
xylose (6.1 ± 0.2 to 12.1 ± 0.3 wt % substrate conversion) during the examined period (Figure 1b). There
There was significant increase in the yields for both of the sugars over the 10 h treatment, except for
was significant increase in the yields for both of the sugars over the 10 h treatment, except for glucose
glucose yield at 6 and 8 h (p < 0.05). This implies that there was no rate-limiting factor for enzyme
yield at 6 and 8 h (p < 0.05). This implies that there was no rate-limiting factor for enzyme hydrolysis
hydrolysis at these time points. Xylose was the major five carbon sugar recovered because the wood
at these time points. Xylose was the major five carbon sugar recovered because the wood pulp was
pulp was sourced from hardwood feedstock [52]. Cellobiose was not detected from enzymatic
sourced from hardwood feedstock [52]. Cellobiose was not detected from enzymatic hydrolysis of both
hydrolysis of both substrates, but an unidentified oligosaccharide (with a retention time close to
substrates, but an unidentified oligosaccharide (with a retention time close to cellobiose in the HPLC
cellobiose in the HPLC chromatogram) made up less than 2 wt % conversion. This implies that the
chromatogram) made up less than 2 wt % conversion. This implies that the cellulase cocktail used
cellulase cocktail used in this study has sufficient β-glucosidase composition to hydrolyze cellobiose
in this study has sufficient β-glucosidase composition to hydrolyze cellobiose and prevents feedback
and prevents feedback inhibition for complete saccharification of cellulose [53].
inhibition for complete saccharification of cellulose [53].
The residual solids after enzymatic treatment were washed and gravimetric analysis of the
The residual solids after enzymatic treatment were washed and gravimetric analysis of the freeze
freeze dried solid was carried out to calculate undigested solid (wt % substrate) to assess the mass
dried solid was carried out to calculate undigested solid (wt % substrate) to assess the mass loss
loss (Table 1).
(Table 1).
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(wtCNC
%
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(wt
%
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Treatment (h)
(wt %
Yield (wt %
(h)
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Solid (wt %
Acid-Hydrolyzed
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Substrate)
Feedstock)
Substrate)
Feedstock)
Feedstock)
Feedstock)
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Wood Pulp

Undigested
Undigested
Solid
(wt %
Solid (wt %
Substrate)
Substrate)

CNC Yield (wt %
CNC Yield
Acid-Hydrolyzed
(wt %
Acid-Hydrolyzed
Feedstock)
Feedstock)

Overall CNC
Overall
YieldCNC
(wt %
Yield (wt %
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Original
Feedstock)
Feedstock)

A
A
A
a
a
ab ab
0 0
99.5 ±99.5
0.5 ±
59.359.3
± 0.1
59.0
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± 0.5
10.3
10.3
± 0.1
100.5
± 0.5 a
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±0.1
0.1 a
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± 0.1 A
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0.4 A
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± 0.1
a a
B 0.2 B
b b
12.1
± 1.0
± B2.7 B
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2.2BB
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± 0.7
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1.5 bb
2 2
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16.2
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54.0 ± 1.4
19.2 ± 1.5
10.3 ± 0.7
D
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C
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bc ab
6 8
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± 0.7
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2.3 E
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f
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* Means and standard deviations were calculated from duplicates.

