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In this paper both the mechanistic and kinetic aspects of furfural formation from pentoses in aqueous
acidic media have been reviewed. Based on the reviewed literature, a comprehensive reaction mechan-
ism has been proposed consisting of more than one route, all starting from acyclic xylose, and involving
alternately 1,2-enolization, B-elimination or isomerization via 1,2-hydride shift as key steps. Those studies
that employ combined acid—base catalysts, soluble halide salts and trivalent cations in agueous solutions
appear to be most promising. Next, a detailed overview is presented of the results of kinetic studies on
furfural formation from pentoses and furfural disappearance in aqueous acidic media. Although these
results span over a very wide range of both experimental conditions and different kinetic models
employed, an attempt has been made to present the published kinetic data in such a manner that it
allows a global comparison. Since even in those cases where the reaction conditions seemed to be com-
parable, the reported kinetic constants often agree merely in the order of magnitude, thus, the validity of
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most of the data presented here is restricted to the specific conditions as used by each author. Addition-
ally, a very concise overview is included of research on direct furfural production from lignocellulosic
materials. In conclusion, the intricate set of reactions accompanying furfural formation from pentoses,

www.rsc.org/greenchem although appearing well established in some aspects, is yet to be fully unraveled, especially with regard to
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the complex set of side and loss reactions seemingly involving largely unknown reaction intermediates.

Such uncertainties are reflected in the contradictory kinetic models exploited and kinetic data presented

in the literature, which still prevent a common and coherent interpretation.

1 Introduction

Nowadays, biomass as a renewable and potentially sustainable
resource is seriously considered to contribute to the pro-
duction of green chemicals, products and biofuels via the oil
refinery analogue of a biorefinery.'® Second and higher gene-
ration biomasses, based on (co-)processing of non-edible plant
parts to generate such products, are attractive in this respect as
they do not cause unacceptable interferences with the food
and feed production chain. In a biorefinery, fractionation of
the biomass’ main organic constituents, the polymeric carbo-
hydrates (hemicellulose and cellulose) and lignin, can be per-
formed in different ways.>” Many studies have been performed
concerning the conversion of non-first generation biomass
carbohydrates to ethanol using hydrolytic pre-treatment and
subsequent fermentation.® Lignin is usually converted to
produce steam via combustion, but studies towards valoriza-
tion of this major biomass constituent are also accumulating,’
though up to now only ligno-sulphonate production in the
context of the pulp and paper industry has been commercia-
lized.'® However, the valorization of the hemicellulose derived
pentose sugars to higher value added chemicals than ethanol
has been subjected to substantially fewer studies. Furfural is
one such chemical. It consists of a furan-ring with an aldehyde
side group, see also Fig. 1.

Its formation was discovered by Dobereiner back in 1821,
but it only reached the stage of the first industrial production
processes after about one century when in 1922 Quaker Oats
started industrial production in the USA (Cedar Rapids, Iowa)
based on the agricultural food residue oat husk."*"** Furfural
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Fig. 1 Chemical structure of furfural.

is considered to be an attractive platform chemical,"*'* and

therefore it is suitable in a biorefinery context for the pro-
duction of a myriad of product types, e.g. solvents (tetrahydro-
furan, THF), plastics (in particular, polyamides), resins via
furfuryl alcohol (already in current practice) and fuel additives
(e.g. methyl-tetrahydrofuran used in novel fuel formulations,"
or rather methylfuran that can be blended into petrol as has
been demonstrated by road testing'®) with huge market
potential. Current production levels are of the order of 300
ktons per year globally with a major production capacity in
China'” and furfural production is mainly targeted at furfuryl
alcohol production which is used to produce foundry resins.®
Furfural itself finds application in the oil refining sector for
the selective extraction of butadiene and lube oils'® and in
novel applications such as pesticides and nematicides in agri-
cultural practice.

The production of furfural based on biomass, mainly
nonfood residues of food crops and wood, is already an old
practice. Furfural is one of the few chemicals that are not
manufactured by a petro-chemical route as biomass chemical
processing is cheaper. A substantial number of processes that
were and are still operated have been described well by
Zeitsch.'” Recently, an updated overview of current furfural
production processes was presented.’’ Acid catalysed hydro-
lysis and dehydration of the pentosan derived sugars forms
the basis of such industry. Most processes use sulphuric acid
as the mineral acid, but hydrochloric acid has also been used
in different low to high concentrations. The product recovery
is conventionally accomplished via steam stripping with a rela-
tively high steam and thus energy consumption, in the range
of 25-35 tons per ton of furfural produced.”’ Industrial fur-
fural production today thus still largely relies on the batch
dehydration of pentosan-rich biomass using sulphuric acid,
with yields typically hovering around 50%.'® Such reactor con-
figurations cause the furfural once formed to stay too long in
the acid aqueous medium so that follow-up degradation reac-
tions take place. A crucial key to furfural production optimiz-
ation lies in understanding the mechanism and related
kinetics of its formation from the hemicellulose derived
sugars, like xylose and arabinose to name the most prevalent,
and in particular in the minimization of side and loss reac-
tions. This paper will therefore review studies that have been
performed about C5 sugar conversion to furfural and furfural

This journal is © The Royal Society of Chemistry 2014
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loss reactions under homogeneously acid catalysed aqueous
reaction conditions. Heterogeneous catalysis is not addressed
in this work; a recent overview was given by Dashtban et al.**
First, the mechanisms of the formation of furfural from pen-
toses that have been described in the literature will be critically
reviewed. Then, studies concerning the kinetics of furfural
formation and degradation reactions to solid humins will
be summarized and discussed, including an outlook on the
application to the formation from biomasses.

2 Mechanistic aspects
2.1 Mechanisms of furfural formation

The discussion around the mechanistic aspects of furfural for-
mation might seem of only academic interest, although a
deeper understanding of such a mechanism is also crucial for
planning an appropriate catalytic strategy in the furfural
industry.

