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Abstract
Lignocellulosic biomass, such as wood or agricultural residues, is a resource widely available for
use in chemical production. In a lignocellulosic feedstock biorefinery, the major parts of biomass,
cellulose, hemicellulose and lignin, are converted to valuable chemicals, materials and energy.
Furfural production is one option for the use of the pentose sugars available in hemicellulose, and
the process could be integrated with the pulp or cellulosic ethanol industry. In the past, furfural
production catalysed by organic acids has been in industrial use, but no detailed studies about the
kinetics exist. However, the use of organic acid would prevent the waste problems linked to the
mineral acids widely used in the furfural industry.
In this thesis, furfural formation in formic acid media was studied. The major part of this work
concerns the kinetics of xylose dehydration into furfural and further furfural degradation. Based
on the results of this thesis and a literature review, adequate prediction of furfural yield in the
conditions used can be achieved using a simple kinetic model, including three reactions: 1) Xylose
dehydration into furfural, 2) Furfural degradation, and 3) Xylose degradation to products other
than furfural. Moreover, it was shown that the overall order of the furfural degradation reaction,
usually modelled as a first order reaction, changes with acidity (H+-concentration). Suggestions
for a possible reaction mechanism have been made based on the results.
In the last part of this thesis, furfural formation in the presence of kraft lignin (Indulin AT) was
considered. Sulphuric acid was used as a baseline for formic acid. It was shown that the lignin has
an acid-neutralising capacity, but the higher pH did not explain all the changes in the xylose
conversion and the furfural yield. Thus, it is highly likely the lignin inhibits the formation of
furfural. Altogether, the effects were smaller in formic acid than in sulphuric acid.
This thesis confirms the fact that formic acid is an effective catalyst for furfural production.
The focus of the thesis was on the reaction kinetics, and the results can be used in conceptual
process design. Moreover, the results emphasise the importance of including acidity explicitly in
the kinetic model and monitoring acidity changes when real process streams are used.
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Tiivistelmä
Lignoselluloosaa, kuten puita tai maanviljelyn jäännösmateriaaleja, on laajasti saatavilla kemiallisen tuotannon raaka-aineeksi. Biojalostamossa lignoselluloosan pääjakeet, selluloosa, hemiselluloosa ja ligniini, muutetaan arvokkaiksi kemikaaleiksi, materiaaleiksi ja energiaksi. Furfuraalin
tuotanto on yksi vaihtoehto hemiselluloosan sisältämien pentoosien hyödyntämiseksi. Furfuraaliprosessi voidaan yhdistää sellun tai bioetanolin tuotantoon, ja orgaanisia happoja käyttämällä
voitaisiin välttää mineraalihappoihin liittyvät jäteongelmat furfuraalin tuotannossa.
Tämän väitöskirjan aiheena on muurahaishappokatalysoitu furfuraalin muodostuminen ksyloosista. Pääpaino on reaktiokinetiikassa, ja työssä on kehitetty kineettinen malli ksyloosin
dehydraatiolle furfuraaliksi ja sitä seuraaville furfuraalin sivureaktioille. Tehdyn tutkimuksen ja
kirjallisuusselvityksen perusteella yksinkertainen kolmen reaktion malli antaa riittävän tarkan
ennustuksen furfuraalisaannoista käytetyissä olosuhteissa. Reaktiot ovat 1) ksyloosin dehydraatio sekä 2) furfuraalin ja 3) ksyloosin reaktiot sivutuotteiksi. Lisäksi huomattiin, että reaktion,
jossa syntyy furfuraalin häviämistuotteita, reaktioaste on riippuvainen happamuudesta (H+-konsentraatio). Työssä onkin ehdotettu mahdollisia reaktiomekanismeja furfuraalin sivureaktioille.
Työn viimeisessä osassa tutkittiin ligniinin vaikutusta furfuraalin muodostumiseen. Vertailukohtana muurahaishapolle käytettiin rikkihappoa. Tutkimuksessa selvisi, että käytetty ligniini,
Indulin AT, huononsi furfuraalisaantoa. Suurin osa vaikutuksesta johtui ligniinin neutralointikapasiteetista, jolloin reaktioliuoksen happamuus laski, mutta mahdollisia sivureaktioita ei voitu
sulkea pois. Kaiken kaikkiaan vaikutukset olivat pienempiä muurahaishapolla kuin rikkihapolla.
Tämä väitöskirjatutkimus osoitti, että muurahaishappo katalysoi furfuraalin tuotantoa tehokkaasti. Tutkimuksessa muodostettiin reaktiokineettinen malli, jota voidaan käyttää käsitteellisessä prosessisuunnittelussa. Tulosten perusteella on tärkeää huomioida reaktioliuoksen happamuus kinetiikassa ja tarkkailla happamuuden muutoksia käytettäessä prosessisivuvirtoja.
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List of symbols and abbreviations
Greek symbols

α
Χ

star distance at central composite design
conversion

Latin symbols
C
E
k
m
n
pKa
R
S
T
t
X
Y

concentration [M]
activation energy [kJ mol-1]
rate constant or number of variables in central composite design
order of acid catalysed furfural degradation reaction
order of uncatalysed furfural degradation reaction or number of
experimental runs in D-optimal design
acid dissociation constant
ideal gas constant, 8.314 [J mol-1K-1]
selectivity
temperature [K]
time [min]
design matrix in experimental design
yield

Subscripts
0
F
H
i
ref
X

initial point or uncatalysed reaction in solvent
furfural
acid catalysed reaction
number of reaction
reference state, e.g. temperature
xylose

Abbreviations
CIMV

Compagnie Industrielle de la Matière Végétale, a French biorefinery
company
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DIN
DMSO
FA
HMF
HPLC
LA
MIBK
NMR
PTFE
SC-CO2
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German Institute for Standardization, Deutsches Institut für
Normung
dimethyl sulfoxide
formic acid
5-hydroxymethylfurfural, 5-(hydroxymethyl)-2-furaldehyde
high performance liquid chromatography
levulinic acid
methyl isobutyl ketone, 4-methyl-2-pentanone
nuclear magnetic resonance
polytetrafluoroethylene
supercritical carbon dioxide
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1

Introduction

Fossil raw materials are being depleted, and this is directing society towards the
use of renewable natural resources in order to fulfil the growing demand for
goods and energy. Moreover, renewable resources are more evenly distributed on
Earth than fossil resources. Thus, the use of renewable resources could enhance
the use of local resources and support agricultural economics (Dutta et al. 2012).
Lignocellulosic biomass, such as wood or agricultural residues, like wheat straw
and corn stover, is a widely available resource for chemical production. It
contains cellulose, hemicellulose and lignin, and other minor components, like
extractives and ash.
Lignocellulosic biomass has been in industrial use for a long time, for
example, in paper production. It was also found to be a source for sugars, organic
acids and furfural as early as the 19th century (Kamm et al. 2006). However, oilbased chemical production dominates in the market. One reason, in addition to the
low oil price, is that in oil refineries multiple products are produced from a single
raw material in an effective way, whereas biomass-based processes are specified
mainly for one product, e.g. furfural, pulp, or ethanol, and the rest of the biomass
is used for energy or animal feed, although the use of lignocellulosic biomass
would enable the production of various products. Thus, in order to compete with
oil refineries, the separate processes for biomass-based products have to be
integrated into biorefineries. The biorefinery concept means the sustainable
processing of biomass into a spectrum of marketable products and energy (IEA
Bioenergy Task 42).
Furfural is a chemical that is produced from pentosans, the 5-carbon sugars
available in biomass hemicellulose. Most furfural production plants utilise merely
hemicellulose for furfural, and the residue is burnt or used as a fertilizer after
neutralisation (Hoydonckx et al. 2007). Hence, part of the biomass potential is
unexploited. This fact opens up possibilities to integrate furfural production with
other biomass technologies, like pulping (Chempolis 2014, Delmas 2008) or
ethanol production (Chempolis 2014, DalinYebo 2014a).
Furfural has been recognised as one of the top chemicals from biorefinery
carbohydrates by Bozell and Petersen (2010). In their review, new catalysts and
reaction media and selectivity of dehydration were mentioned as obstacles to
improving furfural production, as well as the technology required for the
production of derivatives. Moreover, technology improvements are needed to
reduce the furfural production costs (Cai et al. 2014). This is even more
15

important, because the crude oil price has dropped dramatically at the turn of
2014–2015, making oil-based production even more profitable compared to
biomass-based production.
Mineral acids are effective and widely used furfural production catalysts.
However, they are often neutralised in the industrial processes producing a waste
problem. Besides, their separation and recycling is difficult (Mamman et al.
2008). Organic acids would be an attractive option especially if furfural
production is integrated with organosolv techniques. Moreover, acetic and formic
acids are released from hemicellulose in furfural production conditions, making
them readily available in the process. However, there is a lack of knowledge
concerning organic acid catalysed furfural formation (Zeitsch 2000), although
understanding the phenomena is a vital issue in building up new process concepts.
1.1

Scope and objectives

This thesis focuses on formic acid catalysed furfural production as part of a
modern biorefinery. Before the start of this work, studies of furfural formation in
organic acids were related to organosolv pulping (Lehnen et al. 2001, Vila et al.
2003), where the total acid concentration, including mostly acetic acid, was
between 70 and 95% (w/w). Also, small formic or acetic acid concentrations (1–
2%) have been studied (Uppal et al. 2008). However, the medium concentration
area corresponding to dilute acid hydrolysis with mineral acids was not examined.
Therefore, a formic acid concentration range of 10–30% was chosen for the
starting point of this study. The outline of the thesis is illustrated in Fig. 1.
Firstly, the conditions for furfural production in formic acid medium needed
to be studied. Xylose was chosen as the starting material, because it is the most
abundant pentose in the lignocellulosic biomass suitable for furfural production.
Moreover, the use of real biomasses or industrial streams would have resulted in
complex reaction media, where the interactions between components would have
made the observation of the phenomena more difficult. Thus, the first research
question was: What are the best experimental conditions for formic acid catalysed
xylose dehydration into furfural? The results are given in Paper I.
In process design, one of the first steps is building a conceptual process
model. In order to build a conceptual process model and to evaluate its feasibility,
the reaction rates and the factors affecting them need to be known. Thus, the
second research question was: What are the reaction rates of xylose
decomposition, furfural formation and furfural degradation in the chosen reaction
16

conditions? This question was answered by kinetic studies. In paper II, a kinetic
model for xylose dehydration into furfural was established. Furfural degrades in
the same conditions as those in which it is formed, leading to furfural losses.
Although furfural degradation results in yield losses, only a few studies have been
published (Marcotullio et al. 2009, Root et al. 1959, Rose et al. 2000, Williams &
Dunlop 1948). In paper III, the kinetics of furfural degradation in formic acid
medium were studied.

Fig. 1. Outline of the thesis.

On industrial scale, furfural production from pure sugars would not be costeffective (Cai et al. 2014). Thus, the starting material for furfural production
would include a mixture of sugars, hemicellulose, lignin, organic acids and other
minor components originating from biomass. In the literature, there are some
references stating that lignin inhibits furfural formation (Daorattanachai et al.
2013, Huijgen et al. 2010), but detailed studies of the topic are missing. Thus, the
xylose dehydration into furfural in the presence of lignin was studied in Paper IV.
Because lignin-furfural interactions had not been studied in detail beforehand,
sulphuric acid was included in this study as a reference for formic acid.

17
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2

Furfural production

Furfural is a chemical that is produced solely from biomass. The main reactions
are the hydrolysis of hemicellulose into monomeric sugars and the dehydration of
sugars into furfural, as shown in Fig. 2. In this chapter, suitable raw materials and
the industrial processes used as well as new biorefinery concepts are reviewed.

Fig. 2. Furfural formation from hemicellulose.

2.1

Raw materials

Furfural is produced from pentosan-rich biomass. These materials include hard
woods, like birch and poplar, and agricultural residues, like sugarcane bagasse,
wheat straw or rice husks (Sangarunlert et al. 2007, Yang et al. 2012b, Zeitsch
2000). In Table 1, the composition of some raw materials suitable for furfural
production is given.

19

Table 1. Chemical composition (%, w/w) of some raw materials suitable for furfural
production.
Wheat strawa

Sugarcane

Birch woodb

Rice huskc

Corn stovera

bagassea
Cellulose

33–38

36–43

34–49

36–44

34–41

Hemicellulose

23–25

22–26

34–39

19

22–25

Xylan

19–21

20–23

23–33

15.6 c

18–22

Mannan

0.3

0.3–0.4

1–5

NA

0.4–0.6

Arabinan

2.5

1–2

0.4–0.5

NA

2–3

Galactan

0.8

0.4–0.6

1–2

NA

0.7–1.0
17–21

Lignin

17–23

23–24

19–26

16–25

Extractives

13

2–6

2–5

1.4

3–8

Ash

10

3–7

0.3–0.4

20–23

10-14

a

Data from U.S. Department of Energy (2004) and Zhao et al. (2012).

b

Data from Fengel & Wegener (1989), Voipio & Laakso (1992) and Willför et al. (2005).

c

Data from Sangarunlert et al. (2007) and Suxia et al. (2012). The value for xylan contains all pentosans.