Values within columns that are denoted by non-identical letters (in superscript) are significantly
different (p < 0.05); * Means and standard deviations were calculated from duplicates.
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2.3. CNC Yield (wt % Acid-Hydrolyzed Feedstock)
The undigested solid was acid-hydrolyzed at a constant solid (8 g) to acid (100 mL) ratio to
isolate CNCs. The effect of the enzymatic treatment on the acid hydrolysis process was determined by
calculating the CNC yield from the reaction flask as wt % of acid-hydrolyzed feedstock. The CNC yields
from 0 to 10 h cellulase cocktail treated-filter paper and wood pulp ranged from 59.3 ± 0.1 to 69.9 ± 1.8
and 10.3 ± 0.1 to 18.4 ± 0.7 wt % acid-hydrolyzed feedstock, respectively (Table 1). The enzymatic
treatment increased the yields by 8–18% for filter paper and 58–86% for wood pulp over the studied
enzyme treatment periods, as compared with the untreated feedstock (Table 2). These improvements
suggest that there was significant accumulation of CNC precursor in the residual solids due to the
relative inaccessibility of the crystalline cellulose [33] and the rapid degradation of amorphous cellulose
by the cellulases [30–32]. In the case of wood pulp, hydrolysis of hemicellulose, which is an amorphous
structure that does not contribute to the CNC product, also promotes CNC precursor concentration.
Therefore, it is likely that the acid more efficiently hydrolyzed the concentrated CNC precursors in the
cellulase cocktail-treated feedstock, and thus generated more CNC (wt % acid-hydrolyzed feedstock)
relative to the untreated pulp/filter paper. Consequently, fewer sugars and their degradation products
enter into the acid waste stream, which eases the acid recovery process [24].
Table 2. Improvement in CNC yield (%) from acid hydrolysis of cellulase cocktail-treated filter paper
and wood pulp relative to the untreated feedstock.
Enzymatic Treatment (h)
2
4
6
8
10

CNC Yield Improvement (%)
Filter Paper

Wood Pulp

8±4
10 ± 1
13 ± 3
13 ± 1
18 ± 3 *

58 ± 16
72 ± 10
86 ± 16
68 ± 19
79 ± 8

* Mean and standard deviation was calculated from duplicates.