More than one reaction mechanism has been proposed in
different studies based on different techniques, and under dis-
parate reaction conditions. Firstly, the reaction was believed to
start from the acyclic form of the pentoses, either via a 1,2-
enediol intermediate 2 and subsequent dehydration (see
Fig. 2)>*?* or directly via a 2,3-(a,p-)unsaturated aldehyde 4,
see Fig. 3.>>%° More recently, other authors believed the reac-
tion to take place starting from the pyranose form of the pen-
toses, by the action of H" on the O-2 of the pyranose ring,
leading to the 2,5-anhydroxylose furanose intermediate 7
which is subsequently dehydrated to furfural, see Fig. 4.>”°

Published experimental evidence exists, mainly based on
the reaction of labeled model compounds and on isotope
exchange techniques, which is decisive in elucidating some
aspects of this discussion. In the first place it has been shown
that when reacting xylose-1-''C in 12% aqueous HCI, the
carbon at the C-1 position is found nearly completely at the
‘aldehydic’ carbon of the final product, 2-furaldehyde-'"C.>® In
fact all the mechanisms proposed so far adhere to this
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Fig. 2 Xylose dehydration mechanism via enolization.?32*
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Fig. 4 Xylose dehydration mechanism via cyclic intermediates.?”~3°

evidence. Using similar isotope-exchange techniques, in more
than one work it has been proven that, under strongly acid
conditions, and in the presence of deuterated/tritiated water,
nearly no carbon-bound tritium/deuterium is found in the fur-
fural generated.”>>"** This suggests that no solvent hydrogen
is exchanged during the course of the reaction, contrary to the
well-known mechanism of aldose-ketose isomerization under

alkaline conditions.****

In this perspective, Harris and
Feather’" provided evidence for the intramolecular hydrogen
transfer reaction, i.e. the direct conversion of p-glucose-2-*H
into p-fructose-1-°H in 1 M aqueous H,SO,, although such
transfer was only partial at lower acidity (pH 3). More recently,
Binder et al. reported similar results,>® showing 48% deuter-
ium incorporation at the furfural C-1 position when xylose-
2-’H was converted in the presence of water, concluding that
1,2-enediol 2 is not involved in intramolecular hydrogen-trans-
fer, and aldose dehydration might always take place via the
intermediate isomerization to the ketose 3. This is supported
by the fact that ketopentoses react much faster in water,>**>=”
in analogy with the lower reactivity of glucose compared to
fructose.®

Ahmad et al reported similar evidence,” showing a
decreasing deuterium content at the furfural aldehydic carbon
when reacting pentoses in deuterated water at 96 °C at decreas-
ing pD from 4.5 to 1.5, although explaining the only partial
deuterium exchange at C-1 at higher pD using the fact that the

Green Chem., 2014, 16, 39-54 | 41
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1,2-enediol 2 is faster tautomerizing to the ketose 3 than de-
hydrating. The authors confirmed this interpretation with the
gradual exchange of H-la and H-Ib in the ketose. Importantly,
in the same work it was remarked that no hydrogen was
exchanged in the aldoses; hence these were converted irreversi-
bly to 1,2-enediol. Such an indication is in agreement with the
general aldose reluctance to isomerization under acidic con-
ditions,** and leads to the conclusion that, since enolization
reactions are normally reversible, enolization or isomerization
can be considered the rate limiting step in the formation of
furfural.*®

Remarkably, the original mechanism proposed by Hurd
et al. in 1932 is also consistent with the foregoing experi-
mental evidence.*® In this case the B-elimination forming a
2,3-unsaturated aldehyde intermediate 4 conforms to the
absence of solvent hydrogen in furfural, and resembles a well-
known reaction in organic chemistry whereby p-hydroxyalde-
hydes readily lose water in acidic solution. On the other hand
this theory fails to explain intramolecular hydrogen-transfer.

As far as the furanose 2,5-anhydroxylose intermediate is
concerned (Fig. 4), this mechanism presents more than one
weak point compared to the others. Notably, it cannot explain
the observed intramolecular hydrogen-transfer, as well as the
partial deuterium exchange at C-1 and C-3 reported at lower
acidity.>® Moreover, it is not straightforward to extend this
mechanism to the pentuloses, at the same time explaining
their significantly higher reactivity compared to the corres-
ponding pentoses.

In conclusion, on the one hand it seems reasonable that
pentoses react with furfural via their acyclic form. In fact keto-
pentoses, which present a significantly higher proportion of
acyclic form in water solution when compared to aldopen-
toses,*®*! react much faster in water yielding furfural in pro-
portion to the acidity of the solution.>*?°3” This is in
agreement with the explanation normally given for the higher
reactivity of fructose compared to glucose in acidic solution.®
Furthermore, the same authors putting forward the theory of
the 2,5-anhydroxylose intermediate to furfural* showed a very
low energy of activation related to protonation at O-5 and
subsequent ring opening.

Reasonably, the presence of an electron-rich carbonyl group
in the acyclic sugars is crucial for dehydration, as enols are
very good electron donors favoring the elimination of water. In
fact, the dehydration of sorbitol and xylitol requires much
more severe conditions to take place compared to glucose and
xylose, and they do not yield the corresponding furfuryl-alco-
hols as one could wrongly expect. In analogy furan cannot be
formed from erythritol.>> The reaction of sugar alcohols in
acid solution leads to 1,4-cyclization, yielding rather stable
compounds such as 1,4-anhydroxylitol,*>™*° see Fig. 5. The
incomplete dehydration of sugar alcohols, and their relative
reluctance to undergo such a reaction, is indicative of the
importance of the enol functions in the intermediate dehy-
drations to furfural. Lastly, recent kinetic studies from our
group?” have shown a positive entropy of activation during
acid-catalyzed dehydration of xylose, indicating increasing
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Fig. 5 Acid catalyzed dehydration of xylitol compared to xylose.

degrees of freedom across the activated state, imputed to pro-
tonation and ring opening.