2.2

Process alternatives

The oldest furfural process dates back to the 1920s when the Quaker Oats batch
process was started. The process was operated at 150°C using sulphuric acid as a
catalyst. Since the launch in the 1920s, there have been multiple changes to the
original process, and in the 21st century some variants of this process are still in
use. (Hoydonckx et al. 2007) In this chapter, some current industrial processes
and future biorefinery processes for furfural production are reviewed, paying
more attention to the sustainable future technologies than the old industrial
processes.
2.2.1 Current industrial processes
In China, the biggest furfural producer in the world, a simple batch process is in
use, based on the Quaker Oats process. The raw material is ground and fed to a
reactor by a feed screw where 4% aqueous sulphuric acid is sprayed over it. The
reactor is charged to 75% filling, and then closed. Pressurised steam is passed
through the charge from the bottom of the reactor for 4 to 5 hours. The vapours
from the reactor are routed to the reboiler of an azeotropic distillation column,
where part of the stream is cooled and flashed before being feed to the distillation
column. The furfural yield in the distillate is approx. 50%. After distillation, the
20

furfural stream is condensed, decanted, and neutralised with sodium carbonate
before further refining. (Zeitsch 2000)
Besides batch processing, the continuous process is used in China by Huaxia
Furfural Technology. In this process too, sulphuric acid is used as a catalyst; the
furfural is removed from the reactor using steam, and purified by a combination
of azeotropic distillations and decanting. Acetic acid, acetone and methanol are
recovered as by-products. (Tin Win 2005)
SupraYield is a semi-batch process based on the studies made by Karl J.
Zeitsch. The reaction mixture is kept boiling most of the time by decreasing the
pressure and temperature, which allows furfural to enter the vapour phase and
prevents unwanted side reactions. A suitable acid catalyst for this process is
phosphoric acid, or it can be conducted without added acid. (Zeitsch 2000) The
technology is in use at two commercial plants: one in Proserpine, Australia, and
the other one in India. The first plant in Australia started up in 2009. (DalinYebo
2014b)
Other (former) industrial processes include the continuous Quaker Oats,
Agrifurane, Escher Wyss and Rosenlew (Hoydonckx et al. 2007, Zeitsch 2000).
Of these the Rosenlew process is worthy of mention, because it works without the
addition of acid. It works in a counter-current mode, where the raw material,
typically bagasse, is fed into the top of the reactor and superheated steam into the
bottom. The steam flows upwards, first hydrolysing the biomass and then
dehydrating the sugars. The reactions are catalysed by a mixture of acetic, formic,
and higher carboxylic acids formed from the raw material. According to Zeitsch
(2000), the uneven concentration profiles in the reactor complicate the mass
transfer phenomena in the reactor. Moreover, at that time, there was a lack of the
kinetic models of acid generation and furfural formation catalysed by carboxylic
acids. Consequently, the operation of the Rosenlew reactor is harder to manage
than others where acid catalyst is added the conditions more uniform.
2.2.2 Biorefinery concepts
Combining furfural production with the processing of other biomass fractions
would increase the product spectra and profits of the plant. There are basically
two approaches for furfural production within biorefineries: furfural production
integrated with a biomass pretreatment step or furfural production from a
pentosan-containing side stream as an independent step after pretreatment and
fractionation (Marcotullio 2011). Nowadays, multiple process options exist for
21

furfural production within biorefineries, where either of the above-mentioned
approaches is applied. Many of these processes are proven to work on pilot-scale.
Thus, the techniques are commercially viable in principle, although there are no
large-scale plants to date.
Biofine
Biofine is a concept where lignocellulosic biomass is converted to products at
high temperature using a dilute sulphuric acid catalyst. The primary products
from the Biofine process are levulinic acid, formic acid and furfural. The
reactions take place in two separate reactors. The first is a plug-flow reactor
operated at 210–220°C and 25 bar with a residence time of 12 s. The second is a
backmix reactor operated at 190–200°C and 14 bar with a residence time of
approx. 20 min. A yield of approx. 50% for levulinic acid from hexoses and 50%
for furfural from pentoses can be achieved. (Hayes et al. 2006) Besides levulinic
acid, formic acid and furfural, the process produces residual char which can be
used as a fuel or perhaps as a soil additive. Furthermore, the gasification of the
char to syngas is possible. (Hayes et al. 2006) Biofine Technology LLC (former
Biofine INC) has a demonstration facility in the U.S. and an industrial-scale
facility in Italy. (Biofine Technology 2014) Despite plans for new commercial
plants in the early 2000s (Hayes et al. 2006), Biofine technology has not
expanded.
Chempolis formico technologies
Chempolis formico technologies are based on the use of biosolvent containing
formic acid. The company has two product lines: formicobio for cellulosic
ethanol and formicofib for pulp. Both product lines also produce chemicals, e.g.
furfural and biocoal. (Chempolis 2014) The process starts with the formicodeli
process where lignocellulose is fractionated into cellulose, hemicelluloses and
lignin using the biosolvent. The fractionation can remove up to 99% of the lignin
and hemicelluloses. (Anttila et al. 2011) After fractionation, cellulose is used for
ethanol or pulp and the stream containing lignin and hemicellulose is fed to an
evaporation and drying unit, where the lignin is separated and the rest is used in
the formicopure unit from which acetic acid and furfural are obtained. From 1000
kg of wheat straw, the product quantities are about 160 kg ethanol, 80 kg furfural,
<50 kg acetic acid, and 500 kg solid biofuel. These values are estimated from the
22

Fig. 6 in Anttila et al. (2011). Chempolis has a demonstration facility in Oulu,
Finland, and a promising contract with an Indian company (Chempolis 2014).
CIMV
The CIMV process is designed for the production of paper pulp, sulphur-free
lignin and pentose syrup. The raw materials include agricultural residues, like
cereal straws and sugar cane bagasse, and hardwoods, especially birch. The
process concept has similarities with the above-mentioned Chempolis technology:
in the first stage, the raw material is hydrolysed with a mixture of acetic and
formic acids, and the raw pulp is separated by filtration. Organic acids are
recovered from the solvent by evaporation, and lignin is precipitated by water
treatment from the remaining syrup. (Delmas 2008) The raw pulp is bleached and
can then be used in papermaking. Another possibility for the pulp is glucose
production by enzymatic hydrolysis for further chemical processing. The linear
structure of the CIMV Biolignin obtained from the process opens up possibilities
for its use in chemical production, e.g. to replace phenolic resins in glues or
plastics. The pentose syrup contains about 50% of sugars, mainly xylose, the rest
being mineral matter, proteins and tannins. It can be used in animal feed
applications or in the production of xylitol or furfural. (CIMV 2014a, Delmas
2008)
CIMV (Compagnie Industrielle de la Matière Végétale) has built a pilot
factory in France which started operating in 2006 (Delmas 2008). They took part
in the European BIOCORE research project and obtained promising results for
bioethanol production with a Dutch company DSM (CIMV 2011). Recently, they
signed a letter of intent with the Swedish company Taurus Energy for the
development and production of bioethanol (CIMV 2014b).
DalinYebo
DalinYebo is a South African company specialising in furfural technologies. They
have a couple of projects at the pre-commercialisation stage, but no industrial
operations yet. Their BBS-Biorefining technology could be integrated with
cellulosic ethanol production and improve the economics of the plant by making
furfural from pentoses and recycling the acid used in hydrolysis. (DalinYebo
2014a) They have an ongoing project called “GreenEnergyPark” where the
purpose is to integrate furfural and energy/power production. They have planned
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to build a facility in Turkey which uses pomace as raw material, but the latest
information from December 2013 was that the financial decisions have been
delayed (GreenEnergyPark 2013). They also have a μ-biorefinery project where
the GreenEnergyPark concept has been scaled down to avoid transportation of
biomass over long distances.
Other furfural production concepts
Recently, many journal articles have been published concerning studies on
furfural production from waste aqueous streams from pulping or cellulosic
ethanol production. These concepts or ideas are not yet on pilot scale, and only
some of them are mentioned below to give an insight of the various options.
Xing et al. (2011) have studied furfural production from waste aqueous
hemicellulose solutions available in the pulp and paper industry using a two-zone
biphasic reactor where the organic phase was tetrahydrofuran (THF). The catalyst
was 0.44 M HCl, and the aqueous phase was saturated with NaCl. The optimal
temperatures for the reaction zones were 110 and 200°C. The furfural yields
achieved from hot water extracted biomass (max. 90%) was relatively higher than
the yields from green liquor extracted biomass (max. 59%). Notably, the green
liquor extract increased the pH of the solution, and the better yields were achieved
by increasing the amount of HCl. Acetic and formic acids were co-products.
Based on energy and cost analysis, this process concept seems feasible.
Montastruc et al. (2011) chose another perspective. They carried out
simulations to determine the energy requirements and possibilities for energy
optimization for a furfural-producing biorefinery unit integrated with a kraft pulp
mill. The study showed that through optimisation, the energy consumption of an
integrated furfural plant could be minimised and an annual cost reduction of 68%
could be achieved.
MTC process is a new process developed in the TU Delft using a continuous
multi-turbine-column (MTC) reactor, similar to the more commonly known
stirred column reactor (de Jong & Marcotullio 2010). The raw material is milled
straw biomass from which air is removed. The reactor is operated in countercurrent: the straw slurry (straw/water mass ratio 1:10) is fed from the top and
steam from the bottom, when the produced furfural is stripped to the vapour phase
preventing side reactions. The steam consumption in this process (14 ton steam
per 1 ton furfural) is lower than in the industrial processes (15 to 50 ton per 1
ton). A further development of this process, where the MTC reactor is replaced by
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reactive distillation, has been patented (de Jong & Marcotullio 2012). In this
concept, lower energy consumption is achieved by recompressing the vapourfurfural stream leaving the reactor. The recompressing raises the condensation
temperature of the vapour stream and enables heat transfer between condensing
vapour and boiling bottoms in the reboiler.
A hybrid fractionation process has been proposed (Yoo et al. 2012) for
ethanol and furfural production from corn stover. The core of this process is
ZnCl2-treatment where 5% (w/w) ZnCl2 with a minor amount of HCl is used as a
catalyst to solubilise xylan and arabinan to the liquid phase. This is done in two
temperature steps (150 and 170°C) in one reactor, with a total reaction time of 25
minutes. Subsequently, the liquid fraction is used for furfural production (150°C,
120 min), and the solid fraction is used for ethanol production by means of
simultaneous saccharification and fermentation (SSF). After fermentation, the
solid residue contains mostly lignin which can also be upgraded to value-added
chemicals.
2.3

Catalysts

The catalysts used in furfural production can be divided into homogeneous and
heterogeneous catalysts. Industrial processes use homogeneous catalysts, mainly
sulphuric acid. Because of the problems linked to the use of mineral acids, other
options are needed (Mamman et al. 2008). Although heterogeneous catalysts
show good results, they still lack industrial feasibility. Recently, the research
concerning metal halides has shown promising results. In this chapter, different
catalysts for furfural production are reviewed.
2.3.1 Homogeneous catalysts
As early as in the 1930s, different acid catalysts were studied for furfural
production (Hurd & Isenhour 1932). Nitric, oxalic and trichloroacetic acids were
found to be relatively ineffective, whereas sulphuric and hydrochloric acid
worked well. More recently, Yemiş and Mazza (2011) compared different
homogeneous acid catalysts on furfural formation from xylose and xylan with
similar results. The acids used were hydrochloric acid (HCl), sulphuric acid
(H2SO4), nitric acid (HNO3), phosphoric acid (H3PO4), acetic acid (CH3COOH),
and formic acid (HCOOH). The solution pH was 1.12 at ambient temperature,
time 20 min, temperature 180°C and solid-liquid ratio 1:100. HCl was the best
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catalyst resulting in the highest furfural yields, 37.5% and 34.3%, from xylose
and xylan, respectively. The most common catalyst, sulphuric acid, was the
second best of the studied acids. Additionally, Marcotullio and de Jong (2010) had
similar results, where better yield and selectivity was gained with HCl than
H2SO4 when the conditions remained the same. Nitric acid hardly catalysed the
conversion of xylose to furfural, but from xylan a fairly good yield (29.1%) was
achieved. It has also been stated that HNO3 cannot be used in industrial processes
because of furfural product loss through the formation of nitrated and oxidised
products (Hoydonckx et al. 2007), but the origin of this statement is unclear.
The differences between acid catalysts are caused by differences in the
temperature dependency of dissociation reaction and the effect of anion. Usually,
when different acid catalysts are compared, the same acidity, measured by pH at
room temperature, is chosen. However, the acid dissociation changes with
temperature and the pH at the reaction temperature might not be the same as that
measured at room temperature. Generally, the acidity decreases with increasing
temperature, but the extent differs between acids (Zeitsch 2000). Kupiainen et al.
(2010) studied formic and sulphuric acid catalysts and showed that the glucose
decomposition rate is proportional to the H+ concentration at the reaction
temperature. The source of the hydrogen ions was insignificant. This finding
could partly explain the findings of Yemiş and Mazza, where the organic acids
were less effective than H2SO4 and HCl.
Marcotullio and de Jong (2010) stated that “the H+ concentration of
equimolar solutions of HCl and H2SO4 can be assumed to be equal at 200°C”, and
consequently the differences in furfural yield can be explained by the presence of
different anions in solution. Moreover, already at 1930s a standard method was
described (Hughes & Acree 1938) to quantitatively measure biomass pentosans as
the furfural recovered from the biomass by atmospheric distillation in a 12% HCl
solution saturated with NaCl. Therefore, Marcotullio and de Jong (2010) studied
different salts, including FeCl3, CaCl2, NaCl, KCl and KBr, in 50 mM HCl, and
showed that those releasing chloride ions increased the xylose reaction rate and
higher furfural yields were achieved. The role of different cations was minor.
Moreover, KCl and KBr gave similar results, denoting that the metal halides are
potentially good furfural formation catalysts. Furthermore, these findings partly
explain why HCl is a better catalyst than H2SO4. Besides the catalytic effect of
H+, the other ionic species in solution might change the reaction mechanism, and
thus affect the furfural yields.
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Similar results have also been achieved using formic acid catalyst and
halides, NaCl, KCl, KBr, and KI, in an o-nitrotoluene/water (75%/25%) solvent
system (Yang et al. 2013). The halides increased furfural yields and selectivities
compared to experiments without them. The maximum yields achieved with all
the halides studied were about 80% and selectivities over 90%.
Moreover, other chlorine compounds, namely AlCl3, FeCl3 and CrCl3, have
been studied as catalysts for furfural production (Binder et al. 2010, Yang et al.
2012b, Zhang et al. 2014). The studies have been conducted in different solvent
systems using tetrahydrofuran (Yang et al. 2012b), γ-valerolactone (Zhang et al.
2014), or ionic liquids (Binder et al. 2010). Excellent yields have been achieved,
80% from pure xylose and over 60% from different kinds of biomass: corncobs,
poplar and pinewood.
Formic acid as an acid catalyst in biorefineries
The old, industrial Rosenlew process worked without any added acid catalyst.
The acid catalyst was a mixture of mostly acetic and formic acids liberated from
the raw material. (Zeitsch 2000) This process showed that organic acids are
suitable catalysts for furfural production. Furthermore, organic acids could be
recovered from the reaction medium by thermal operation, avoiding wasteproducing neutralisation linked to mineral acids.
Formic acid is used in a couple of promising biorefinery concepts by CIMV
and Chempolis (see Chapter 2.2.2). Various organosolv-pretreatments using
formic acid for enzymatic hydrolysis have also been studied (Yu et al. 2013, Zhao
et al. 2009). This opens up an attractive option for formic acid catalysed furfural
production in a biorefinery and promising results for the use of formic acid have
been achieved. For example, Yang et al. (2012a) studied dilute formic acid (5–15
g/l) as a catalyst for furfural formation from xylose in a semi-batch process,
where the vapour phase was constantly liberated from the reactor. This process
gave very good yield and selectivity, over 70% at 180°C, but the reaction time
was very long, namely 6.5 hours. In this kind of process, better yields were
achieved in with a formic acid catalyst than with sulphuric or phosphoric acid
catalysts, although the reaction temperature required with formic acid was higher.
Moreover, as stated in the previous chapter, furfural yields and selectivities could
be enhanced by the addition of halides, e.g. NaCl, KCl, KBr, and KI, to the
reaction medium (Yang et al. 2013).
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2.3.2 Heterogeneous catalysts
Over the years, multiple different heterogeneous catalysts for furfural production
have been studied. The catalysts tested include
–
–
–
–
–
–
–

Amberlyst 70 (Agirrezabal-Telleria et al. 2011, Gürbüz et al. 2013),
sulfonated carbon catalysts (Daengprasert et al. 2011, Gürbüz et al. 2013,
Lam et al. 2012),
sulphated zirconia (Chareonlimkun et al. 2010, Gürbüz et al. 2013),
zirconium, vanadium or niobium phosphates (Cheng et al. 2013, Pholjaroen
et al. 2013, Sádaba et al. 2011, Weingarten et al. 2011),
γ-alumina (Gürbüz et al. 2013, Weingarten et al. 2011),
different zeolites (Gürbüz et al. 2013, Pholjaroen et al. 2013, Weingarten et
al. 2011), and
functionalised silicas or silicates (Agirrezabal-Telleria et al. 2012b, Dias et al.
2006b, Gürbüz et al. 2013, Li et al. 2015).