If the effect of the enzymatic treatment on the process input for acid hydrolysis to extract a given
amount of CNC is examined, then the feedstock requirement will decrease proportional to the % CNC
yield improvement (Table 2). Consequently, the volumes and masses of water, and reagents (H2 SO4
and NaOH) needed for acid hydrolysis and neutralization will also be correspondingly reduced.
Furthermore, an increase in concentration of CNC from the acid hydrolysis reactor will enhance
the throughput in the downstream purification process. Hence, the number of operation cycles for
processes including centrifugation, tangential flow filtration, and drying can possibly be reduced.
Therefore, the improvement in yield from the acid hydrolysis reaction due to the enzymatic treatment
may significantly reduce the production cost of the acid hydrolysis and substantially conserve energy
and time in the subsequent CNC purification processes. The enzymatically-mediated process will
require more filter paper and wood pulp substrates than the untreated material, to generate the
feedstock for acid hydrolysis to extract a given amount of CNC. This is due to the mass loss from
enzymatic degradation of the substrates to sugars (undigested solids wt % substrates, Table 1). In the
case of wood pulp, it is possible to offset additional costs from the recovered sugar co-products, which
currently has a slightly higher value ($838 USD/metric ton dextrose) [54] than the feedstock ($817
USD/metric ton) [55].
When the two feedstocks were compared, irrespective of the enzyme treatment, CNC yield
from filter paper was significantly higher (up to 6 fold) than wood pulp. Previous studies on cotton
feedstock have reported CNC yields ranging from 23 to 65% [45,51]. This implies that filter paper has
a significantly higher composition of CNC precursors with high crystallinity than wood pulp [48], as
discussed previously (Section 2.1).
During the course of the enzymatic treatment period, there was no significant improvement in
CNC yield (wt % acid-hydrolyzed feedstock) over time from acid hydrolysis of cellulase cocktail-treated
substrates (except the 10 h enzyme-treated filter paper, Table 1). This indicates that enzymatic treatment
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did not show exclusive preference towards amorphous cellulose. Even though the total amorphous
celluloses in the cell wall would have been relatively easy to hydrolyze [30–32], amorphous chains
buried inside the fiber can only be gradually accessible as cellulases peel off layers of the cell wall [33,37].
Zhao et al. reported that these amorphous celluloses in the core of the fiber were inaccessible even
to controlled acid hydrolysis [38]. Therefore, it is likely that CNC precursors exposed to enzymatic
attack are simultaneously disintegrated by amorphogenesis inducing proteins [29] and hydrolytic
cellulases (with or without complete degradation). On the other hand, the improvement in CNC
yield relative to the untreated substrate suggest that the disintegration and/or dissolution rate of the
CNC precursors, is relatively much slower due to recalcitrance [33]. During this delay, the peeling
off action by unbound enzymes and amorphogenesis inducing proteins could possibly expose new
amorphous cellulose layers that are simultaneously degraded at a faster rate. It is also possible that
acid hydrolysis conditions were too aggressive for the cellulase cocktail-treated feedstock, leading to
the dissolution of CNC precursors. The original substrate has layers of amorphous and para-crystalline
cellulose enclosing the CNC crystalline core [2,36]. In cellulase-treated substrates, these layers were
likely softened (amorphogenesis) and/or completely removed in a time dependent manner, with
longer treatments exposing more CNC precursor for acid hydrolysis. Improved accessibility to acid
could cause dissolution of cellulose chains, instead of fragmentation, along the length or the surface of
the CNC precursor, and thus reduce for CNC yield. Therefore, milder acid hydrolysis conditions for a
cellulase-treated feedstock should be investigated in the future.
2.4. Overall CNC Yield (wt % Original Feedstock)
The overall CNC yield is defined as the wt % of CNC that can be extracted from the starting
material by accounting for the mass loss due to enzymatic saccharification of cellulose chains. This
data gives an indication of CNC precursor disintegration or dissolution during enzymatic and/or acid
hydrolysis relative to the untreated feedstock. The overall CNC yield from cellulase cocktail treated
filter paper significantly decreased when compared with the untreated substrate and stabilized after
4 h (Table 1). The implication is that enzymatic treatment and/or acid hydrolysis conditions have
led to significant degradation of CNC precursors in the filter paper substrates. This also supports
our interpretation for the stable CNC yield (% acid-hydrolyzed feedstock) as a function of enzyme
treatment period. However, in the case of cellulase cocktail-treated wood pulp, there was no significant
difference in the overall CNC yield from 2 to 8 h relative to the untreated feedstock. This was apparent
despite the loss of up to half the weight of the substrate at 8 h enzymatic hydrolysis (50.7 ± 0.2 wt %
substrate of undigested solids recovered, Table 1). It can be suggested that there was a relatively
selective amorphous celluloses degradation in wood pulp substrate. The 10 h time period was possibly
the turning point when CNC precursors were equally accessible for disintegration and/dissolution by
the enzymes and/or acid hydrolysis.
As discussed previously in Section 2.3, filter paper has significantly more CNC precursor than
wood pulp. There is a very high probability for the CNC precursors to serve as substrates for enzymatic
dissolution due to their abundance in filter paper than in wood pulp. This was apparent even during
the very early stages of enzymatic hydrolysis (2 h) of filter paper, which consequently reduced the
overall CNC yield by 17% relative to the undigested substrate. There was no significant change in
overall CNC yield from 4 to 10 h enzymatic treatment, possibly due to the recalcitrance of the residual
solid. The stabilization of enzymatic hydrolysis observed during later stages, as evidenced by the
sugar (Figure 1a) and undigested solid yields (Table 1), supports this argument.
Beltramino et al. studied the effect of enzymatic treatment of cotton linter on the overall CNC
yield [45]. Significant yield improvement was reported from hydrolysis of cellulase cocktail-treated
cotton with 62 wt % H2 SO4 for 45 min. It was suggested that selective degradation of amorphous
cellulose by the enzymes improved the accessibility of the CNC precursors to acid hydrolysis.
Interestingly, the enzymatic treatment did not significantly change the CNC yield when 64 wt %
acid concentration was used. In the present study, acid resistant solids recovered after acid hydrolysis
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Table 3. Over-sized reject from acid hydrolysis of cellulase cocktail-treated filter paper and wood
pulp.