On the other hand, although glucose-fructose
xylose—xylulose®***” isomerizations have been often reported
to take place in the course of aldoses conversion into furfurals,
there is no common agreement on the key intermediate of the
reaction, this being the ketose sugar 3, the 1,2-enediol 2, or
the 2,3-unsaturated aldehyde 4. From the foregoing evidence,
when sugars are reacted under acidic conditions it seems
reasonable to accept the mechanism proposed by Feather and
Ahmad et al.,>>** although neither direct aldose-ketose iso-
merization nor f-elimination can be ruled out. It is difficult to
select one prevailing mechanism; the mechanisms rather
seem to coexist, gaining importance one over the other accord-
ing to the different reaction conditions and the nature of the
solvent/catalyst system.

In Fig. 6 an attempt is made to group the mechanisms pro-
posed. At lower acidities, enolization and subsequent isomeri-
zation is favored, although the formation of furfurals is
retarded and there are more options for side reactions (via 3e).
Under these conditions ketoses may be detected,®" and enol
intermediates such as 2 and 4 generally tautomerize respect-
ively to 3 and 5 faster than they are dehydrated.>® Further eno-
lization to 3e has been reported to be irreversible,>® seemingly
leading to side reactions. Also f-elimination cannot be
excluded under these conditions, offering a direct path to 4,
hence reducing the possibilities for side reactions via 3e.

At lower pH (especially pH < 1) direct isomerization via
intramolecular hydrogen-transfer takes place, and the ketose is
readily dehydrated, likely via an enol intermediate 2.

2.1.1 Side and loss reactions. There are many options for
side and loss reactions during furfural formation which are
primarily responsible for limiting the furfural final yield.*®
Firstly, pentoses may be degraded to low molecular weight pro-
ducts, likely generated from the fragmentation of reaction
intermediates such as 4 and 3e. These compounds are primar-
ily organic acids,”® and aldehydes such as acetaldehyde, for-
maldehyde and crotonaldehyde.>”>! Furfural is also degraded
to an appreciable extent under the same conditions it is nor-
mally produced,’*>* yielding both insoluble resinous products

31,3848 404
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and other products largely unidentified, except for reductic
acid.>® Moreover, when the initial sugar concentration is rela-
tively high, second-order condensation reactions also take
place to a significant extent.’® These reactions yield soluble
and insoluble substances, involving small aldehydes and fur-
fural reacting with each other. The products of such reactions
have been studied by Rice et al.,”"”*® showing that the humic
substance formed, both the soluble and the insoluble fraction,
presents common infrared spectra, with the only exception of
the resinous product formed when reacting furfural alone. The
infrared spectra of this humic substance showed the presence
of hydroxyl, carbonyl, and possibly carbon-carbon double
bonds, and its solubility appears to be linked primarily to the
molecular weight rather than to its chemical structure.””

2.2 Catalytic strategies emerging from the observation of the
reaction mechanism

2.2.1 Combined acid-base catalysis. Considering aldose
enolization or isomerization as the rate limiting step to furfur-
als, similar conclusions may be drawn. Both enolization and
isomerization are normally favored by basic conditions.*"*?
Evidently, enolization/isomerization followed by three dehy-
drations is a combination of reactions normally favored
respectively by basic and acid conditions; thus furfural for-
mation from aldoses cannot be considered a simple dehy-
dration reaction, obeying, as such, the rules of the specific
acid catalysis. In fact, it was observed in the past that only
poor furfural yields were obtained when xylose was reacted

This journal is © The Royal Society of Chemistry 2014

using typical dehydrating agents, such as pure ZnCl, or phos-
phorous pentoxide, whereas when an aqueous solution of
ZnCl, was employed, the furfural yield approached that
obtained using strong acid solutions.”> A combination of
homogeneous Brgnsted acid and base in a one-pot reaction is
clearly not an option, although alternative solutions are being
proposed.

Based on similar reasoning, Takagaki et a attempted
to promote the isomerization of aldoses and subsequent dehy-
dration to furfurals by using a combination of acid and basic
heterogeneous catalysts in one-pot reactions. When a combi-
nation of hydrotalcite (base) and Amberlyst-15 (acid) were
used, results showed significant improvements both in terms
of furfural selectivity and xylose conversion compared to only
solid acid or homogeneous acid catalysis. In particular, good
results are achieved especially at lower temperatures and in
polar aprotic solvents such as dimethylformamide. A similar
approach has been adopted for pentoses by Choudhary
et al.*>?° although making use of Sn-beta zeolites or a Lewis
acid as isomerization catalysts and conducting the reaction in
aqueous solution. Interestingly, a significant drop in activation
energy was observed®® in the reaction sequence involving
xylose—xylulose isomerization (96.7 k] mol™' in aqueous
CrCly), and xylulose dehydration (64.9 kJ mol™' in aqueous
HCl), compared to the known acid-catalyzed xylose dehy-
dration (133 kJ mol™").>***%*” Overall a significantly improved
yield was reported (76%) at 413 K when a biphasic system
water-toluene was employed.

1.59:60
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2.2.2 Effect of halide salts. Quantitative conversion of
xylose to furfural is possible, and it has been commonly experi-
enced for decades in the old standard methods for the esti-
mation of pentosan content of plant material.'*'*%'"%® Nearly
100% furfural yield may be attained by distilling atmos-
pherically xylose or raw biomass in a 12 wt% HCI solution
saturated with NaCl. Salts such as NaCl have a double positive
effect in the production of furfural, firstly by salting-out the
reaction product in biphasic systems,**®® and secondly by
directly enhancing the furfural selectivity and rate of for-
mation.**%”%® Starting from this observation the latter effect
has been recently studied in monophasic aqueous reactive
systems,*® attributing to the uncommon weak-base behavior of
Cl” ions in aqueous acidic solutions (pH 1.3) the capacity of
promoting the 1,2-enediol intermediate, and thus furfural
selectivity and yield. In a similar fashion, such Cl™ assistance
to enolization by a-hydrogen abstraction may promote elimin-
ation to 4. In a following study® halides in general have been
shown to positively affect furfural formation proportionally to
their nucleophilic character in aqueous dilute acid solutions,
whereby I followed by Br~ and Cl- have been shown to
promote a more selective dehydration to furfural. Synergistic
effects have also been observed, especially when using I" and
Cl™ containing salts.®®