The results between catalysts vary considerably. Good furfural yields (>50%) can
be achieved, especially if a non-aqueous or biphasic system is used (e.g. γvalerolactone, water-toluene or DMSO). Nevertheless, the recyclability of the
catalyst might become a problem. Stable catalysts exist, which can be used again
multiple times without major changes in performance, and regeneration is
possible by washing and drying (Gürbüz et al. 2013, Lam et al. 2012, Li et al.
2015, Pholjaroen et al. 2013). However, some catalysts need regeneration in high
temperatures prior to reuse (Cheng et al. 2013, Dias et al. 2006a), which might
hinder their industrial use.
Another question besides recyclability in the use of heterogeneous catalysts is
their ability to work with biomass or industrial sugar-containing side streams.
Most of the studies have been done with pure xylose, when there were no
impurities present which might block the pores of the catalysts. However, a
couple of studies, where tin-loaded montmorillonite (Li et al. 2015) or Amberlyst
70 (Agirrezabal-Telleria et al. 2013) was used as a catalyst, show that furfural
production from corncob is possible with heterogeneous catalysts.
The catalysts studied contain varying amounts of Brønsted and Lewis acid
sites. Brønsted acid sites are needed to catalyse the dehydration of pentose into
furfural, but the role of Lewis acid sites is somewhat unclear. Weingarten et al.
(2011) suggested that Lewis acid sites catalyse the side reactions leading to
condensation products (humins) and concluded that a high ratio of Brønsted to
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Lewis sites is important. However, Li et al. (2015) proposed that Lewis acid sites
catalyse the xylose isomerisation to xylulose rather than the dehydration of
xylulose into furfural. Thus, a catalyst with both Lewis and Brønsted acid sites is
preferable, because it favours the reaction scheme were xylose is first isomerised
to xylulose which is then rapidly dehydrated into furfural.
All in all, the comparison between different heterogeneous catalysts and the
role of Lewis and Brønsted acid sites are complicated: the amount of acidity in
the heterogeneous catalysts is not always reported, the experiments are conducted
in multiple different reaction media: with or without NaCl, in biphasic systems, or
in a monophase system containing some other solvent besides water. Thus, there
are too many changes in the system for any clear conclusions to be made.
2.4

Possibilities for yield enhancements

Over recent decades, a lot of research effort has been put into the search for
possibilities to enhance furfural yield. The most important factor in order to
prevent the side reactions that result in yield loss, is to remove furfural from the
reaction mixture as soon as it is formed. In industrial processes, this is mostly
done by steam stripping which leads to dilute water furfural solutions and high
energy consumption (Mamman et al. 2008, Zeitsch 2000). In this chapter,
different options for furfural yield enhancement are reviewed, including different
solvent systems and the combination of reaction and separation.
Furfural yield and selectivity can be enhanced by adding an organic solvent
to the aqueous system, or conducting the reaction in a non-aqueous solvent. If the
added organic solvent is insoluble in water, the system is biphasic. In a biphasic
system, the solvent is chosen so that furfural is extracted to the organic phase
after it is formed, so that side reactions do not occur. The studied solvents in
biphasic systems include:
–
–
–
–
–
–
–

acetone/DMSO (Daengprasert et al. 2011)
2-butanol (Pholjaroen et al. 2013, Xing et al. 2011),
n-butanol (Pholjaroen et al. 2013),
sec-butanol (Pholjaroen et al. 2014),
2-sec-butylphenol (Li et al. 2015),
methyl isobutyl ketone, MIBK (Dias et al. 2005a, Pholjaroen et al. 2014,
Weingarten et al. 2010, Zhang et al. 2013),
o-nitrotoluene (Yang et al. 2013) ,
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–
–

tetrahydrofuran, THF (Wang et al. 2014, Xing et al. 2010, Xing et al. 2011,
Yang et al. 2012b) , and
toluene (Agirrezabal-Telleria et al. 2013, Dias et al. 2005a, Pholjaroen et al.
2013, Rong et al. 2012).

In the above studies, both heterogeneous and homogeneous catalysts were used.
According to the literature, biphasic systems are an effective way to enhance
furfural yields compared to a monophase water system, e.g. good furfural yields
of over 70% have been achieved with THF (Xing et al. 2010, Yang et al. 2012b),
o-nitrotoluene (Yang et al. 2013) and MIBK (Zhang et al. 2013). In many cases
(Li et al. 2015, Wang et al. 2014, Xing et al. 2010, Xing et al. 2011, Yang et al.
2012b) the aqueous phase has been saturated with NaCl in order to enhance
furfural extraction.
Organic solvents have also been used in monophase systems with or without
water. Some of the oldest studies were done with dimethyl sulphoxide, DMSO,
using heterogeneous catalysts (Dias et al. 2005a, Dias et al. 2005b). More
recently, DMSO has also been used as a co-solvent with toluene or 2-sbutylphenol in biphasic systems (Li et al. 2015, Rong et al. 2012) . Remarkably
good furfural yields have been achieved with γ-valerolactone (Gürbüz et al. 2013,
Li et al. 2015, Zhang et al. 2014), where a maximum of 10% water is present.
Additionally, the use of betaine hydrochloride (40%) in water has given good
furfural yields when wheat straw was used as a starting material (Liu et al. 2014) .
Besides furfural extraction to the organic phase, supercritical carbon dioxide
(SC-CO2) extraction has also been studied. Sako et al. (1992) used a semi-batch
reactor where SC-CO2 was fed from the bottom of the reactor and flowed through
the aqueous phase extracting the furfural that had formed. Good results were
achieved: the furfural selectivity was constant, at about 80%, and furfural yields
of up to 70% were achieved, compared to a maximum yield of 40% without SCCO2. In their study xylose was used as a starting material. More recently,
Sangarunlert et al. (2007) studied furfural production from rice husk
accompanying SC-CO2 extraction. A similar semi-batch reactor was used as in the
earlier study, and a maximum yield of 80% was achieved when the reaction time
was three hours. The yield could be further enhanced to around 90% by
introducing 15-minute pre-hydrolysis in the same reaction conditions, before
starting the extraction. In both cases, sulphuric acid was used as a catalyst.
Another approach for simultaneous furfural separation from the reaction
medium is N2-stripping using a similar semi-batch reactor system as in the SC30

CO2 cases (Agirrezabal-Telleria et al. 2013). The catalyst used was heterogeneous
Amberlyst 70. The use of N2 as a stripping agent gave good furfural yields, up to
70%, from both xylose and corncob. Similar yields were also achieved by batch
extraction in a biphasic water-toluene system. Moreover, the process simulations
and economic evaluation showed that nitrogen stripping presents several
advantages, e.g. lower energy requirements and easier recycling of the stripping
agent, compared to steam stripping.
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3

Furfural formation and degradation
chemistry

The search for the dominating reaction mechanism is one of the key aspects in
understanding the furfural formation phenomena and forming an appropriate
kinetic model. In-depth knowledge helps to make suitable process changes as a
result of which side and loss reactions are minimised and yield enhancements
achieved.
In this chapter the current knowledge of furfural formation mechanisms and
kinetics is reviewed. The focus is on xylose dehydration into furfural and furfural
degradation under same conditions. The hydrolysis of biomass to hemicellulosic
sugars happens at a higher rate than xylose degradation and depends on the
biomass used (Borrega et al. 2011, Dussan et al. 2013, Guerra-Rodríguez et al.
2012, Rafiqul & Mimi Sakinah 2012). Thus, the hydrolysis mechanism and
kinetics are not discussed.
However, when real biomass is used, a wide product spectrum is identified
including compounds originating from both sugars and lignin (Du et al. 2010).
These compounds most probably have some interactions with furfural, sugars, or
catalysts affecting furfural yields. Thus, in the last part of this chapter the effects
caused by other biomass components and their degradation products are
introduced.
3.1

Mechanisms

The classical route of furfural formation (Feather et al. 1972) initiates from
acyclic xylose (1) or related ketose (3, xylulose) and proceeds via acyclic
intermediates (2, 4, and 5) (see Fig. 3). Recently, this mechanism was used as a
backbone in which β-elimination (Hurd & Isenhour 1932) and chromium
catalysed 1,2-hydride shift (Binder et al. 2010) mechanisms were grouped (Danon
et al. 2014b). This grouped mechanism is represented in Fig. 3. The reaction
steps, which are catalysed by halide ions or metal cations, are identified in the
figure. These compounds are known to enhance furfural yields (see Chap. 2.3.1).
Another mechanism, proposed by Antal and co-workers (1991), starts from
xylopyranose and proceeds via cyclic intermediates. According to them, no clear
evidence has been found that the ketoform of 3-deoxyglucosulose (5) exists in the
reaction media, which is inconsistent with the fact that enolisation and deenolisation are happening in the particular reaction conditions (250°C, 34.5 MPa),
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i.e. lyxose is formed from xylose. Therefore, Antal et al. settled on a mechanism,
presented in Fig. 4, where 2,5-anhydroxylose is the main intermediate reacting to
furfural. At the same time acyclic xylose reacts through glyceraldehyde to
pyruvaldehyde.

Fig. 3. Mechanism for furfural formation via acyclic intermediates. X- denotes halide
ions and M3+ metal cations (Danon et al. 2014b, licensed under a Creative Commons
Attribution 3.0 Unported Licence).

Fig. 4. Mechanism for furfural formation via cyclic intermediates (simplified from Antal
et al. 1991).
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More recently, studies applying NMR spectroscopy (Ahmad et al. 1995),
quantum mechanics (Nimlos et al. 2006), ab initio molecular studies (Qian et al.
2005a) and studies with halides (Marcotullio & de Jong 2010) have given
evidence that supports one or multiple mechanisms. Oefner et al. (1992) also
showed that, in alkaline conditions, relatively high yields of organic acids,
ranging from 10 to 23%, were achieved with xylose as starting material, whereas
in hydrothermal or acidic conditions, the yields were much lower. The organic
acids observed included formic, acetic, glycolic, lactic and pyruvic acids. In
addition, Rasmussen et al. (2014) hypothesised new mechanisms where xylulose
acts as an important intermediate, analogous to glucose reacting to HMF through
fructose.
Generally, the xylose dehydration reaction starts with the protonation of OHgroups or the ring-O. Importantly, Qian et al. (2005b) and Rasmussen et al.
(2014) highlighted that the reaction conditions change the solvent water
surroundings, and, consequently, affect the site of the protonation. In addition,
solubility and mixing may also have an effect on the course of the reaction.
Therefore, experimental observations in the actual conditions are needed.
As a conclusion, several mechanisms leading to furfural seem to coexist, and
one mechanism can be favoured over others by choosing a suitable
solvent/catalyst system and reaction conditions. This will have an effect not only
on furfural yield but also on the formation of other degradation products, which
could have economic value in the future.
3.2

Kinetics

Kinetic studies on furfural formation from sugars are most often done using
xylose as a starting material, as xylose is the most abundant pentose in biomass
suitable for furfural production (see Table 1). Moreover, the use of pure xylose
prevents side reactions and other effects caused by other biomass components or
other hemicellulosic sugars. Thus, the use of pure xylose is reasonable in order to
build a kinetic model which can be used as part of a conceptual process model.
The first kinetic studies date back to the 1930s, 40s and 50s, and the research
is still active (Danon et al. 2014b). There are a couple of reaction schemes that
have been used in the studies, and these are reviewed here. Dunlop (1948)
proposed a reaction scheme (Fig. 5) where furfural is lost by direct degradation
and reactions between intermediates and furfural. Dunlop suggested that the
reaction with intermediates results in resins. However, in further studies (Oshima
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1965, Root et al. 1959) these were called condensation products, which is also the
term used in this thesis. Dunlop also noticed that xylose disappearance follows
first-order behaviour with respect to xylose and HCl concentrations at 160°C.
Later, Root et al. (1959) found out that the addition of furfural to the initial
xylose solution does not change the xylose disappearance rate (i.e. the value of k1
remains the same), but decreases furfural yield, supporting the scheme in Fig. 6.
However, the concentrations of xylose and furfural in those experiments were not
reported.

Fig. 5. Reaction scheme 1 for furfural formation in acidic conditions.

In the 1960s Garrett and Dvorchik (1969) did a kinetic study of aldopentose
dehydration into furfural at 80°C. They used xylose, lyxose, ribose and arabinose.
They concluded that pentoses undergo other reactions besides dehydration into
furfural, because the furfural concentration was overestimated by a simple model
comprising reactions 1 and 2 in scheme 2 (Fig. 6). Therefore, they did
experiments with a single ribose concentration (0.5 mM) and various furfural
concentrations (0, 0.132, 0.264 and 0.66 mM), and observed no changes in either
the rate of furfural production or the maximum furfural yield. Thus, it is more
likely that the pentoses undergo other acid catalysed degradation reactions
parallel to furfural formation (Fig. 6) rather than the furfural reacting with
dehydration intermediates to form other side products (Fig. 5).