Table 3. Over-sized reject from acid hydrolysis of cellulase cocktail-treated filter paper and wood pulp.
Over-Sized
Feedstock)
Over-SizedReject
Reject (wt
(wt %
% Acid-Hydrolyzed
Acid-Hydrolyzed Feedstock)
Filter Paper
Wood Pulp
Filter Paper
Wood Pulp
1.02 ± 0.02
2.62 ± 0.11
1.02 ± 0.02
2.62 ± 0.11
1.24 ± 0.02
ND
1.24 ± 0.02
ND
1.691.69
± 0.02
ND
± 0.02
ND
± 0.04
1.70
± 0.10
2.022.02
± 0.04
1.70
± 0.10
± 0.05
1.98
± 0.06
1.711.71
± 0.05
1.98
± 0.06
1.50 ± 0.00 *
1.41 ± 0.03
1.50 ± 0.00 *
1.41 ± 0.03

Enzymatic
Treatment
(h) (h)
Enzymatic
Treatment
0
2
4
6
8
10

0
2
4
6
8
10

ND, not determined; * Means and standard deviations were calculated from duplicates.
ND, not determined; * Means and standard deviations were calculated from duplicates.

CNCCNC
and fermentable
sugars
obtained
from
the
processwere
weretotaled
totaled to
and fermentable
sugars
obtained
from
theenzymatically-mediated
enzymatically-mediated process
assesstothe
% total
product product
yield from
thefrom
original
Yields rose
from
59.0
± 0.4%
assess
thevalue-added
% total value-added
yield
the feedstock.
original feedstock.
Yields
rose
from
up to 59.0
85.0±±0.4%
3.3%
filter± paper
and
from
10.3
± from
0.1%10.3
up to
64.6up
± 1.8%
wood
upfor
to 85.0
3.3% for
filter
paper
and
± 0.1%
to 64.6for
± 1.8%
forpulp,
woodrelative
pulp, to
relative tofeedstock
the untreated
feedstock
(Figure
2). no
There
was no significant
yield between
the untreated
(Figure
2). There
was
significant
differencedifference
in yield in
between
6–10 h for
6–10 h substrate,
for filter paper
substrate,
furtherhydrolysis
enzymatic of
hydrolysis
of wood
pulp to
at 10 h
filter paper
while
further while
enzymatic
wood pulp
to sugars
at sugars
10 h significantly
significantly
increased
the yield
(p < 0.05). Co-generation
sugars and
enhanced
acid hydrolysis
increased
the yield
(p < 0.05).
Co-generation
of sugars andofenhanced
acid
hydrolysis
efficiency can
efficiency can improve the process economics of the CNC industry. However, reduction in the
improve the process economics of the CNC industry. However, reduction in the overall CNC yield
overall CNC yield could likely affect the economic feasibility of using filter paper as feedstock. The
could likely affect the economic feasibility of using filter paper as feedstock. The market value of
market value of CNC can reach up to $1000 USD/kg (Blue Goose Biorefineries Inc., Saskatoon, SK,
CNC Canada)
can reach
to $1000
USD/kghigher
(Bluewhen
Goose
Biorefineries
Inc.,USD/kg
Saskatoon,
Canada)
[56],up
which
is substantially
compared
with $0.84
cost forSK,
dextrose
[54]. [56],
whichInisthe
substantially
higher
when compared
$0.84
USD/kg
cost for
dextrosethe
[54].
In the
case of
case of wood
pulp substrate,
over thewith
course
of 2–8
h enzymatic
treatment,
overall
CNC
woodyield
pulpwas
substrate,
over the course
of results
2–8 h enzymatic
treatment,and
the further
overall techno-economic
CNC yield was not
not compromised.
These
are very promising
compromised.
results
areonvery
promising
andenzymatically-mediated
further techno-economic
assessment
can give
assessmentThese
can give
insights
the potential
of the
process
for wood pulp
feedstock.
insights
on the potential of the enzymatically-mediated process for wood pulp feedstock.
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Figure 2. Total value-added products (CNC and sugars, wt % original feedstock) extracted from