2.2.3 Effect of bi- and trivalent metal ions. FeCl; in water
has been often shown to be significantly more effective than a
strong acid solution of the same pH during biomass hydrolysis
and furfural formation.®>®”%87%7! Gravitis’> reported the
metal cations to catalyze the reaction of biomass derived
carbohydrates with furfural in proportion to their ionization
potential, mentioning an increasing effectiveness for K', Na",
Ca*", Mg**, and Fe*'. Furthermore, some metal chlorides in
ionic liquids have also been shown to affect the dehydration of
sugars,”” particularly with regard to Cr’* salts, both in polar
aprotic solvents®*’* and in aqueous solution.***’

It is known that aqueous solutions of FeCl; present a
Bronsted acid character due to the hydrolysis of Fe*" resulting
in the formation of different kinds of complexes:””

[Fe(H,0)¢]*" = H' + [Fe(OH)(H,0),]*"
2[Fe(OH)(H,0);]*" 2 [(H,0),FeOFe(H,0).]"" + H,0

The H' molar concentration of a 100 mM FeCl; aqueous
solution under ambient conditions is about 17 mM, i.e. 17%
of an equimolar HCI solution. On the other hand, it has been
noticed’® that the pH of such solutions drops significantly
after heating, forming a dark precipitate consisting of iron
oxides such as -Fe,0; and -FeOOH.”” Consequently the H*
concentration of the FeCl; liquid solution increases according
to the simplified reaction:

3Fe’t + 5H,0 2 9H' + Fe,0; | + FeOOH |

For these reasons aqueous FeCl;, already at 100 °C, can be
regarded as a source of HCl and iron oxides, lowering accord-
ingly the pH of the solution. With similar reasoning the pH
drop of CrCl; solutions after heating has been justified,*® and

44 | Green Chem., 2014, 16, 39-54
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Fig. 7 Proposed isomerization of xylose via 1,2-hydride shift.>?

a similar behavior may be expected from similar trivalent
metal chlorides. In this way the peculiar catalytic effect of
metal chlorides may be partly justified by HCl formation,
although other aspects are also involved.

When xylose reacted in N,N-dimethylacetamide in the pres-
ence of CrCls, isomerization into xylulose (3) via 1,2-hydrogen
transfer has been observed, with further dehydration into fur-
fural, see Fig. 7.>* Evidence of xylose isomerization to xylulose
and lyxose in the presence of CrCl; and AICl; in aqueous solu-
tions has also been shown.*®” Hence bi- and trivalent metal
3* and AP*" have been proven to be
appealing isomerization catalysts, already at very low concen-
tration (e.g. 6 mM). When suitably combined with Brensted acids
they strongly favor furfural formation, although side reactions are
not always easy to control limiting the overall furfural yields.

ions such as Cr*", Cr**, Fe

3 Kinetic aspects

In this section kinetic studies on furfural loss reactions and
furfural formation from pentoses will be subsequently dis-
cussed. The focus is on studies in water and with homo-
geneous catalysts. At the end of the section, a short overview of
studies on furfural production from biomass is also presented.
These papers are not discussed in detail, but merely men-
tioned for further reference. Heterogeneous catalysis and reac-
tion in ionic liquids are not included in this review.

3.1 Furfural loss reactions

Firstly, the kinetic studies on furfural degradation in aqueous
dilute acidic solutions are reviewed. Most studies follow a reac-
tion mechanism including a single degradation reaction,
which is presented in Fig. 8. Unless indicated otherwise, this
reaction is assumed to follow first-order kinetics. In Table 1
the reported Arrhenius parameters are summarized for this
reaction, following

k = A-cl# (1)
(0]
mo ——= Loss reactions
Furfural

Fig. 8 Most employed reaction mechanism for the degradation of
furfural.

This journal is © The Royal Society of Chemistry 2014
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Table 1 Kinetic studies on furfural loss reactions. [Fl, = initial furfural concentration (mM); A = pre-exponential factor (s™); E = activation energy
(kJ mol™); [H*] = hydrogen ion concentration (M); a,. = hydrogen ion activity (—)

Ref. Solvent [Flo (mM) Catalyst (mM) Temperature (°C) In(4) (s™) E (k] mol™)

53 H,0 10-20 H,S0, (50) 150-210 12.36 83.6

78 H,0 47.8 H,S0, (3.1-400) 160-240 [H']17.15 92.3

54 H,0 10 HCl (100) 150-169 3.07 48.1

52 H,0 60.4-72.5 H,S0, (36.4-145.5) 150-200 +26.64 125.1

79 H,0 50 HCOOH (50-80) 160-200 (Uncatalyzed) 13.82 75.5
(Acid-catalyzed) [H']-31.44 135.0

80 H,0 160 HCI (100) 140-160 8.43 67.6

81 H,O 34 None 180-220 7.59 58.8

56 H,0 50 HCI (50) + NaCl (500) 160-200 16.84 102.1

where k is the reaction rate constant (s '), 4 is the pre-expo-
nential factor (s™'), E is the activation energy (k] mol™), R is
the universal gas constant (k] mol™ K™') and T is the tempera-
ture (K).