Fig. 6. Reaction scheme 2 for furfural formation in acidic conditions.

Antal et al. (1991) suggested a more detailed kinetic model for furfural formation
than before. In fact, their model can be simplified into scheme 2, shown in Fig. 6,
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because there are no reactions between the intermediates and furfural, and xylose
is suggested to have also other reactions than that leading to furfural.
Interestingly, they identified pyruvaldehyde as a possible product from xylose
degradation. It formed quickly and then the yield remained rather stagnant (max.
8%). Their study was done at 250°C, reaction times varying from 1.3 to 130 s.
The kinetic models based on scheme 2 seem to dominate in publications. In
most of the studies (Danon et al. 2014a, Jing & Lü 2007, Marcotullio 2011, Sako
et al. 1992), dilute initial sugar concentrations (<0.1 M) were used. However,
Weingarten et al. (2010) modelled xylose dehydration using a model based on
scheme 1, and even simplified it by replacing the intermediate-furfural reaction
with a xylose-furfural reaction. The initial xylose concentration was 10% (w/w)
and the catalyst was 0.1 M HCl. Moreover, Kim et al. (2011) modelled xylose
dehydration in hydrothermal conditions based on scheme 2, but they also added a
second-order reaction for xylose degradation to decomposition products. The
xylose concentration varied between 0.02 and 1 M. Notably, they did not conduct
any furfural degradation experiments and used a plug flow reactor, unlike all the
other studies, which included separate furfural degradation experiments and were
done in batch reactors.
It has been stated (Marcotullio 2011) that in dilute initial sugar
concentrations, the second-order reactions between furfural and intermediates can
be ruled out. Nevertheless, it seems possible that reactions between intermediates
and furfural may become more significant when high sugar concentrations are
used.
Furfural degradation kinetics
An important, but less studied, aspect of furfural formation kinetics is furfural
degradation kinetics, which means the reactions where furfural reacts further to
form side products. Furfural degradation includes self-polymerisation (furfural
resinification) (Gandini & Belgacem 1997), ring opening (Gandini & Belgacem
1997), and decomposition (Williams & Dunlop 1948) reactions.
The kinetic studies carried out so far have used sulphuric acid (Marcotullio et
al. 2009, Root et al. 1959, Williams & Dunlop 1948), hydrochloric acid (Rose et
al. 2000, Williams & Dunlop 1948) or water (Jing & Lü 2007). In most cases
(Jing & Lü 2007, Marcotullio et al. 2009, Root et al. 1959, Rose et al. 2000),
first-order kinetics fit the results well, even if there have been notifications that
the reaction order might differ from unity (Danon et al. 2013, Danon et al.
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2014b). This has led to the assumption that the furfural self-polymerisation
reaction, which is probably a second-order reaction, seems unlikely (Marcotullio
et al. 2009) or that the extent of these reactions is small (Danon et al. 2013).
The hydrolytic ring opening of furfural in aqueous acidic media produces an
aliphatic open-chain product (Gandini & Belgacem 1997). It is possible that the
products of the hydrolytic ring opening form larger molecules with each other or
with furfural. This theory is strengthened by the studies made with 2,5hydroxymethylfurfural (HMF). HMF degrades in acidic conditions through two
reactions: 1) HMF to humins, and 2) HMF to levulinic acid and formic acid.
Horvat et al. (1985) proposed a mechanism where 2,5-dioxo-6-hydroxyhexanal is
the intermediate leading to humin formation from HMF. The hydrolytic ring
opening reaction mechanism for HMF leads to the same product, 2,5-dioxo-6hydroxyhexanal (Gandini & Belgacem 1997). Later, it has been shown that humin
growth is possible by means of aldol addition/condensation of HMF with 2,5dioxo-6-hydroxyhexanal (Patil & Lund 2011). Moreover, the hydrolytic ring
opening of furfural produces 1,2,5-tripentanon, which can occur in eno and keto
forms. Thus, it is plausible that furfural can form resins (humins) in a similar
reaction scheme to HMF.
However, the second-order reactions cannot be fully ruled out. It might be
that different degradation routes are favoured in different reaction conditions, as
was proposed in the case of furfural formation from xylose (Rasmussen et al.
2014). This was also proposed by Zeitsch (2000), based on the experiments of
Root et al. (1959), when he concluded that resinification only plays a minor role
at high temperatures (>200°C). This was attributed to the “entropy effect,” where
increasing temperature favours the disintegration of molecules.
All in all, it is easy to agree with Cai et al. (2014) and Danon et al. (2014b)
on their conclusions that the reaction pathways leading to furfural losses are still
unclear and that a comprehensive knowledge of furfural degradation is lacking.
3.3

Furfural formation in complex solutions

Furfural reaction kinetics and mechanisms are most often studied in pure xylose
solutions, which is a good approach, because it prevents possible effects caused
by other biomass components. However, in industrial cases there are many other
kinds of components available including lignin, hexoses and their degradation
products, organic acids, and inorganic compounds. Moreover, the yield achieved
from biomass differs from the yields from pure sugars (Chareonlimkun et al.
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2010, Yemiş & Mazza 2011). In this chapter the effects of other biomass
compounds on furfural production are reviewed.
It has been known for a long time that lignocellulosic materials decrease the
hydronium ion concentration of a mineral acid solution (Springer & Harris 1985,
Zerbe & Baker 1987). This means that lignocellulosic materials have an acid
neutralisation capacity. This phenomenon is a result of an ion-exchange reaction
between the inorganic cations (M+) in biomass and the hydronium/hydrogen ions
(H3O+/H+) in the acid solution (Springer & Harris 1985). The decrease in acidity
depends on both the acid concentration and the amount of biomass applied
(Malester et al. 1988). Besides inorganic cations reducing the acidity, the
hydrolysis of biomass esters resulting in organic acids and the anions associated
with the inorganic cations can increase the acidity (Springer & Harris 1985).
Thus, the overall change in acidity seems to be strongly dependent on the biomass
and its composition. There are indications that the acid-neutralising capacity
affects the pH of the solution and changes the product spectrum (Girisuta et al.
2008).
Recent studies show that furfural degrades faster in an acidic solution
including sugars and their degradation products than in aqueous acid (Danon et
al. 2013, Danon et al. 2014a). Moreover, the furfural yield from a glucose-xylosesolution was lower than from xylose in a more complex medium with a toluene
phase and heterogeneous catalyst (Agirrezabal-Telleria et al. 2012a). From the
studies of Danon et al. (2014a) it can clearly be seen that the xylose and arabinose
disappearance rates were similar, whether they were reacted alone or in a mixture.
Moreover, adding glucose to the reaction mixture did not affect the xylose
disappearance rate.
Nevertheless, the effect of sugars on furfural formation and degradation is
more complicated. Furfural formation seems not to be changed by the coexistence of other sugars, and the kinetics, made for separate pentose solutions,
predict the behaviour in the mixture correctly until all the xylose has reacted
(Danon et al. 2014a). However, after all the pentose has been reacted, furfural
degradation increases when other sugars are present compared to xylose alone.
Moreover, the rate constant of furfural degradation in an acidic xylose solution is
higher than furfural degradation in pure acid implying that sugar degradation
products accelerate furfural degradation. The only explanation for this behaviour,
according to Danon and co-workers, is the increased acidity due to levulinic acid
(LA) and formic acid (FA) formation from glucose. Nevertheless, based on the
results of Kupiainen et al. (2010), LA and FA production do not increase the
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acidity of the reaction solution at experiments done in 0.09–0.5% (w/w) sulphuric
acid or in 5–20% (w/w) formic acid. Therefore, some other mechanism has to
exist.
In the previous chapter, it was mentioned that HMF might degrade to humins
by aldol addition/condensation reactions, and that furfural degradation could
proceed in a similar manner. Thus, it seems possible that HMF and its degradation
products are most probably responsible for the increased furfural degradation,
even though Danon et al. (2014a) did not report the amounts of HMF nor those of
LA and FA in the reaction media.
In addition to acidity changes and sugars, lignin might have a negative effect
on furfural yields. Xiang and co-workers (Xiang et al. 2003, Xiang et al. 2004)
noticed that the glucose disappearance rate had increased in a pre-hydrolysis
liquor, containing glucan (42.8%, w/w), xylan (14.8%) and other sugar polymers,
Klason lignin (24.3%), acid-soluble lignin (2.8%) and ash (0.7%), compared to a
glucose solution. They suggested a combination reaction between acid-soluble
lignin and glucose, which explains the increased glucose loss in the prehydrolysis liquor. It has also been proposed, based on a study made in the 1980s,
that lignin reacts with furfural in acidic conditions to form condensation products
(Huijgen et al. 2010, Sarkanen 1980).
Recently, Daorattanachai et al. (2013) suggested that kraft lignin hinders the
hydrolysis of lignocellulose to sugars and the dehydration of xylose into furfural,
but enhances the isomerisation of glucose to fructose and the further dehydration
of fructose into HMF in a phosphoric acid catalysed system. However, their
results were not straightforward as the amount of lignin and acid were altered.
Under the same reaction conditions (0.1 M H3PO4, 200°C, 5 min), the xylose
conversion decreased with an increased amount of lignin (0, 10, 30, and 50%,
w/w), but furfural yield decreased only in the presence of 30 and 50% lignin.
Moreover, the decrease in furfural yield was diminished when the amount of acid
was raised to 0.5 or 1.0 M. Again, the xylose conversion decreased more than the
furfural yield. Therefore, it seems plausible that the change in acidity might have
some role in xylose-lignin-acid solutions. However, the pH was not measured.
Moreover, based on the mechanistic studies reviewed in chapter 3.1, the different
cations and anions existing in lignin and the catalyst used might change the
reaction mechanism.
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4

Materials and methods

In this chapter a summary of the experimental apparatus used, procedures and
analysis methods is presented. Details can be found in the original papers.
4.1

Materials

The experiments were done using aqueous acid solutions. The acid solutions were
prepared and then the required amount of xylose and/or furfural was added. The
initial solutions were prepared prior to the experiments in order to ensure that the
xylose and furfural were fully dissolved. In the lignin experiments, the required
amount of lignin was weighed into the reactor and the initial solution was then
added. The lignin used was commercial kraft lignin, Indulin AT.
4.2

Experimental apparatus

All the experiments were conducted using zirconium batch reactors designed by
the Chemical Process Engineering Research Group. The total volume of the
reactor was approx. 40 ml. The temperature of the sample inside the reactor was
monitored using a Pt-100 sensor in a zirconium pocket (Papers I & II) or a PTFEcoated K-type thermoelement sensor (Papers III & IV) inserted into the reactor
through a zirconium cap. Temperature data was recorded with respect to time.
A two-oven system was used for fast heating and steady temperature control:
an oven for quick preheating set at 360–420 °C; and a sand bath set at the desired
reaction temperature. In Paper I, “conventional” sand bath (F.lli Galli, mod. 22)
was used. Later on in Papers II-IV, a fluidised sand bath (SBL-2D, Techne) was
used. With the fluidized sand bath a steady temperature control was achieved. The
heating-up time to attain the desired reaction temperature varied from 2.5 to 4
minutes. After the desired reaction time, the reactors were cooled in a cold-water
bath. The temperature in the reactor dropped below 100 °C in less than one
minute. Typical temperature profiles of experiments with different variations of
experimental apparatus are shown in Fig. 7.
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Fig. 7. Temperature in experiments using different experimental set-up: Conventional
sand bath and Pt-100 sensor (Paper I) –, Fluidised sand bath and Pt-100 sensor (Paper
II) --, and Fluidized sand bath and K-type thermoelement (Papers III & IV) ···.

4.3

Analysis

The concentrations of xylose, furfural and formic acid in the experimental
samples were analysed by high performance liquid chromatography (HPLC). The
samples were filtered prior to analysis. The column was a Coregel 87H3 (7.8
mmIDx300 mm). The HPLC was operated at a temperature of 60°C and eluted
with 0.8 ml/min flow of sulphuric acid (0.01 N). Calibration curves were based on
a minimum of 4 calibration points. A different set of chemicals was used to
prepare calibration verification standards.
The pH of the experimental samples as well as that of the initial solutions was
measured using a SenTix 81 pH electrode (WTW) that has a temperature probe
for temperature compensation. The electrode was connected to an inoLab pH 720
meter (WTW). The pH meter was calibrated using three DIN buffer solutions
(1.679, 4.008 and 6.865). The calibration was verified using buffer solutions of
pH 0.99 and 2.00.
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4.4

Kinetic modelling

The kinetic models were implemented in a MATLAB environment. The rate
constants were represented in the Arrhenius form and reparameterisation was used
to reduce the correlation between the activation energy and the pre-exponential
factor. The equation for the reparameterised rate constant is shown in the
following equation

k = k ref e

 −E  1 1
 −

 R  T Tref






,

(1)

where kref is the rate constant in the reference temperature, T is the reaction
temperature in K, E is the activation energy, and Tref is the reference temperature
= 438.15 K.
The recorded temperature data with respect to time was used in the
estimation. The system of ordinary differential equations was solved numerically
by ode15s, a solver for stiff systems. The kinetic parameters were estimated using
non-linear regression analysis. The estimation was done using the Levenberg–
Marquardt algorithm available within the MATLAB lsqcurvefit function. In paper
III, the experimental results were weighted to prevent the dominance of high
concentrations. However, in paper II, weighing was not used. The quality of the
model was monitored by multiple methods: residuals, correlation matrices,
contour plots of parameter pairs, and figures showing the objective function as a
function of each parameter value.
H+ concentration calculations
The xylose dehydration and furfural degradation are hydrogen ion catalysed
reactions and the reaction rates depend on the catalyst amount. Thus, the amount
of homogeneous acid has to be taken into account in kinetic modelling.
In papers II & III, the hydrogen ion concentration of formic acid was used in
kinetic modelling. The temperature dependence was taken into account by the
following equation

pK a = −57.528 + 2773.9 / T + 9.1232 ln T ,

(2)

where T is the temperature in K, obtained by Kim et al. (1996), which shows the
temperature dependence of dissociation constant (pKa) for formic acid. Kim et al.
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(1996) studied temperatures from 25 to 175°C and showed that the calculated pKa
is in good agreement with literature values from 0 to 200°C.
The hydrogen ion concentration, CH+ in M, at the reaction temperature was
calculated using equations 3–5 based on restrictions for the system from the
equilibrium state and material and ion balances.