Figure 2. Total value-added products (CNC and sugars, wt % original feedstock) extracted from
(a) filter paper and (b) wood pulp, via enzyme-mediated CNC production process. Error bars
(a) filter
paper and (b) wood pulp, via enzyme-mediated CNC production process. Error bars represent
represent standard deviation of the total value-added products (wt % original feedstock). Bars that
standard
deviationbyofnon-identical
the total value-added
(wt different
% original
Barsand
thatstandard
are denoted
are denoted
letters are products
significantly
(p feedstock).
< 0.05). Means
by non-identical letters are significantly different (p < 0.05). Means and standard deviations for CNC
yield from filter paper, cellulase cocktail treated for 10 h, were calculated from duplicates.
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2.5. Structure of CNC under Transmission Electron Microscope
2.5. Structure of CNC under Transmission Electron Microscope
CNC particles isolated from the untreated and enzyme-treated feedstock exhibited nanoscale size
CNC particles isolated from the untreated and enzyme-treated feedstock exhibited nanoscale
in size
bothinlength
and width (Figure 3). The particles from both feedstocks had elongated needle-like
both length and width (Figure 3). The particles from both feedstocks had elongated
shape.
CNC
isolated
from
wood from
pulp wood
appeared
have narrower
as compared
with CNC
needle-like shape. CNC
isolated
pulptoappeared
to have width
narrower
width as compared
particles
from
filter
paper.
with CNC particles from filter paper.

(a)

(b)

(c)

(d)

Figure 3. Transmission Electron Microscope (TEM) image of CNC isolated from: (a) untreated filter
Figure 3. Transmission Electron Microscope (TEM) image of CNC isolated from: (a) untreated filter
paper; (b) 8 h enzyme-treated filter paper; (c) untreated wood pulp and (d) 8 h enzyme-treated wood
paper; (b) 8 h enzyme-treated filter paper; (c) untreated wood pulp and (d) 8 h enzyme-treated
pulp.
wood pulp.