Williams and Dunlop quantitatively investigated the loss
reactions of furfural in dilute aqueous solutions.>® Both sul-
phuric acid and hydrochloric acid have been used as the cata-
lyst, but only for the experiments with H,SO, the Arrhenius
parameters have been determined. The rate of degradation
showed a proportional correlation with the hydrogen ion con-
centration. Moreover, the loss reaction showed dependency
not only on the hydrogen ion concentration and the tempera-
ture, but also on the furfural concentration (which indicates a
higher reaction order). However, the experimental results still
followed an (apparent) first-order behavior and were therefore
perceived as pseudo-unimolecular. Two different degradation
products were identified: formic acid and a resinous tar. The
formic acid is assumed to be formed via the hydrolytic fission
of the aldehyde group of furfural. For the formation of the
resins, condensation polymerization reactions were postulated.
Root et al. performed a more extensive kinetic study on the fur-
fural loss reactions.”® Experiments starting with aqueous fur-
fural solutions with various concentrations of sulphuric acid
and at various temperatures were performed in order to calcu-
late the kinetic parameters. The measured furfural concen-
trations showed an apparent first-order disappearance rate.
The calculated pre-exponential factor was defined as a function
of the hydrogen ion concentration (mol L") and was [H']-exp
(17.15) s™*. The corresponding activation energy was calculated
to be 92.36 k] mol™'. However, it was also observed that the
initial furfural concentration had a significant influence on
the disappearance reaction rate; at higher initial furfural con-
centrations the degradation reactions were faster. A mechan-
ism was proposed that could explain these observations. In
this mechanism (following the work of Schoenemann et al.,
see the next section®) it was postulated that the furfural was
degraded both via (self-)Jdegradation (with first-order kinetics)
and via a reaction of furfural with some kind of degradation
intermediate (with second-order kinetics). It was shown that
for the proposed mechanism, incorporating these two routes
for furfural disappearance, at low furfural concentrations the
reactions showed apparent first-order behavior. Moreover,
Zeitsch compared the furfural resinification reaction rates with

This journal is © The Royal Society of Chemistry 2014

the disappearance rate of xylose obtained by Root et al., and
showed that at higher temperatures (above 200 °C) resinifica-
tion plays a minor role."*”®

At the turn of the millennium, Rose et al. have determined
the Arrhenius parameters for furfural decomposition in dilute
hydrochloric acid solutions.>® The kinetic results were com-
pared with the results of Williams and Dunlop with sulphuric
acid; the calculated activation energy with HCI was lower,
which was attributed to the fact that H,SO, was not fully disso-
ciated under these conditions.

Subsequently, Marcotullio et al. elaborated the assumption
of partially dissociated H,SO, by substituting the hydrogen ion
concentration with the hydrogen ion activity (ay:) in the
equation for the reaction rate constant.>* For this purpose an
extensive study on the kinetics of furfural degradation in
dilute sulphuric acid solutions (36-145 mM) at temperatures
between 150 and 200 °C has been performed. From these
experiments the activation energy (125.1 kJ mol™) and pre-
exponential factor (exp(26.64) s~') were derived. Moreover, the
authors did not observe any formic acid formation during the
destruction of the furfural.

Lamminpéa et al. determined the kinetics of furfural degra-
dation in aqueous solutions as a part of a study on furfural
production from xylose with formic acid as the catalyst.”® First
order reaction kinetics were assumed, based on a relatively few
measurements. Both the temperature and pH were varied, and
because it was observed that the pH had a larger influence on
the furfural destruction rate at higher temperature, this rate
was divided into an uncatalyzed and an acid-catalyzed part.
For both parts, an activation energy and a pre-exponential
factor have been determined. The activation energy of the
uncatalyzed reaction is in good agreement with the value
found by Jing et al. (see below).®" In the case of the acid-cata-
lyzed reaction the activation energy is higher than that in most
of the other studies. This could be due to the fact that in the
other studies only one (acid-catalyzed) reaction was assumed.
Therefore, this single reaction also includes the uncatalyzed
reaction, resulting in a lower activation energy.

Also, Weingarten et al. determined the kinetics of furfural
degradation as part of a study on furfural production from
xylose, but then in a biphasic reactor.®® It was assumed that
the furfural only degraded in the aqueous phase and not in
the organic phase. Furfural degradation experiments were
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performed with 160 mM furfural in a 100 mM HCI aqueous
solution at temperatures between 140 and 160 °C. The experi-
mental data were assumed to follow first-order kinetics and
the activation energy and pre-exponential factor were esti-
mated to be 67.58 k] mol™" and exp(8.43) s™*, respectively.

Jing et al. have investigated the degradation of furfural in
high temperature liquid water (without the addition of any
catalyst).® The kinetics were determined based on exper-
iments in the temperature range of 180 to 220 °C and at a con-
stant pressure of 10 MPa and were assumed to be first-order.
The estimated value for the activation energy was 58.8 k]
mol " and that for the pre-exponential factor was exp(7.59) s~ .

Danon et al. have performed a study on the influence of
glucose on the degradation of furfural.’® Furfural (50 mM)
degradation experiments have been performed in a 50 mM
HCI and a 500 mM NacCl solution at temperatures between 160
and 200 °C. Experiments with and without glucose present in
the reaction mixture have been performed. Both a first- and a
second-order kinetic model could reasonably well predict the
experimental results for pure furfural degradation. For com-
parison purposes, only the first-order model is included in
Table 1. When glucose was present in the reaction mixture,
clear second-order reaction kinetics were observed for the
degradation of furfural. A Diels-Alder reaction was pro-
pounded for this second-order behavior.

Finally, the paper published by Curtis and Hatt in 1948
needs to be included in this discussion.*> The main added
value of this paper is the liquid-vapor equilibrium data pre-
sented in the first two parts. However, in the last part, the reac-
tion rates of loss reactions of furfural in pure water and in
sulphuric acid solutions are presented. The reaction rates were
only determined at 180 °C and the analysis methodology
might seem outdated by twenty-first century standards.
However, their conclusions, such as the observation of first-
order reaction kinetics and the proportionality of the dis-
appearance rate to the acid concentration, clearly anticipated
the results obtained in later studies.

It can be concluded that the degradation of furfural has not
been studied extensively; however, the presented results do
allow for some important observations. First, many authors
note that the reaction order of the degradation reaction(s)
might be different from unity; however, the majority conclude
that the experimental data are well represented by a first-order
kinetic model. Then, a comparison of the activation energies
(excluding the saline case) indicates that the highest values are
obtained in studies where H,SO, was used as the catalyst. The
activation energies predicted for the uncatalyzed reaction and
with HCI as the catalyst are in the same range, and they are
lower than those with H,SO,.

3.2 Furfural formation from pentoses

In this section, the kinetic studies on the dehydration of
monomeric pentoses to furfural are presented. Since most
studies assume a reaction mechanism with two first-order
reactions (R1 and R2) for the disappearance of pentose (see
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Fig. 9 Most employed reaction mechanism for the dehydration of a
pentose towards furfural.