C H + C HCOO − − C HCOOH K a = 0

(3)

C HCOOH , 0 − C HCOOH − C HCOO − = 0

(4)

C H + − C HCOO − = 0 ,

(5)

where CH+, CHCOO- and CHCOOH are concentrations (M) in the equilibrium state of
dissociation, and CHCOOH,0 is the initial formic acid concentration (M). In paper II,
the initial formic acid concentration at room temperature was calculated using the
measured pH values of the initial reactant solutions and equations 3–5. In paper
III, the initial formic acid concentration was measured by HPLC. H+
concentrations at the reaction temperature were calculated using the temperature
data of each experiment, equations 3–5, and the initial formic acid concentration
at room temperature.
4.5

Design of experiments

Two different experimental design methods were used in this work: a central
composite design in paper I and a D-optimal design in paper IV. The design of
experiments (DOE) is a planned approach for determining cause and effect
relationships. The purpose is to gather the maximum amount of information with
the minimum amount of experiments, i.e. time and money. (Lazic 2004)
Experimental design methods give a wide perspective to the research topic with
the minimum amount of experiments. The two methods used are both response
surface methods meant for searching interactions between design factors.
Response surface methods can help to find improved or optimal process settings.
(NIST/SEMATECH 2013)
The commercial experimental design software MODDE 8.0 was used to
create the designs. The experimental design methods used are described in brief
here, and the details about the use of the designs can be found in papers I & IV. In
both cases a quadratic model was used to describe the effects of the variables on
the selected responses.
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Central composite design
Central composite circumscribed (CCC) design includes a full or fractional
factorial design, star points and centre points. The design starts by selecting the
variables and their ranges (high and low values). The factorial design contains
experiments at these values. The number of runs for a full factorial design is 2k,
where k is the number of variables. The star points are at a distance a from the
centre, forming new extremes for the design and they are used to estimate the
curvature of the model. The star distance a is defined as

α = [number of factorial runs ]1 / 4 .
The centre points are made at the centre of the experimental area in order to
estimate the variance of experimental error. (Diamond 2001, NIST/SEMATECH
2013)
D-optimal design
D-optimal designs are useful when resources are limited or there are constraints
on factor settings. These types of designs can be used to fit, for instance, first
order, full quadratic or cubic model. They can also be used for both the screening
of factors and response surface modelling of factor effects. (NIST/SEMATECH
2013, Umetrics AB 2006)
D-optimal design generates a candidate set, which includes all potentially good
runs. Based on the selected model to fit, the D-optimal algorithm selects n
experimental runs from the candidate set to maximize the information in design
matrix X. The extended design matrix X is created from the n experimental runs
expanded with extra columns for the constant, the squares and cross terms
according to the model. The optimality criterion used maximises the determinant
of the information matrix X'X. (NIST/SEMATECH 2013, Umetrics AB 2006)
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5

Results and discussion

The experimental results of this thesis can be divided into three sections in which
formic acid catalysed furfural formation is studied from different angles. The first
part deals with a pre-study, where the feasibility of formic acid as a xylose
dehydration catalyst was studied and the condition area for further studies was
mapped. The second part concentrates on reaction kinetics, where the xylose
degradation, furfural formation and furfural degradation reactions in formic acid
media are studied in detail. In the last part of the results section, furfural
production in a biorefinery is discussed with emphasis on furfural-lignin
interactions.
5.1

Formic acid as a xylose dehydration catalyst

Before this study, hardly any references concerning furfural production using a
formic acid catalyst were made, so the first step was to use experimental design
methods to search for the most prominent condition area for further kinetic
studies. In Paper I, the feasibility of formic acid as a furfural formation catalyst
was studied.
Central composite circumscribed design was used to study the empirical
relationship between variables. The chosen variables were time (20–40 min),
temperature (140–200°C), initial xylose concentration (0.067–0.20 M) and formic
acid concentration (10–30% (w/w)). The design contained 29 experiments,
including five centre points. The responses were xylose conversion, furfural yield
and furfural selectivity. Details of the experimental design and the model
validation can be found in Paper 1.
In the experiments, the xylose conversion varied from 6.2% to 98.2%. The
results showed that the decomposition rate of xylose increases with temperature
and the amount of formic acid in the reaction media, whereas there were only
minor changes when the xylose concentration was increased. The conversions of
xylose were larger than those achieved without a catalyst, e.g. at 200°C in 30%
formic acid, nearly all the xylose had been reacted within 20 minutes, whereas in
water a reaction time of over 75 min was needed (Jing & Lü 2007).
The maximum yield achieved in Paper I was 65%. Fig. 8 shows that the
furfural yield increases when the temperature and the amount of formic acid are
increased, but decreases slightly when the xylose concentration is increased. The
furfural selectivities varied from 42% to 73%. The contour plots for furfural
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selectivity are shown in Fig. 9. In the figure, it is clearly seen that furfural
selectivity reaches a peak after a certain period of time. This implies that there is
another parallel reaction, which competes with xylose dehydration into furfural,
and thus furfural selectivity has no maximum at the beginning of the reaction time
as would be the case if only consecutive reactions took place. This implies that
the kinetic model also has to take into account the other reactions starting from
xylose besides dehydration into furfural. In addition, furfural is lost by side
reactions, which is seen as a drop in selectivity.
As a conclusion, the results in Paper I confirmed that formic acid catalyses
furfural formation and that the condition area used was also suitable for more
detailed studies. Moreover, the results showed that the simple reaction scheme
shown in Fig. 6 was a good starting point for kinetic modelling.

Fig. 8. Contour plots of response surfaces of furfural yield (Paper I, republished by
permission of The Canadian Society for Chemical Engineering).
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Fig. 9. Contour plots of response surfaces of furfural selectivity (Paper I, republished
by permission of The Canadian Society for Chemical Engineering).

5.2

Kinetics of furfural formation

The kinetics of furfural formation were studied in a formic acid medium. It was
found that furfural degradation, although the conversions are relatively low, plays
an important role and thus separate experiments were conducted using furfuralformic acid-water solutions.
5.2.1 Furfural degradation kinetics
Kinetic modelling of the furfural degradation reaction was started briefly in Paper
II, and the study was deepened and the formic acid concentration area was
extended in Paper III.
In Paper II, the reaction times varied from five to 130 minutes and furfural
degradation followed first-order kinetics. The kinetic model used was based on
the specific acid-base catalysis (equation 6), where the base term, kOHCOH-, was
removed because it was assumed that CH+ >> COH-. Independent activation
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energies for the uncatalysed term, k0, and the acid catalysed term, kHCH+, were
used.

k = k 0 + k H C H + + k OH COH − ,

(6)

where k0 is the rate constant for the uncatalysed reaction, kH and kOH are the
rate constants for catalysis by hydrogen ions and hydroxide ions, respectively,
CH+ is the hydrogen ion concentration, and COH- is the hydroxide ion
concentration.
In Paper III, longer reaction times were used, up to 274 minutes. The furfural
degradation did not follow simple first-order kinetics, as shown in Fig. 10, where
the experimental results are illustrated in (t, -ln(CF/CF,0)) –coordinates. Hence, the
kinetic model used in Paper II had to be modified in order to take into account the
effect of initial furfural concentration. The kinetic modelling in Paper III was
carried out using the power law model, as shown in equation 7.

dCF
= −k0 CFn − k H CH + CFm ,
dt

(7)

where k0 is the rate constant for an uncatalysed reaction in the solvent, kH is
the rate constant for an acid catalysed reaction, and n and m are the order of
uncatalysed and acid catalysed reactions, respectively.

Fig. 10. Experimental data of furfural degradation as –ln(CF/CF,0) versus time in three
acid concentrations: 2% (circles), 10% (squares), and 30% (triangles), using three
initial furfural concentrations of 0.05 M (white markers), 0.10 M (grey markers), and
0.16 M (black markers). The lines represent linearly fitted trend lines.
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The results in Papers II and III showed that the pH has a greater effect on the
reaction rate when the temperature rises. This is seen in Fig. 10, where the
experimental points of different acid concentrations are partly overlapped at
160°C, but not at 200°C. Therefore, independent activation energies for
uncatalysed and acid catalysed terms were used in kinetic modelling. Moreover,
in Paper III, when the number of data points was larger, the uncatalysed reaction
was very slightly temperature-dependent in the studied conditions. Thus, the
activation energy, E0, was set to zero. The parameters for the concluding kinetic
model of furfural degradation are given in Table 2, with a 95% confidence
interval based on the t-distribution.
Table 2. Estimated kinetic parameters for furfural degradation.
k0’ (1/min) a
Paper III

-4

1.35·10 ± 0.02·10

-

E0 (kJ/mol)

n

0

0.655 ±

4

Paper II
a

1.0·10-3 ± 4·10-5

kH’ (1/min) a

EH (kJ/mol)

0.0568 ± 0.001 113.6 ± 0.1

0.041
75.5 ± 4.3

1

m
1.082 ±
0.003

3.6·10-3 ± 6·10-4

135 ± 12

1

Rate constants are given at Tref=165°C.

The experimental data and kinetic model presented in Paper III are shown in Fig.
11 at two temperatures, 200 and 160°C. The figure shows the differences in
furfural degradation as a function of temperature and initial furfural
concentration. At 200°C, there are only small differences between experiments at
different initial furfural concentrations, indicating that the overall reaction order is
one or slightly above at the high acid concentration (30% HCOOH, marked with
triangles). The kinetic model is capable of estimating furfural behaviour at 200°C.
However, the situation is different at 160°C. Firstly, there are hardly any
differences between the two initial concentrations in 10% formic acid, whereas in
2% acid, the conversion is significantly higher in the low initial furfural
concentration than in the high initial concentration, which means that the overall
order of reaction is below one. Secondly, in 30% acid, the conversion in short
reaction times is higher with the high initial concentration, but in longer reaction
times there is no difference between the initial concentrations. However, the
modelled conversion increases when a lower initial furfural concentration is used.
Additionally, there are quite a lot of variations in conversions in short reaction
times (<150 min) and clear trends cannot be distinguished between the initial
concentrations, which also distracts the kinetic modelling.
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Fig. 11. Furfural degradation in 2% (squares), 10% (circles) and 30% (triangles) formic
acid at 200°C and 160°C: kinetic model and experimental data in three furfural
concentrations: 0.05 M (white markers, dotted line), 0.10 M (grey markers, dashed line)
and 0.16 M (black markers, straight line). (Paper III – Reproduced by permission of The
Royal Society of Chemistry.)

The results in Paper III reveal some details of the furfural degradation
mechanism. In many cases (Jing & Lü 2007, Marcotullio et al. 2009, Root et al.
1959, Rose et al. 2000), the degradation has been successfully modelled as a firstorder reaction, whereas the results in Paper III show that the overall reaction order
varies around one, indicating that multiple reactions with different reaction orders
exist.
The results show that the first-order reactions are dominant compared to the
second-order reactions in the reaction conditions studied. However, it seems
likely that resinification occurs because solid matter is present in the reaction
medium. Therefore, it seems plausible that the second-order reaction, where two
furfural molecules react with each other, is the initiation step of a polymerforming reaction scheme, and after the initiation, the polymer chain grows by
adding one furfural molecule at a time. Thus, if the growth of polymers is
dominant compared to the initiation, the overall reaction will be near one.
Furthermore, the Diels-Alder reaction, proposed by Danon et al. (2013), could be
the initiation step of furfural polymerisation and could even continue in the same
manner as larger molecules, as illustrated in Fig. 12.
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Fig. 12. Proposed reaction mechanism for furfural polymerisation by Diels-Alder
reaction. (Paper III – Reproduced by permission of The Royal Society of Chemistry.)

As mentioned in chapter 3.2, furfural undergoes hydrolytic ring opening in an
aqueous acidic medium (Gandini & Belgacem 1997). It is possible that the
products of the hydrolytic ring opening form larger molecules with each other or
furfural by aldol addition/condensation similarly to HMF (Patil & Lund 2011).
Moreover, this could explain why furfural degradation accelerates when glucose
and its degradation products are present in the reaction media (Danon et al. 2013,
Danon et al. 2014a).
5.2.2 Xylose dehydration kinetics
The kinetics of formic acid catalysed xylose dehydration into furfural were
investigated in Paper II. Initial xylose and furfural concentrations of up to 0.2 and
0.08 M, respectively, were used. The kinetic modelling was based on three
different schemes: schemes 1 and 2 introduced in chapter 3.2 (Fig. 5 and Fig. 6,
respectively), and scheme 3 combining schemes 1 and 2 as illustrated in Fig. 13.

Fig. 13. Reaction scheme 3 for furfural formation in acidic conditions.

The kinetic model of xylose dehydration into furfural was based on specific acidbase catalysis (equation 6), where the base term, kOHCOH-, was assumed to be nonsignificant, as in the case with furfural degradation kinetics. Moreover, it was
assumed that the activation energies for k0 and kH were the same. Consequently,
the rate constant with reparameterisation, shown in equation 1, acquired the form
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k i = (k 0,i + k H ,i C H )e

−

Ei  1 1
−
R  T Tref






,

(8)

where k0,i is the rate constant of the uncatalysed reaction in the solvent and kH,i is
the rate constant of the acid catalysed reaction at the reference temperature Tref,
CH+ is the hydrogen ion concentration at the reaction temperature, T is the
reaction temperature, and Ei is the activation energy.
The kinetic parameters are shown in Table 3. In order to combine the new
kinetic model for furfural degradation presented in Paper III with xylose
degradation kinetics, the same approach for H+ calculations has to be used. Thus,
the kinetic parameters for xylose decomposition reactions had to be re-estimated
using H+ concentrations based on the measured formic acid concentrations instead
of the initial pH. The re-estimation was done only for the model based on scheme
3. In addition, no positive minimum value for the parameters k0,i was found and
these parameters were identified only from the upper side. Thus, parameters k0,i
were set to zero.
Table 3. Estimated kinetic parameters for xylose degradation.
Model
Paper II

Reaction

k0 (1/min) a

kH (1/min) a

E (kJ/mol)

(1)

2.5·10-3 ± 4·10-4

0.25 ± 0.02

152 ± 3.8

(5)

5·10-4 ± 3·10-4

0.11 ± 0.02

161 ± 7.9

(1)

3.3·10-3 ± 3·10-4

0.36 ± 0.01

153 ± 2.1

(3)

0

19.0 ± 4.4

144 ± 26

(4)

0

52 ± 12

143 ± 23

(1)

2.8·10-3 ± 2·10-4

0.25 ± 0.01

155 ± 2.7

(5)

7·10-4 ± 2·10-4

0.11 ± 0.01

147 ± 8

(3)

0

68 ± 30

142 ± 49

(4)

0

8±5

235 ± 37

b

A, based on scheme 2
B, based on scheme 1

C, based on scheme 3

Unpublishedc
based on scheme 2

(1)

0

0.88 ± 0.02

144 ± 2.2

(5)

0

0.29 ± 0.02

167 ± 5.4

a

Rate constants are given at Tref=165°C.

b

Furfural degradation (reaction 2) was included in the modelling using the parameters from Paper II,

shown in Table 2.
c

Furfural degradation (reaction 2) was included in the modelling using the parameters from Paper III,

shown in Table 2.