3. Materials and Methods
3. Materials and Methods
Whatman™ No. 1 Qualitative filter paper (110 mm diameter, Whatman™ supplied by Fisher
Whatman™ No. 1 Qualitative filter paper (110 mm diameter, Whatman™ supplied by Fisher
Scientific, ON, Canada) was used as model cellulose substrate. It was cut into approximately
Scientific,
Canada)
was aused
as shredder
model cellulose
It was cut
into
approximately
4 mm × ON,
27 mm
strips with
paper
(Aurora substrate.
AS 650 C, Torrance,
CA,
USA).
Northern
4 mm
× 27 Hardwood
mm strips with
paper shredder
(Aurora AS 650composed
C, Torrance,
CA, USA).
Bleached
Bleached
Krafta (NBHK)
pulp, predominantly
of Aspen,
wasNorthern
kindly provided
Hardwood
Kraft
(NBHK)
pulp,
predominantly
composed
of
Aspen,
was
kindly
provided
by
Alberta
by Alberta Pacific Forest Industries Inc. (Al-Pac, Edmonton, AB, Canada). The pulp was supplied
as
Pacific
Forest
Industries
Inc.
(Al-Pac,
Edmonton,
AB,
Canada).
The
pulp
was
supplied
as
pressed
and
pressed and dried squares (approximately 6 mm × 8 mm) produced by a pulp chopper (Pierret
dried
squares
(approximately
6 mm × 8Belgium).
mm) produced
by a pulpwas
chopper
(Pierret
Cutting
Machine
G45L1, Corbion,
This material
chosen
as itCutting
is theMachine
same
G45L1,
Corbion, Belgium).
This material
chosen as
it is CNC
the same
used
cellulose-based
feedstock used
for CNCwas
production
at the
pilotcellulose-based
plant facility offeedstock
our research
forcollaborator,
CNC production
at the
CNC(Edmonton,
pilot plant facility
of ourThe
research
InnoTech
InnoTech
Alberta
AB, Canada).
pulp collaborator,
was composed
of 79.1 ±Alberta
1.0%
(Edmonton,
AB, ±Canada).
The pulp was
composed
1.0% cellulose,
21.2 ±by
0.6%
hemicellulose
cellulose, 21.2
0.6% hemicellulose
(xylan)
and 4.0of±79.1
0.1%±lignin,
as determined
a two-step
acid
(xylan)
and 4.0
± 0.1% lignin,
bythis
a two-step
hydrolysis
procedure
[57].from
It is likely
hydrolysis
procedure
[57]. as
It determined
is likely that
lignin acid
content
(acid soluble
lignin)
UV
that this lignin content (acid soluble lignin) from UV absorption analysis was overestimated due to
interferences from sugar degradation products [58]. A cellulase cocktail enzyme solution (NS 51129),
a non-commercial proprietary research formulation with cellulosic biomass saccharification activity,
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was kindly provided by Novozymes® A/S (Bagsvaerd, Denmark). H2 SO4 (95–98%) and NaOH
(98.8%) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Fisher Scientific, respectively.
Transmission Electron Microscope (TEM) imaging was carried out at the Advanced Microscopy Facility
(AMF) in the Department of Biological Sciences, University of Alberta (Edmonton, AB, Canada).
3.1. Enzymatic Hydrolysis
3.1.1. Cellulase Cocktail Load
Filter paper assay was conducted to determine the activity (FPU/mL) of the enzyme solution [59].
Substrates were hydrolyzed at different cellulase cocktail loadings (FPU/g of substrate) for a constant
time period to generate a dosage response curve. This study was used to identify a cellulase cocktail
loading with the most effective activity, which was defined as the least loading with the maximum
increase in glucose yield. Each substrate (10% solid consistency, w/v) was hydrolyzed with five enzyme
loadings buffered in 0.05 M sodium citrate solution at pH 4.8 in 250 mL shake flask (5 g in 50 mL).
The flask was incubated for 24 h in a shaking water bath at 50 ◦ C, 100 rpm. The enzyme activity was
terminated by heating in boiling water for 15 min.
3.1.2. Enzymatic Treatment
Batch enzymatic hydrolysis of filter paper and wood pulp were studied over a period of 2–10 h.
Enzymatic hydrolysis was carried out under the same conditions as described in Section 3.1.1 (but
scaled up to 500 mL shake flask, 20 g in 200 mL), using a cellulase cocktail loading with the most
effective activity for each substrate. Untreated substrates were suspended in buffer (without addition
of enzymes) and were mock treated under the same conditions.
3.2. Undigested Solids and Sugar Analysis
The slurry produced after enzymatic treatment was centrifuged at 33,700× g for 15 min at 20 ◦ C.
The precipitated solid pellet was re-suspended in water, washed three times by centrifugation and
freeze-dried. Undigested solid yield (wt % original feedstock) was calculated using Equation (1), in
which W1 is the mass of freeze-dried solid recovered after enzymatic treatment (g) and W2 is the mass
of substrate before enzyme hydrolysis (20 g). The liquid enzyme hydrolysate was analyzed for glucose
and xylose sugar yields through High Performance Liquid Chromatography (HPLC, Agilent 1200,
Santa Clara, CA, USA) coupled with a Refractive Index Detector (RID, Agilent 1100, Santa Clara, CA,
USA). Sugars in the sample (30 µL injection volume) were separated on HPX-87P column (Bio-Rad
Aminex, Hercules, CA, USA) with water as the mobile phase at a flow rate of 0.5 mL/min at 80 ◦ C for
40 min. The sugar yield (wt % conversion) for each identified sugar was calculated using Equation (2),
in which W3 is the mass of recovered sugar (g).
Undigested solid =
Sugar yield =

W1
× 100%,
W2

W3
× 100%, .
W2

(1)
(2)