Fig. 9), the values of the reaction rate constants for these types
of reactions are presented in Table 2, following

dix]
d
where R is the reaction rate (mol L' s7"), [X] is the xylose con-

centration (mol L™") and & is the reaction rate constant (s™).

For those studies that only present the Arrhenius constants,
the values of the kinetic rate parameters at specific tempera-
tures have been calculated for comparison purposes.

The order in which the studies are discussed is roughly
chronological. However, first, those studies where no
additional catalysts were employed are presented. Then, the
studies with homogeneous catalysts are discussed. The over-
view will conclude with several studies in biphasic media (with
an aqueous and an organic phase) and some papers that do
not include a proper kinetic study, but still seem relevant for
the present review.

Jing et al. have concisely investigated furfural formation
from xylose in an aqueous system.®' Over a temperature range
between 180 and 200 °C and at 10 MPa, experiments were per-
formed with 72 mM xylose as the initial concentration.
Reasonable yields were obtained with values between 30 and
50%. Additionally, Arrhenius parameters were estimated for
the reactions using Arrhenius plots. The kinetic parameters
estimated for the degradation of furfural (as discussed in the
previous section) were used for the estimation of the kinetic
parameters of the dehydration reactions.

Kim et al. performed a similar study on xylose dehydration
in high temperature water.** At temperatures between 140 and
240 °C feed streams with 200 mM xylose in water have been
investigated in a continuous tubular reactor. The assumed
reaction mechanism is comparable to that presented in Fig. 9,
although reaction R2 is assumed to consist of two reactions,
one following first-order and the other following second-order
kinetics, k,, and k,,, respectively. The highest furfural yields
were obtained between 200 and 220 °C. In additional exper-
iments various feed flows (which result in a variation of the
residence time) and various initial xylose concentrations were

This journal is © The Royal Society of Chemistry 2014
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Table 2 Kinetic studies on furfural formation from pentoses. n.d. = not determined; ~ indicates that the value is interpolated from a figure; FA =
fumaric acid; MA = maleic acid; MIBK = methyl isobutyl ketone; [X] = xylose concentration (M); [F] = furfural concentration (M); b.p. = boiling point;

CPME = cyclopentyl methyl ester

Ref. Pentose (mM) Solvent Catalyst (mM) Temp. (°C) Kk (s7") k(7 Max. yield (%)
81  Xylose (72) H,0 None 200 1.98x107*  2.05x107* ~50
84  Xylose (200) H,0 None 200 4.30%x107%  [X]7.73x 1077 (kpa) ~52
6.39 X 107° (kyp)
85  Xylose (50) H,0 None 350 2.8x107" 9.7x107" 6
85  Xylose (50) H,0 None 400 9.7 x107" 6.88 8
86  Arabinose (14-350) H,O None 200 1.56 107" 1.74x107* 8
87  Arabinose (33) H,O None 170 5.81 x 1072 (ky + ky) n.d.
87  Arabinose (33) H,0 FA (50) 170 4.52x107° (ky + &y) n.d.
87  Arabinose (33) H,O MA (50) 170 5.81 x 1072 (k; + ky) n.d.
87  Arabinose (33) H,O0 H,S0, (50) 170 1.56 x 1072 (ky + ky) n.d.
25  Xylose (3) H,0 HCI (5200) 107 3.2x 1072 (ky + ky) 93
25  Xylose (3) H,0 H,S0, (3750) 109 1.1 %1072 (ky + ky) 69
82  Xylose (84-350) H,0 HCI (277) 150 3.8x107" [X] 0.16-[F]** ~46
3.0x107°
78  Xylose (667) H,0 H,S0, (50) 200 417x107°  n.d. ~48
30  Ribose (0.1-1.0) H,0 HCI (1000) 80 1.67x107°  5.45x1077 48
30  Xylose (0.1-1.0) H,0 HCI (1000) 80 6.99x1077  1.12x107’ 38
30  Lyxose (0.1-1.0) H,0 HCI (1000) 80 6.77x1077  2.92x1077 35
30  Arabinose (0.1-1.0) H,O HCI (1000) 80 3.12x1077 0.28x1077 26
27 Xylose (50) H,O H,S0, (20) 250 n.d. n.d. 64
50  Xylose (67) H,0 None 190 2.75 X107 (ky + ky) ~13
50  Xylose (67) H,0 H,S0, (50) 190 4.05 x 107 (ky + ky) ~52
50  Xylose (67) H,0 NaOH (100) 220 1.03 (ky + ky) ~49
39  Xylose (35) H,0 HCI (50) + KCI (340) 200 549x107° 1.24x107° 74
39 Xylose (35) H,0 HCI (50) + NaCl (340) 200 5.28x107° 117 x107° 73
39 Xylose (35) H,0 HCI (50) + CaCl, (170) 200 510x107°  1.20x107° 72
39 Xylose (35) H,0 HCI (50) + FeCl; (113) 200 >6.00 X 107> >4.00 x 10~> 62
39  Xylose (35) H,0 HCI (50) + NaCl (856) 200 1.19x107>  1.07 x 107> 81
69  Xylose (35) H,0 H,S0, (50) + KCI (500) 200 6.28x107°  1.11x107° 77
69  Xylose (35) H,O0 H,S0, (50) + KBr (500) 200 5.54x107°  7.7x107* 80
69  Xylose (35) H,0 H,S0, (50) + KI (500) 200 536x107° 6.5x107* 81
69  Xylose (35) H,0 H,S0, (50) + KCI/KI 200 7.46x107°  3.7x107* 87
(500/250)
79 Xylose (20-80) H,0 HCOOH (50) 200 6.85x107"  2.28x107* ~65
68  Xylose (13) H,0 FeCl; (49) 180 2.05 X 1072 (ky + ky) ~23
68  Xylotriose (11) H,0 FeCl; (49) 180 3.72x 1072 (ky + ko) ~24
80  Xylose (740) H,0 HCI (100) 170 6.11x10™"  [F]-2.04 x 107° 30
80  Xylose (740) H,0-MIBK (1:1) HCI (100) 170 6.11x10™"  [F]-2.04 x 107° 85
37 Xylose (266) H,0 HCOOH (326) 180 n.d. n.d. 74
67  Xylose (667) H,O-toluene (1:15) H,SO, (1019) + NaCl (2.4 g) b.p. n.d. n.d. 83
88  Xylose (740) H,O0-CPME (1:2.33) H,S0, (105) 180 n.d. n.d. ~59
89  Xylose (33) H,0 HCI (100) 180 n.d. n.d. 60