54

The xylose conversion in experiments with model prediction in all three acid
concentrations is illustrated in Fig. 14. The unpublished model is marked with a
straight line and model A from Paper II with a dashed line. Xylose conversion is
predicted quite precisely by the unpublished model in 30% formic acid at 160–
200°C, but in 10% formic acid the modelled conversion is relatively higher than
in the experiments, especially at longer reaction times. In contrast, model A from
Paper II slightly overestimates the conversions in 30% acid at higher reaction
times (180 and 200°C), and ends up with a somewhat better prediction for lower
acid concentrations.

Fig. 14. Xylose conversion at 160, 180, and 200°C: experimental points and model
prediction using model based on scheme 3 with H+ calculations based on initial pH (--)
and initial formic acid concentration (–). Experiments with initial solutions containing
only xylose (▲0.07 M, ○ 0.2 M), or xylose and furfural (□ CX=0.07M and CF=0.035M, ◊
CX= CF=0.08M).

55

Fig. 15. Furfural yield in 10% and 30% formic acid. Experimental points and model
prediction by unpublished model based on reaction scheme 3 with initial solutions
containing only xylose (–/▲0.07 M, –/○ 0.2 M), or xylose and furfural (--/□ CX=0.07M and
CF=0.035M, ···/◊ CX= CF=0.08M).

Fig. 15 shows the experimental points and model prediction by the unpublished
model in 30% and 10% formic acid. As a whole, the modelled and experimental
yields are in good accordance.
The results in Paper II show that the models based on reaction schemes 2 and
3, which have a competitive reaction path for xylose besides dehydration into
furfural, corresponded to the experimental results better than the model based on
reaction scheme 1. This is in accordance with the previous chapter 5.1, where it
was concluded that xylose has another reaction route besides dehydration into
furfural, as well as with earlier studies by Jing & Lü (2007), Marcotullio (2011)
and Danon et al. (2014a).
However, the existence of a reaction between furfural and a xylose
intermediate remains unclear. The experimental results imply that there is no
reaction between xylose and furfural, because adding furfural to the initial
solution has no effect on xylose conversion. This can be seen from Fig. 14, where
the experiments in which both xylose and furfural were present in the initial
solution (marked with squares and diamonds) do not differ significantly from the
experiments without furfural input. Moreover, the rate constant kH for reaction 3,
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where the intermediate produces furfural, is 50 times higher than the rate constant
for reaction 1 where xylose reacts to form the intermediate. Thus, the amount of
intermediate in the reaction solution is low compared to other reactants, and the
model is not capable of evaluating the reaction leading to furfural loss. However,
in a more concentrated sugar solution, the condensation reaction with an
intermediate or the reaction between xylose and furfural becomes more
significant (Weingarten et al. 2010).
Nevertheless, increasing the amount of furfural in the input decreases the
furfural yield more than is predicted by the furfural degradation model, indicating
that some side reaction other than furfural degradation, where furfural is lost,
exists (see the diamonds in Fig. 15). Thus, it is possible that some xylose
degradation product reacts with furfural, and that this degradation product is not
an intermediate in xylose dehydration into furfural. However, the small amount of
data points prevents a clear view of the trends and further experimentation is
needed.
5.2.3 Acidity in kinetic modelling
The values in Table 2 show that the estimated activation energies for the acidcatalysed furfural degradation reaction, EH, are in the same area as each other and
the earlier studies of Marcotullio et al. (2009) at 125 kJ/mol, and Danon et al.
(2013) at 102 or 115 kJ/mol. Lower activation energies have also been reported,
ranging from 48 kJ/mol to 92 kJ/mol (Danon et al. 2014b). Accordingly, the
estimated activation energies for the formic acid catalysed xylose degradation
reaction presented in Table 3 (144–167 kJ/mol) are in the same area as the value
of 133 kJ/mol estimated for xylose degradation in sulphuric acid (Marcotullio
2011) and in hydrochloric acid with NaCl (Danon et al. 2014a) or the activation
energies in water of 111–143 kJ/mol (Jing & Lü 2007).
It has been stated (Cai et al. 2014) that the difference between the activation
energies of furfural degradation in the earlier study of Williams & Dunlop (1948)
(83.7 kJ/mol) and that of Marcotullio et al. (2009) (125 kJ/mol) lies in the
handling of acidity in the model. Thus, in order to build a reliable kinetic model
with a wide working area the temperature dependency of acid dissociation has to
be taken into account. This can be done using activity-based models, like
Marcotullio et al. (2009), or by empirical equations, as in this study. In both
cases, the accuracy of the method used depends on the data behind the model or
equation. The empirical equation reported by Kim et al. (1996) is valid for a
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diluted solution. In this study, the use of the equation has been extended to more
concentrated solutions which might cause errors. The H+ concentrations in this
study have been calculated by two methods, starting from the initial pH or from
the initial formic acid concentration measured by HPLC. The values are given in
Table 4.
Table 4. Formic acid concentrations and corresponding calculated H+ concentrations
used in this work.
HCOOH, % (w/w) HCOOH, g/l

pH (meas.)

T (°C)

conc-H+ (M)a

pH-H+ (M)b

2

2.04

23

0.0091

0.0091

160

0.0051

0.0051

200

0.0038

0.0038

23

0.0160

0.0200

160

0.0090

0.0112

200

0.0066

0.0082

23

0.0196

0.0295–0.0269

160

0.0110

0.0165–0.0150

200

0.0081

0.0121–0.0111

23

0.0345

0.129–0.115

160

0.0193

0.0719–0.0641

200

0.0142

0.0531–0.0473

22

7

68

10

30

102

315

1.70

1.53–1.57

0.89–0.94

a

conc-H+ is calculated using the initial formic acid concentration.

b

pH-H+ is calculated using the pH measured at room temperature.

The differences in H+ calculation led to differences in the kinetic models, but the
model predictions were similar. In the xylose degradation model, the k0 term for
reactions 1 and 5 was used in modelling with the H+ concentration calculated
from the initial pH. However, when the H+ concentrations based on formic acid
concentration were used, the value of k0 approached zero and became
insignificant. It seems that the k0 term acted like a “correction factor” for the pHbased H+ values. Accordingly, it is important to include the acidity and its
temperature dependency in kinetic modelling, even if the acidity model has some
shortcomings. However, it has to be kept in mind that extrapolation with the
established kinetic model would cause erroneous results. Thus, if a more accurate
model for a high formic acid concentration is needed, high concentration
experimental data on formic acid dissociation will be needed in addition to kinetic
data.
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5.3

Furfural formation in the presence of lignin

The possible effects of lignin on acid catalysed furfural formation in formic and
sulphuric acid media were studied in Paper IV using D-optimal design, a response
surface method. Four variables were included in the design: time (20–80 min),
temperature (160–180°C), initial lignin (Indulin AT) concentration (0–20 g/l) and
the acid catalyst (10% (w/w) formic acid or 0.2% (w/w) sulphuric acid). The
initial xylose concentration was kept constant (30 g/l). The responses were the
conversion of xylose (ΧXyl), the yield of furfural (YF), the selectivity to furfural
(SF) and the change in pH during the experiment. Based on the experiments and
the response surface model fitted by MODDE, it was concluded in Paper IV that
lignin affects furfural formation in two ways: (1) the lignin has an acid
neutralisation capacity, and (2) the lignin inhibits xylose dehydration into furfural.

Fig. 16. Response surface plots of changes in pH during the experiments (modified
from Paper IV, with permission from Elsevier).

The change in pH in the experiments is demonstrated in Fig. 16. It can clearly
be seen that the acid-neutralising effect is greater with sulphuric acid than with
formic acid: the maximum rise in pH is 0.15 units in formic acid and 0.22 units in
sulphuric acid. Moreover, in formic acid, the lignin amount has to be doubled in
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order to achieve the same rise in pH. The difference between the acids might lie
in the nature of the acids used. Formic acid, as a weak acid, can release new H+
ions to compensate for the neutralisation effect of lignin, and the dissociation
reaction finds a new equilibrium. In contrast, sulphuric acid is a strong acid,
which dissociates fully in water. Therefore, it cannot compensate for the lost H+
ions. Consequently, the pH rises more in sulphuric acid than in formic acid.

Fig. 17. Response surface plots of furfural yield (modified from Paper IV, with
permission from Elsevier).

The response surface plots of the furfural yield as a function of time and lignin
concentration are illustrated in Fig. 17 at two temperatures. The changes are more
significant in sulphuric acid than in formic acid, e.g. at 180°C in sulphuric acid,
the yield is about 50% without lignin, but in the presence of 20 g/l lignin, the
yield is only about 40%, whereas in formic acid the yield stays about the same, at
around 60%. Furthermore, furfural yields were slightly better with lignin than
without lignin in formic acid at lower temperatures. The results were similar for
xylose conversion (see Paper IV, Fig. 2). Thus, it can be stated that lignin added
slows down the xylose dehydration into furfural in sulphuric acid but not in
formic acid. This can be partly explained by the acid-neutralising effect of lignin,
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which has more of an effect on the pH of sulphuric acid solution than on that of
the formic acid solution.
Besides the acid-neutralising effect, lignin inhibits xylose dehydration. This
was seen in the experiments conducted at a higher pH corresponding to the pH of
the lignin experiments. The results of these two supplementary experiments and
similar experiments from the experimental design are given in Table 3, in Paper
IV. In particular, the experiments conducted in sulphuric acid show that the
neutralising effect does not explain all of the decrease in conversion and yield, so
some additional mechanism must be involved.
The reason for the changes in mechanism might lie in the cations and anions
available in the reaction medium. One origin for these substances is the minerals,
counted as ash components, which are probably released into the solution in the
acid neutralisation reaction. The ash content of the lignin used, Indulin AT, is
about 2.4% (Beis et al. 2010). The mineral content of Indulin AT is shown in
Table 5. Metal cations, K+, Na+, Ca2+, Mg2+, Al3+, and Cr3+ have been reported to
catalyse xylose dehydration into furfural, and the rate constant is dependent on
the ionisation potential of the cation in a relationship similar to temperature
dependence by the Arrhenius equation (Gravitis et al. 2001). At the same time
Cr2+, Cr3+, Fe3+, and Al3+ can catalyse isomerisation reactions, such as forming
xylulose and lyxose from xylose.
The maximum lignin content used in the experiments of Paper IV was 20g/l.
Thus, the estimated maximum amount of Na, K, Ca and Mg in the reaction
solution is 7.4 mM, using the data shown in Table 5. It is plausible that the
minerals catalyse some reactions causing furfural loss, or on the other hand, they
may catalyse isomerisation leading to enhanced furfural yields. Moreover, the
reaction mechanisms differ between sulphuric and formic acids resulting in only
minor inhibition in the formic acid media which is seen as a drop in selectivity.
Table 5. Mineral content of Indulin AT. Data from Beis et al. (2010).
Mineral

S

Na

K

Ca

Mg

Al

Mn

P

Fe

Cu

Zn

Pb

mg/kg

13424

7797

896

144

74.1

63.1

45.0

29.3

22.6

8.81

8.46

4.20

mmol/kg 418.6

339.1

22.9

3.59

3.05

2.34

0.02

0.02

0.01

0.003 0.003 0.0004

The results in Paper IV show that the lignin used clearly has an acid neutralisation
capacity and some other mechanism, which affects furfural yields. Moreover, it
seems likely that the mineral components are the most important cause for the
yield loss in this particular case. However, it remains still unclear whether there
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are interactions between either furfural or xylose and reactive groups of lignin
structure.
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6

Conclusions

The results in this thesis show that formic acid is an effective catalyst for furfural
production: furfural yields exceeding 60% from xylose were achieved in simple
batch reactors with reasonable reaction times. The major task in this work was to
establish a kinetic model for formic acid catalysed xylose dehydration into
furfural and furfural degradation reactions.
The kinetic model for furfural degradation was developed in Paper III. The
results show that, in the relatively large range of conditions used, the overall order
of the reaction changes: in high acid concentrations (10–30%) the order of
reaction is one or slightly over, and in low acid concentration (2%) the order of
reaction is below one. Therefore, a power-law model with separate terms for acid
catalysed and uncatalysed reactions was used. This model was capable of
following the changes in the reaction order. Some suggestions for a possible
reaction mechanism were made, but more detailed research should be conducted
to reveal the mechanism of the main furfural degradation reactions, which could
open up new ideas for enhancing furfural yields in industrial processes.
The results in Paper I and Paper II consolidate the observation in the literature
that xylose has competing reactions besides dehydration into furfural, which has
to be taken into account in kinetic modelling. In most cases, adequate results are
provided by the simple kinetic model including three reactions: 1) Xylose
dehydration into furfural, 2) Furfural degradation, and 3) Xylose degradation into
other products than furfural. However, when the initial solution with equimolar
quantities of xylose and furfural was used, the furfural yields dropped more than
the model predicted. Moreover, the kinetic model, where the reaction between
xylose intermediate and furfural was added, did not perform any better. Based on
recent literature and this thesis, it seems that several reaction possibilities exist for
both xylose and furfural, and the reaction conditions determine which are
favoured.
Industrial furfural production is most often conducted using streams
containing other biomass components besides sugars. Thus, furfural formation in
the presence of lignin was studied in Paper IV. It was shown in Paper IV that
lignin has an acid-neutralising capacity, increasing the pH of the reaction
solution, which lowered the xylose conversion and furfural yield achieved. The
effects were greater in sulphuric acid than in formic acid. However, the
neutralising effect did not explain all the changes in conversion and yield.
Therefore, it is plausible that lignin has some other mechanism to inhibit xylose
63

dehydration into furfural. More detailed studies are needed to reveal the
phenomena in xylose-lignin-acid solutions more precisely.
The results throughout this thesis emphasise the fact that the acidity has an
important, but less studied role in furfural production. Acid dissociation changes
with temperature, especially with weak organic acids, and the mineral
components provide biomass an acid-neutralising capacity. Hence, attention
should be paid to changes in acidity, especially when studying real biomass or
process side streams. The changes in acidity of the reaction solution have an
effect on reaction rates and ultimately on the economics of the process.