3.3. Acid Hydrolysis for CNC Isolation
A standard operating procedure developed by InnoTech Alberta for bench-scale acid hydrolysis
and CNC purification was adopted. The cellulase cocktail-treated solid (8 g) was hydrolyzed with
64 wt % H2 SO4 (100 mL) in 500 mL shake flasks (8% pulp-to-acid ratio, w/v). The reaction was carried
out in a water bath at 45 ◦ C for 2 h with overhead stirring at 200 rpm. The acid was diluted 10 fold
(v/v) with cold water to terminate the reaction. The suspension was centrifuged at 6400× g for 10 min
to reduce the dilute acid volume. The pellet was re-suspended in water (final volume 150–200 mL)
and neutralized with NaOH (30%, w/v) to pH 7 on an ice bath. The suspension was centrifuged at
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3700× g for 10 min to remove salts in the liquid phase, formed by neutralization. The pellet was further
washed by re-suspending in water followed by centrifugation. The pellet was again re-suspended in
water (final volume 25–75 mL) and dialyzed against water in regenerated cellulose membrane tube
(SpectrumTM Spectra/PorTM, Rancho Dominguez, CA, USA, 12–14 KD molecular weight cut off).
Dialysis was monitored for 3–5 days, using a conductometer until the ionic strength of the liquid
dropped to 100–150 µS/cm for CNC particles to suspend. The suspension was centrifuged at 8900× g
for 10 min to precipitate over-sized particles. The CNCs in the supernatant were collected as colloid
and the pellet was re-suspended in water and centrifuged again to extract any remnant CNC at lower
ionic strength. The supernatants were pooled and an aliquot sample (by weight) was oven dried
overnight at 103–105 ◦ C. The precipitated pellets were also pooled together and freeze-dried to analyze
the amount of over-sized reject cellulosic material that were not hydrolyzed by the acid to CNC.
Equations (3)–(5) were used to calculate (a) CNC yield (wt % acid-hydrolyzed feedstock) from
the acid hydrolysis reaction of a fixed mass of feedstock; (b) over-sized rejects (wt % acid-hydrolyzed
feedstock); and, (c) overall CNC yield (wt % original feedstock) accounting for the mass loss due to
enzymatic treatment, respectively, in which W4 is the mass of oven dried CNC from an aliquot sample
(g), F is the ratio of total mass of colloid to mass of aliquot, W5 is the mass of the feedstock added to the
acid hydrolysis reaction (8 g), W6 is the freeze-dried mass of the un-hydrolyzed pellet collected after
acid hydrolysis (g) and US is the undigested solid (wt % substrate). In addition, the total value-added
products (wt % original feedstock) were calculated as the sum of the overall CNC yield (wt % original
feedstock) and sugar yield (wt % substrate conversion).
CNC yield =

W4 × F
× 100%,
W5

(3)

W6
× 100%,
W5

(4)

Over sized reject =
Overall CNC yield =

CNC yield × US
.
100

(5)

3.4. Transmission Electron Microscope Imaging
Freeze dried CNC was re-suspended in water (0.1%, w/v) and a droplet was mounted on a 300
mesh copper grid with a formvar film (Ted Pella Inc., Redding, CA, USA). After 10 min, the droplet
was blotted off with filter paper. The specimen was stained with phospho-tungstic acid (2%, w/v) for
15 s. The droplet was blotted off with filter paper and images were taken using Philips/FEI, Morgagni
268 TEM (Hillsboro, OR, USA), operating at 80 kV.
3.5. Statistical Analysis
All data in Tables and Figures were reported as mean ± standard deviation, calculated from
experimental triplicates. The means were compared with one-way analysis of variance (ANOVA) in
conjunction with Tukey’s test (p < 0.05) on Minitab® 17 statistical software (Version 17.3.1, Minitab Inc.,
State College, PA, USA).
4. Conclusions
Cellulase cocktail treatment of filter paper and wood pulp over a course of time allowed for the
recovery of a range of fermentable sugars that can offset CNC production costs. CNC was extracted
from the residual solids generated from a varying extent of enzymatic hydrolysis as a function of time.
The CNC yield from acid-hydrolyzed filter paper and wood pulp improved by 8–18% and 58–86%,
respectively, from 2 to 10 h enzymatic treatment. These results suggest that enzymatic treatment
enhanced the acid hydrolysis efficiency, which can reduce reagent and operation costs for the CNC
industry. The overall CNC yield, accounting for mass loss due to enzymatic treatment, decreased for
filter paper substrates, but there was no change in yield during 2–8 h treatment of wood pulp, which
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implied the selective hydrolysis of amorphous celluloses. Nevertheless, total recovery of value-added
products increased significantly through the enzymatic treatment. This study demonstrated the
promise of using an enzymatically-mediated approach in improving acid hydrolysis efficiency for
CNC extraction and co-generation of fermentable sugars.
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