employed. It is shown that lower feed flow (0.016 mL min™*
which coincides with a residence time of 3.7 h) and lower
initial xylose concentrations result in higher furfural yields.
Also Aida et al. have investigated the reaction kinetics of
xylose in sub- and supercritical water without any catalysts.*
Xylose degradation was investigated at 350 and 400 °C and at
pressures between 40 and 100 MPa. Based on the identified
products in the experiments a complex reaction mechanism
was proposed including the Lobry de Bruyn-Alberta van Eken-
stein transformations (LBET) and retro-aldol reactions.
However, no furfural degradation reactions were included in
the reaction mechanism. The method of chemical analysis was
extensive, including a total organic carbon detector, two HPLC
systems and a GC-MS analysis. The LBET reactions mainly led
to the formation of xylulose and the retro-aldol reactions cover
the otherwise termed xylose loss reactions. In all experiments
the majority of the retrieved products were from retro-aldol
reactions. The highest furfural yields were obtained at the

This journal is © The Royal Society of Chemistry 2014

highest pressures (100 MPa), although these yields were still
relatively low: 6 and 8% at 350 and 400 °C, respectively. For
comparison with the other studies reported in this overview
the kinetic rate parameters of the retro-aldol reactions are
summed to form k,. Finally, the authors have also included a
sensitivity analysis of the estimated kinetic parameters.
Gairola et al. have kinetically modeled the hydrothermal
dehydration of arabinose (as the second most abundant
pentose in hemicellulose) towards furfural.*® Temperatures
between 180 and 260 °C were employed at initial arabinose
concentrations of 14, 67 and 350 mM. The authors recognize
the fact that for optimal modeling the kinetic parameters of
furfural degradation should be determined separately from the
determination of the other kinetic parameters. For this
purpose they use the declining furfural concentration in those
experiments where after a certain reaction time the sugars had
fully disappeared. The authors state that this method is to be
preferred over separate kinetic experiments with pure furfural,
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since in the more complex reaction mixture the furfural
degrades faster. However, this statement is not substantiated
with any experimental data. Because the estimated Arrhenius
parameters for arabinose are of the same order as those
reported by Jing et al. for xylose,®" it is propounded that it is
justified to use solely xylose as the model compound for
biomass hydrolysis. This seems to be a coarse assumption,
since, as can be readily deduced from Table 2, xylose reacts (at
200 °C) around 30% faster than arabinose (compare e.g. with
the results of Jing®").

Although Kootstra et al. had a diametrically opposite objec-
tive of the other studies mentioned here (they tried to mini-
mize the furfural production during acidic hydrolysis of
pentosans because furfural is a known inhibitor for yeasts in
subsequent sugar-to-ethanol fermentation processes), their
study still contains some interesting kinetic results for the
degradation of arabinose in acidic solutions.®” The kinetics of
arabinose (33 mM) degradation in acidic solutions, with
50 mM fumaric, maleic and sulphuric acid, and in pure water
were investigated at 150 and 170 °C. The rate of degradation
with sulphuric acid was higher, but, surprisingly, with fumaric
or maleic acid the rate was comparable to or even lower than
that in pure water. Some tentative explanations are pro-
pounded for this difference; however, in these considerations
a possible alkaline catalysis in pure water has been disre-
garded. Their main conclusion from the kinetic study, that ara-
binose is more stable under these conditions compared to
xylose or glucose, does agree with the trends observed in other
studies. No furfural yields were reported.

Already in 1932 Hurd and Isenhour performed an extensive
study on the kinetics of the formation of furfural from pen-
toses in acidic solutions.>® A setup with continuous furfural
removal by steam distillation was used. The kinetic rate para-
meters of xylose degradation have been determined for solu-
tions with hydrochloric and sulphuric acid at various
(relatively high) concentrations. In Table 2 the two experiments
with the highest furfural yields for the two different acids are
included. Especially with HCI the yield was exceptionally high
(93%), probably due to the continuous extraction of the
formed furfural. But it has to be also taken into account that
especially the identification methods have been improved sig-
nificantly during the interlapsed time (which is almost a
century).

In 1948 Dunlop published a landmark paper on the for-
mation of furfural from xylose.’® In this paper the disappear-
ance rate of xylose was determined at two different HCI
concentrations (50 and 100 mM) at 160 °C. Since in the
applied reaction mechanism no direct loss reactions from the
pentoses are assumed, only the (total) disappearance rate of
xylose was determined. The results show that this rate follows
first-order kinetics and that it is proportional to the hydrogen
ion concentration.

Schoenemann et al. have presented the kinetic values of
xylose dehydration towards furfural in a larger context of
designing chemical reactors.®” The proposed reaction mechan-
ism differs from that presented in Fig. 9. It is assumed that
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Fig. 10 Reaction mechanism for the dehydration of a pentose towards
furfural including a combined intermediate and furfural (‘'Kondensation’)
reaction.®?

xylose dehydrates to furfural via an intermediate and that fur-
fural degrades both individually (‘Verharzung’) and in reaction
with this intermediate (‘Kondensation’), see also Fig. 10.
However, in the rate expression of this combined intermediate
and furfural (‘Kondensation’) reaction the concentration of
xylose was included, instead of the intermediate (probably
because the latter could not be measured). From calculations
based on their experiments this reaction had reaction orders
of 1.16 and 0.5 for xylose and furfural, respectively.