64

References
Agirrezabal-Telleria I, Larreategui A, Requies J, Güemez MB & Arias PL (2011) Furfural
production from xylose using sulfonic ion-exhange resins (Amberlyst) and
simultaneous stripping with nitrogen. Bioresour Technol 102(16): 7478-7485.
Agirrezabal-Telleria I, Requies J, Guemez MB & Arias PL (2012a) Furfural production
from xylose + glucose feedings and simultaneous N2-stripping. Green Chem 14(11):
3132-3140.
Agirrezabal-Telleria I, Requies J, Güemez MB & Arias PL (2012b) Pore size tuning of
functionalized SBA-15 catalysts for the selective production of furfural from xylose.
Applied Catalysis B: Environmental 115–116(0): 169-178.
Agirrezabal-Telleria I, Gandarias I & Arias PL (2013) Production of furfural from
pentosan-rich biomass: Analysis of process parameters during simultaneous furfural
stripping. Bioresour Technol 143: 258-264.
Ahmad T, Kenne L, Olsson K & Theander O (1995) The formation of 2-furaldehyde and
formic acid from pentoses in slightly acidic deuterium oxide studied by 1H NMR
spectroscopy. Carbohydr Res 276(2): 309-320.
Antal MJ, Leesomboon T, Mok WS & Richards GN (1991) Mechanism of formation of 2furaldehyde from D-xylose. Carbohydr Res 217: 71-85.
Anttila JR, Sandqvist JO, Rousu PP, Paananen PMM, Palola JM & Rousu PP (2011)
Superior technology for the sustainable co-production of cellulosic ethanol and
biochemicals from non-wood biomasses. 16th International Symposium on Wood,
Fiber and Pulping Chemistry - Proceedings, ISWFPC. China 2: 913-916.
Beis SH, Mukkamala S, Hill N, Jincy J, Baker C, Jensen B, Stemmler EA, Wheeler MC,
Frederick BG, van Heiningen A, Berg AG & DeSisto WJ (2010) Fast pyrolysis of
lignin. BioResources 5(3): 1408-1424.
Binder JB, Blank JJ, Cefali AV & Raines RT (2010) Synthesis of furfural from xylose and
xylan. ChemSusChem 3(11): 1268-1272.
Biofine
Technology
(2014)
Biofine
Technology
-web
pages.
URI:
http://biofinetechnology.com/. Cited 28.11.2014.
Borrega M, Nieminen K & Sixta H (2011) Degradation kinetics of the main carbohydrates
in birch wood during hot water extraction in a batch reactor at elevated temperatures.
Bioresour Technol 102(22): 10724-10732.
Bozell JJ & Petersen GR (2010) Technology development for the production of biobased
products from biorefinery carbohydrates - the US Department of Energy's "Top 10"
revisited. Green Chem 12(4): 539-554.
Cai CM, Zhang T, Kumar R & Wyman CE (2014) Integrated furfural production as a
renewable fuel and chemical platform from lignocellulosic biomass. J Chem Technol
Biotechnol 89: 2-10.
Chareonlimkun A, Champreda V, Shotipruk A & Laosiripojana N (2010) Reactions of C5
and C6-sugars, cellulose, and lignocellulose under hot compressed water (HCW) in
the presence of heterogeneous acid catalysts. Fuel 89(10): 2873-2880.
65

Chempolis (2014) Chempolis Ltd. - webpages. URI: http://www.chempolis.com/. Cited
28.11.2014.
Cheng L, Guo X, Song C, Yu G, Cui Y, Xue N, Peng L, Guo X & Ding W (2013) High
performance mesoporous zirconium phosphate for dehydration of xylose to furfural in
aqueous-phase. RSC Adv 3(45): 23228-23235.
CIMV (2011) The European project BIOCORE delivers an important result and reaches a
milestone: the pilot scale production of 2nd generation bioethanol. URI:
http://www.cimv.fr/uploads/111205_press-release_biocore.pdf. Cited 8.12.2014.
CIMV (2014a) CIMV - The Biorefinery Concept. URI: http://www.cimv.fr/. Cited
8.12.2014.
CIMV (2014b) CIMV signs agreement with Swedish company Taurus Energy AB - press
release. URI: http://www.cimv.fr/uploads/pr-loi-cimv-taurus.pdf. Cited 8.12.2014.
Daengprasert W, Boonnoun P, Laosiripojana N, Gto M & Shotipruk A (2011) Application
of sulfonated carbon-based catalyst for solvothermal conversion of cassava waste to
hydroxymethylfurfural and furfural. Ind Eng Chem Res 50: 7903-7910.
DalinYebo (2014a) BBS-Biorefining™: Smart Minds – Disruptive Technology. URI:
http://www.dalinyebo.com/BBS-Biorefining%E2%84%A2. Cited 1.12.2014.
DalinYebo
(2014b)
SupraYield®
(Process
Design).
URI:
http://www.dalinyebo.com/technology/suprayield. Cited 1.12.2014.
Danon B, van der Aa L & de Jong W (2013) Furfural degradation in a dilute acidic and
saline solution in the presence of glucose. Carbohydr Res 375(0): 145-152.
Danon B, Hongsiri W, van der Aa L & de Jong W (2014a) Kinetic study on
homogeneously catalyzed xylose dehydration to furfural in the presence of arabinose
and glucose. Biomass Bioenergy 66: 364-370.
Danon B, Marcotullio G & de Jong W (2014b) Mechanistic and kinetic aspects of pentose
dehydration towards furfural in aqueous media employing homogeneous catalysis.
Green Chem 16(1): 39-54.
Daorattanachai P, Viriya-empikul N, Laosiripojana N & Faungnawakij K (2013) Effects of
Kraft lignin on hydrolysis/dehydration of sugars, cellulosic and lignocellulosic
biomass under hot compressed water. Bioresour Technol 144: 504-512.
de Jong W & Marcotullio G (2010) Overview of biorefineries based on co-production of
furfural, existing concepts and novel developments. Int J Chem React Eng 8(A69).
de Jong W & Marcotullio G (2012) Technische Universiteit Delft, assignee. Process for the
production of furfural from pentoses and/or water soluble pentosans. Patent WO
2012/057625 A2.
Delmas M (2008) Vegetal refining and agrichemistry. Chem Eng Technol 31(5): 792-797.
Diamond WJ (2001) Practical experiment designs for engineers and scientists. New York,
John Wiley & Sons, Inc.
Dias AS, Pillinger M & Valente AA (2005a) Dehydration of xylose into furfural over
micro-mesoporous sulfonic acid catalysts. J Catal 229(2): 414-423.
Dias AS, Pillinger M & Valente AA (2005b) Liquid phase dehydration of D-xylose in the
presence of Keggin-type heteropolyacids. Appl Catal , A 285(1-2): 126-131.

66

Dias AS, Lima S, Brandão P, Pillinger M, Rocha J & Valente AA (2006a) Liquid-phase
dehydration of D-xylose over microporous and mesoporous niobium silicates. Catal
Lett 108(3-4): 179-186.
Dias AS, Lima S, Pillinger M & Valente AA (2006b) Acidic cesium salts of 12tungstophosphoric acid as catalysts for the dehydration of xylose into furfural.
Carbohydr Res 341(18): 2946-2953.
Du B, Sharma LN, Becker C, Chen S-, Mowery RA, van Walsum GP & Chambliss CK
(2010) Effect of varying feedstock-pretreatment chemistry combinations on the
formation and accumulation of potentially inhibitory degradation products in biomass
hydrolysates. Biotechnol Bioeng 107(3): 430-440.
Dunlop AP (1948) Furfural Formation and Behavior. Ind Eng Chem 40(2): 204-209.
Dussan K, Girisuta B, Haverty D, Leahy JJ & Hayes MHB (2013) Kinetics of levulinic
acid and furfural production from Miscanthus×giganteus. Bioresour Technol 149:
216-224.
Dutta S, De S, Saha B & Alam MI (2012) Advances in conversion of hemicellulosic
biomass to furfural and upgrading to biofuels. Catal Sci Technol 2(10): 2025-2036.
Feather MS, Harris DW & Nichols SB (1972) Routes of conversion of D-xylose,
hexuronic acids, and L-ascorbic acid to 2-furaldehyde. J Org Chem 37(10): 1606-1608.
Fengel D & Wegener G (1989) Wood: Chemistry, Ultrastructure, Reactions. Berlin, Walter
de Guyter.
Gandini A & Belgacem MN (1997) Furans in polymer chemistry. Progress in Polymer
Science 22(6): 1203-1379.
Garrett ER & Dvorchik BH (1969) Kinetics and mechanisms of the acid degradation of the
aldopentoses to furfural. J Pharm Sci 58(7): 813-820.
Girisuta B, Danon B, Manurung R, Janssen LPBM & Heeres HJ (2008) Experimental and
kinetic modelling studies on the acid-catalysed hydrolysis of the water hyacinth plant
to levulinic acid. Bioresour Technol 99(17): 8367-8375.
Gravitis J, Vedernikov N, Zandersons J & Kokorevics A (2001) Furfural and levoglucosan
production from deciduous wood and agricultural wastes. ACS Symposium Series 784:
110-122.
GreenEnergyPark
(2013)
Yenepa
Ltd.:
Biorefinery
(Turkey).
URI:
http://www.greenenergypark.co.za/yenepa. Cited 1.12.2014.
Guerra-Rodríguez E, Portilla-Rivera OM, Jarquín-Enríquez L, Ramírez JA & Vázquez M
(2012) Acid hydrolysis of wheat straw: A kinetic study. Biomass Bioenergy 36: 346355.
Gürbüz EI, Gallo JMR, Alonso DM, Wettstein SG, Lim WY & Dumesic JA (2013)
Conversion of Hemicellulose into Furfural Using Solid Acid Catalysts in γValerolactone. Angew Chem Int Ed 52(4): 1270-1274.
Hayes DJ, Fitzpatrick S, Hayes MHB & Ross JRH (2006) The Biofine Process Production of levulinic acid, furfural, and formic acid from lignocellulosic feedstocks.
In: Kamm B, Gruber PR & Kamm M (eds) Biorefineries - Industrial processes and
products. Status quo and future directions. Vol. 1. Weinheim, Wiley-VCH: 139-164.

67

Horvat J, Klaic B, Metelko B & Sunjic V (1985) Mechanism of levulinic acid formation.
Tetrahedron Lett 26(17): 2111-2114.
Hoydonckx HE, Van Rhijn WM, Van Rhijn W, De Vos DE & Jacobs PA (2007) Furfural
and derivatives. In: Anonymous Ullmann's Encyclopedia of Industrial Chemistry.
Weinheim, Wiley-VCH.
Hughes EE & Acree SF (1938) Quantitative formation of furfural from xylose. Journal of
Research of the National Bureau of Standards 21(3): 327-336.
Huijgen WJJ, Reith JH & Den Uil H (2010) Pretreatment and fractionation of wheat straw
by an acetone-based organosolv process. Ind Eng Chem Res 49(20): 10132-10140.
Hurd CD & Isenhour LL (1932) Pentose reactions. I. Furfural formation. J Am Chem Soc
54(1): 317-330.
Jing Q & Lü X (2007) Kinetics of non-catalyzed decomposition of D-xylose in high
temperature liquid water. Chin J Chem Eng 15(5): 666-669.
Kamm B, Kamm M, Schmidt M, Hirth T & Schulze M (2006) Lignocellulose-based
chemical products and product family trees. In: Kamm B, Gruber PR & Kamm M (eds)
Biorefineries – Industrial Processes and Products. Status Quo and Future Directions.
Vol. 2. Weinheim, Wiley-VCH Verlag GmbH & Co. KGaA: 97-149.
Kim MH, Kim CS, Lee HW & Kim K (1996) Temperature dependence of dissociation
constants for formic acid and 2,6-dinitrophenol in aqueous solutions up to 175C. J
Chem Soc , Faraday Trans 92(24): 4951-4956.
Kim SB, Lee MR, Park ED, Lee SM, Lee HK, Park KH & Park M (2011) Kinetic study of
the dehydration of D-xylose in high temperature water. Reac Kinet Mech Cat 103(2):
267-277.
Kupiainen L, Ahola J & Tanskanen J (2010) Comparison of Formic and Sulfuric Acids as
a Glucose Decomposition Catalyst. Ind Eng Chem Res 49(18): 8444-8449.
Lam E, Chong JH, Majid E, Liu Y, Hrapovic S, Leung ACW & Luong JHT (2012)
Carbocatalytic dehydration of xylose to furfural in water. Carbon 50(3): 1033-1043.
Lazic ZR (2004) Design of experiments in chemical engineering. A practical guide.
Weinheim, WILEY-VCH Verlag GmbH & Co. KGaA.
Lehnen R, Saake B & Nimz H (2001) Furfural and hydroxymethylfurfural as by-products
of FORMACELL pulping. Holzforshung 55: 199-204.
Li H, Ren J, Zhong L, Sun R & Liang L (2015) Production of furfural from xylose, waterinsoluble hemicelluloses and water-soluble fraction of corncob via a tin-loaded
montmorillonite solid acid catalyst. Bioresour Technol 176: 242-248.
Liu F, Boissou F, Vignault A, Lemée L, Marinkovic S, Estrine B, De Oliveira Vigier K &
Jérôme F (2014) Conversion of wheat straw to furfural and levulinic acid in a
concentrated aqueous solution of betïne hydrochloride. RSC Adv 4: 28836-28841.
Malester AI, Green M, Kimchie S & Shelef G (1988) The effect of the neutralizing
capacity of cellulosic materials on the kinetics of cellulose dilute acid hydrolysis. Biol
Waste 26(2): 115-124.
Mamman AS, Lee J-M, Kim Y-C, Hwang IT, Park N-J, Hwang YK, Chang J-S & Hwang
J-S (2008) Furfural: Hemicellulose/xylose-derived biochemical. Biofuels, Bioprod
Bioref 2(5): 438-454.
68

Marcotullio G, Tavares Cardoso MA, De Jong W & Verkooijen AHM (2009) Bioenergy II:
Furfural destruction kinetics during sulphuric acid-catalyzed production of biomass.
Int J Chem React Eng 7: A67.
Marcotullio G & de Jong W (2010) Chloride ions enhance furfural formation from Dxylose in dilute aqueous acidic solutions. Green Chem 12(10): 1739-1746.
Marcotullio G (2011) The chemistry and technology of furfural production in modern
lignocellulose-feedstock biorefineries. PhD thesis. L'Aquila, Italy, Delft University of
Technology.
Montastruc L, Ajao O, Marinova M, Barreto do Carmo C & Domenech S (2011)
Hemicellulose biorefinery for furfural production: energy requirement analysis and
minimization. J For 1(3): 48-53.
Nimlos MR, Qian X, Davis M, Himmel ME & Johnson DK (2006) Energetics of xylose
decomposition as determined using quantum mechanics modeling. J Phys Chem A
110(42): 11824-11838.
NIST/SEMATECH
(2013)
e-Handbook
of
Statistical
Methods.
URI:
http://www.itl.nist.gov/div898/handbook/. Cited 3.2.2015.
Oefner PJ, Lanziner AH, Bonn G & Bobleter O (1992) Quantitative studies on furfural and
organic acid formation during hydrothermal, acidic and alkaline degradation of Dxylose. Monatsh Chem 123(6-7): 547-556.
Oshima M (1965) Wood Chemistry: Process Engineering Aspects. Pearl River, New York,
Noyes Development Co.
Patil SKR & Lund CRF (2011) Formation and Growth of Humins via Aldol Addition and
Condensation during Acid-Catalyzed Conversion of 5-Hydroxymethylfurfural. Energy
Fuels 25(10): 4745-4755.
Pholjaroen B, Li N, Wang Z, Wang A & Zhang T (2013) Dehydration of xylose to furfural
over niobium phosphate catalyst in biphasic solvent system. Journal of Energy
Chemistry 22(6): 826-832.
Pholjaroen B, Li N, Yang J, Li G, Wang W, Wang A, Cong Y, Wang X & Zhang T (2014)
Production of renewable jet fuel range branched alkanes with xylose and methyl
isobutyl ketone. Ind Eng Chem Res 53: 13618-13625.
Qian X, Nimlos MR, Johnson DK & Himmel ME (2005a) Acidic sugar degradation
pathways: An ab initio molecular dynamics study. Applied Biochemistry and
Biotechnology - Part A Enzyme Engineering and Biotechnology 124(1-3): 989-997.
Qian X, Nimlos MR, Davis M, Johnson DK & Himmel ME (2005b) Ab initio molecular
dynamics simulations of β-d-glucose and β-d-xylose degradation mechanisms in
acidic aqueous solution. Carbohydr Res 340(14): 2319-2327.
Rafiqul ISM & Mimi Sakinah AM (2012) Kinetic studies on acid hydrolysis of Meranti
wood sawdust for xylose production. Chem Eng Sci 71: 431-437.
Rasmussen H, Sørensen HR & Meyer AS (2014) Formation of degradation compounds
from lignocellulosic biomass in the biorefinery: Sugar reaction mechanisms.
Carbohydr Res 385: 45-57.

69

Rong C, Ding X, Zhu Y, Li Y, Wang L, Qu Y, Ma X & Wang Z (2012) Production of
furfural from xylose at atmospheric pressure by dilute sulfuric acid and inorganic salts.
Carbohydr Res 350: 77-80.
Root DF, Saeman JF, Harris JF & Neill WK (1959) Kinetics of the acid-catalyzed
conversion of xylose to furfural. For Prod J 9: 158-165.
Rose IC, Epstein N & Watkinson AP (2000) Acid-catalyzed 2-furaldehyde (furfural)
decomposition kinetics. Ind Eng Chem Res 39(3): 843-845.
Sádaba I, Lima S, Valente AA & López Granados M (2011) Catalytic dehydration of
xylose to furfural: vanadyl pyrophosphate as source of active soluble species.
Carbohydr Res 346(17): 2785-2791.
Sako T, Sugeta T, Nakazawa N, Okubo T, Sato M, Taguchi T & Hiaki T (1992) Kinetic
study of furfural formation accompanying supercritical carbon dioxide extraction. J
Chem Eng Jpn 25(4): 372-377.
Sangarunlert W, Piumsomboon P & Ngamprasertsith S (2007) Furfural production by acid
hydrolysis and supercritical carbon dioxide extraction from rice husk. Korean J Chem
Eng 24(6): 936-941.
Sarkanen KV (1980) Acid-catalyzed delignification of lignocellulosics in organic solvents.
In: Sarkanen KV & Tillman DA (eds) Progress in Biomass Conversion. New York,
Academic Press, Inc.: 127-144.
Springer EL & Harris JF (1985) Procedures for determining the neutralizing capacity of
wood during hydrolysis with mineral acid solutions. Ind Eng Chem Prod Res Dev
24(3): 485-489.
Suxia R, Haiyan X, Jinling Z, Shunqing L, Xiaofeng H & Tingzhou L (2012) Furfural
production from rice husk using sulfuric acid and a solid acid catalyst through a twostage process. Carbohydr Res 359(0): 1-6.
Tin Win D (2005) Furfural - Gold from Garbage. AU J T 8(4): 185-190.
U.S. Department of Energy (2004) Biomass Feedstock Composition and Property
Database. URI: http://www.afdc.energy.gov/biomass/progs/search1.cgi. Cited
6.11.2014.
Umetrics AB (2006) MODDE. 8.0.0.0.
Uppal SK, Gupta R, Dhillon RS & Bhatia S (2008) Potential of sugarcane bagasse for
production of furfural and its derivatives. Sugar Tech 10(4): 298-301.
Vila C, Santos V & Parajó JC (2003) Recovery of lignin and furfural from acetic acidwater-HCl pulping liquors. Bioresour Technol 90(3): 339-344.
Voipio R & Laakso T (1992) Pienikokoisten puiden maanpäällisen biomassan kemiallinen
koostumus. Chemical composition of the above ground biomass of small-sized trees.
Folia Forestalia 789: 22.
Wang J, Liu X, Hu B, Lu G & Wang Y (2014) Efficient catalytic conversion of
lignocellulosic biomass into renewable liquid biofuels via furan derivatives. RSC Adv
4: 31101-31107.
Weingarten R, Cho J, Conner J,Wm.Curtis & Huber GW (2010) Kinetics of furfural
production by dehydration of xylose in a biphasic reactor with microwave heating.
Green Chem 12(8): 1423-1429.
70

Weingarten R, Tompsett GA, Conner WC & Huber GW (2011) Design of solid acid
catalysts for aqueous-phase dehydration of carbodyrates: The role of Lewis and
Brønsted acid sites. J Catal 279(1): 174-182.
Willför S, Sundberg A, Pranovich A & Holmbom B (2005) Polysaccharides in some
industrially important hardwood species. Wood Sci Technol 39(8): 601-617.
Williams DL & Dunlop AP (1948) Kinetics of Furfural Destruction in Acidic Aqueous
Media. Ind Eng Chem 40(2): 239-241.
Xiang Q, Kim JS & Lee YY (2003) A comprehensive kinetic model for dilute-acid
hydrolysis of cellulose. Appl Biochem Biotechnol Enzym Eng Biotechnol 106(1-3):
337-352.
Xiang Q, Lee YY & Torget RW (2004) Kinetics of glucose decomposition during diluteacid hydrolysis of lignocellulosic biomass. Appl Biochem Biotechnol Enzym Eng
Biotechnol 115(1-3): 1127-1138.
Xing R, Subrahmanyam AV, Olcay H, Qi W, van Walsum GP, Pendse H & Huber GW
(2010) Production of jet and diesel fuel range alkanes from waste hemicellulosederived aqueous solutions. Green Chem 12: 1933-1946.
Xing R, Qi W & Huber GW (2011) Production of furfural and carboxylic acids from waste
aqueous hemicellulose solutions from the pulp and paper and cellulosic ethanol
industries. Energy Environ Sci 4: 2193-2205.
Yang W, Li P, Bo D & Chang H (2012a) The optimization of formic acid hydrolysis of
xylose in furfural production. Carbohydr Res 357: 53-61.
Yang Y, Hu C & Abu-Omar MM (2012b) Synthesis of Furfural from Xylose, Xylan, and
Biomass Using AlCl3·6 H2O in Biphasic Media via Xylose Isomerization to Xylulose.
ChemSusChem 5(2): 405-410.
Yang W, Li P, Bo D, Chang H, Wang X & Zhu T (2013) Optimization of furfural
production from D-xylose with formic acid as catalyst in a reactive extraction system.
Bioresour Technol 133: 361-369.
Yemiş O & Mazza G (2011) Acid-catalyzed conversion of xylose, xylan and straw into
furfural by microwave-assisted reaction. Bioresour Technol 102(15): 7371-7378.
Yoo CG, Kuo M & Kim TH (2012) Ethanol and furfural production from corn stover using
a hybrid fractionation process with zinc chloride and simultaneous saccharification
and fermentation (SSF). Process Biochemistry 47(2): 319-326.
Yu G, Li B, Liu C, Zhang Y, Wang H & Mu X (2013) Fractionation of the main
components of corn stover by formic acid and enzymatic saccharification of solid
residue. Ind Crop Prod 50: 750-757.
Zeitsch KJ (2000) The Chemistry and Technology of Furfural and Its Many by-Products.
Elsevier.
Zerbe JI & Baker AJ (1987) Investigation of fundamentals of two-stage, dilute sulphuric
acid hydrolysis of wood. In: Klass D (ed) Energy from biomass and wastes X.
Chicago, United States, Institute of Gas Technology: 927-947.
Zhang L, Yu H, Wang P & Li Y (2014) Production of furfural from xylose, xylan and
corncob in gamma-valerolactone using FeCl3·6H2O as catalyst. Bioresour Technol
151: 355-360.
71

Zhang T, Kumar R & Wyman CE (2013) Enhanced yields of furfural and other products
by simultaneous solvent extraction during thermochemical treatment of cellulosic
biomass. RSC Adv 3(25): 9809-9819.
Zhao X, Cheng K & Liu D (2009) Organosolv pretreatment of lignocellulosic biomass for
enzymatic hydrolysis. Appl Microbiol Biotechnol 82(5): 815-827.
Zhao X, Zhang L & Liu D (2012) Biomass recalcitrance. Part I: the chemical compositions
and physical structures affecting the enzymatic hydrolysis of lignocellulose. Biofuels,
Bioprod Bioref 6(4): 465-482.

72

Original publications
I

Lamminpää K & Tanskanen J (2009) Study of furfural formation using formic acid.
8th World Congress of Chemical Engineering August 23-27 Montréal, Canada.
II Lamminpää K, Ahola J & Tanskanen J (2012) Kinetics of xylose dehydration into
furfural in formic acid. Industrial & Engineering Chemistry Research 51(18): 6297–
6303.
III Lamminpää K, Ahola J & Tanskanen J (2014) Kinetics of furfural destruction in
formic acid medium. RSC Advances 4(104): 60243–60248.
IV Lamminpää K, Ahola J & Tanskanen J (2015) Acid-catalysed xylose dehydration into
furfural in the presence of kraft lignin. Bioresource Technology 177:94–101.

Reprinted with permission of The Canadian Society for Chemical Engineering (I),
American Chemical Society (II), The Royal Society of Chemistry (III), and
Elsevier (IV).
Original publications are not included in the electronic version of the dissertation.

73

74

C543etukansi.kesken.fm Page 2 Thursday, September 3, 2015 12:37 PM

ACTA UNIVERSITATIS OULUENSIS
SERIES C TECHNICA

527.

Pekuri, Aki (2015) The role of business models in construction business
management

528.

Mantere, Matti (2015) Network security monitoring and anomaly detection in
industrial control system networks

529.

Piri, Esa (2015) Improving heterogeneous wireless networking with cross-layer
information services

530.

Leppänen, Kimmo (2015) Sample preparation method and synchronized
thermography to characterize uniformity of conductive thin films

531.

Pouke, Matti (2015) Augmented virtuality : transforming real human activity into
virtual environments

532.

Leinonen, Mikko (2015) Finite element method and equivalent circuit based
design of piezoelectric actuators and energy harvester dynamics

533.

Leppäjärvi, Tiina (2015) Pervaporation of alcohol/water mixtures using ultra-thin
zeolite membranes : membrane performance and modeling

534.

Lin, Jhih-Fong (2015) Multi-dimensional carbonaceous composites for electrode
applications

535.

Goncalves, Jorge (2015) Situated crowdsourcing : feasibility, performance and
behaviours

536.

Herrera Castro, Daniel (2015) From images to point clouds : practical
considerations for three-dimensional computer vision

537.

Komulainen, Jukka (2015) Software-based countermeasures to 2D facial spoofing
attacks

538.

Pedone, Matteo (2015) Algebraic methods for constructing blur-invariant
operators and their applications

539.

Karhu, Mirjam (2015) Treatment and characterisation of oily wastewaters

540.

Panula-Perälä, Johanna (2015) Development and application of enzymatic
substrate feeding strategies for small-scale microbial cultivations : applied for
Escherichia coli, Pichia pastoris, and Lactobacillus salivarius cultivations

541.

Pennanen, Harri (2015) Coordinated beamforming in cellular and cognitive radio
networks

542.

Ferreira, Eija (2015) Model selection in time series machine learning applications

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

C543etukansi.kesken.fm Page 1 Thursday, September 3, 2015 12:37 PM

C 543

OULU 2015

UNIVERSITY OF OUL U P.O. Box 8000 FI-90014 UNIVERSITY OF OULU FINLA ND

U N I V E R S I TAT I S

O U L U E N S I S

ACTA

A C TA

C 543

ACTA

UN
NIIVVEERRSSIITTAT
ATIISS O
OU
ULLU
UEEN
NSSIISS
U

Kaisa Lamminpää

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Kaisa Lamminpää

Professor Esa Hohtola

FORMIC ACID CATALYSED
XYLOSE DEHYDRATION
INTO FURFURAL

Professor Olli Vuolteenaho

University Lecturer Veli-Matti Ulvinen

Director Sinikka Eskelinen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala
ISBN 978-952-62-0913-5 (Paperback)
ISBN 978-952-62-0914-2 (PDF)
ISSN 0355-3213 (Print)
ISSN 1796-2226 (Online)

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU
FACULTY OF TECHNOLOGY

C

TECHNICA
TECHNICA