The study by Root et al. includes an extensive kinetic evalu-
ation of the dehydration of xylose to furfural.”® Xylose dehy-
dration has been investigated over a wide range of
temperatures (160-280 °C) and initial xylose (20.8-1332 mM)
and sulphuric acid (50-400 mM) concentrations. They follow a
mechanism where furfural both degrades separately and in
reaction with an intermediate from xylose, analogous to Schoe-
nemann.®” However, only values for the rate constant k; have
been presented. The assumed mechanism is further verified
by experiments starting with both xylose and furfural in the
initial reaction solution. Although these results are not pre-
sented, it is stated that the value of k; was not influenced by
the addition of any furfural to the initial reaction solution. In
the Arrhenius equation for the rate constant k; additional
parameters were added for the temperature dependency of the
specific gravity of water, the actual acid-water ratio and the
activity coefficient of the hydrogen ions. Also, several corre-
lation terms were added to the differential concentration
expressions in order to achieve better predictions over the
entire investigated range of conditions.

It is noted here that Zeitsch has presented the kinetic
results of the three previously discussed studies in his exten-
sive monograph on furfural production and utilization.'* The
kinetic values of Root et al. are used to obtain some indi-
cations for the design of a reactor.”®

This journal is © The Royal Society of Chemistry 2014
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Garrett and Dvorchik have investigated the dehydration of
the different aldopentoses towards furfural.** HCI was used as
the catalyst in concentrations ranging from 125 to 1000 mM at
reaction temperatures between 60 and 80 °C. Also the initial
pentose concentration was varied from 0.1 to 1 mM. It is noted
that under these conditions (especially at these relatively low
temperatures) the reactions are very slow, and thus maximum
furfural yields were obtained after 200 to 800 hours. The most
important result of this kinetic study was the comparison of
the reactivities of the different aldopentoses. Based on the
values of k; and k, that were fitted to the experimental data,
the order of reactivity of the aldopentoses was determined to
be ribose > xylose ~ lyxose > arabinose. In Table 2 the modeled
values of both &; and k, are presented, since only for k; the
experimental values have been published. However, the experi-
mental and modeled values for k; did agree very reasonably.
Antal et al. have minutely evaluated the reaction mechanism of
xylose dehydration.”” Based on their mechanistic consider-
ations a complex kinetic model was proposed. In this model
different reaction pathways are incorporated for the three
different isomers of xylose (xylofuranose, xylopyranose and
acyclic xylose). The ratio between these isomers was included
among the to be estimated parameters of the model. The time-
dependent H' concentration was calculated using the algebraic
charge conservation relationship. In the experimental series
the initial xylose and sulphuric acid concentrations as well as
the reaction time were varied. The highest furfural yield of
64% was obtained with 20 mM of sulphuric acid at 250 °C
after 50 seconds. Furthermore, it is noted that under many
different conditions also small amounts of pyruvaldehyde were
measured. Finally, it was found that pressures between 6.3 and
34.5 MPa did not significantly influence the reaction
chemistry.

Oefner et al. have compared xylose degradation in pure
water, acidic and alkaline solutions.”® Over a temperature
range between 180 and 220 °C this reaction was investigated in
pure water, in water with various concentrations of H,SO, (0.5,
5 or 50 mM) or with 100 mM NaOH. Besides furfural, also
other degradation products (pyruvic, formic, glycolic, lactic
and acetic acid) have been identified with isotachophoretic
analyses. Only the first-order xylose degradation reaction (the
sum of R1 and R2 in Fig. 9) has been kinetically modeled. For
this reaction the kinetic parameters have been determined
using an Arrhenius plot. The value of the activation energy for
xylose degradation in an alkaline solution turned out to be sig-
nificantly different from those of xylose degradation in either
pure water or acidic solutions (63.7 versus 119.4 and 120.7 k]
mol ™", respectively). Moreover, it was shown that in the alka-
line experiments the yields of the organic acids were signifi-
cantly higher than those in the other experiments.

Marcotullio et al. have performed an extensive experimental
study on the influence of different salts as a secondary catalyst
on the dehydration of xylose to furfural. The experimental
results are presented as the selectivity and maximum yields
based on modeled kinetic rate constants. In 2010 a study was
presented using HCl as the primary catalyst and several
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different chloride-containing salts as the secondary catalyst.*®
From these experiments, in which the temperature, acid and
chloride concentration were kept constant (see also Table 2), it
can be concluded that the cations have a relatively small influ-
ence on the maximum furfural yield (for K*, Na¥, Ca®* or Fe*",
the maximum yields are 74.1, 72.8, 72.3 and 62.0, respectively).
Only in the case of FeCl; the yield was significantly lower;
however, in this experiment the reaction was much faster. The
highest maximum furfural yield (81.3%) is obtained using
high concentrations of NaCl (856 mM) as the secondary cata-
lyst. Based on these results, it was postulated that the chloride
ion catalyzes the rate-limiting enolization step. In a second
study published in 2011, xylose was dehydrated to form fur-
fural using H,SO, as the primary catalyst.®® In these exper-
iments different potassium-containing salts are added as the
secondary catalysts. Both the calculated and measured
maximum furfural yields are presented, which agree very
reasonably (the latter are presented in Table 2). Again, the
differences between the maximum furfural yields of the exper-
iments with different halides (KCl, KBr and KI) are small. See
section 2.2.2 for a more detailed discussion on the effects of
halide containing salts on the formation of furfural.

Besides the pure furfural degradation experiments, Lam-
minpdd et al. also studied the formation of furfural from
xylose with formic acid as the catalyst.”” The experimental
results were used to compare three different reaction mecha-
nisms, ie., a mechanism as presented in Fig. 9, a second
mechanism as presented in Fig. 10 and a third mechanism
including the loss reactions R2 from both Fig. 9 and 10. It has
to be noted that in this study the intermediate concentration
has been (numerically) included in the kinetic modeling. In
the kinetic expressions the H' concentration was incorporated
using equilibrium equations for the dissociated formic acid.
Moreover, the kinetic rate expressions have been divided into
an acid-catalyzed and a solvent (water) catalyzed part, resulting
in two separate rate constants. It was noted that the solvent-
catalyzed rate parameters were not determined in separate
experiments. The general conclusion of the comparison of the
three different mechanisms with the experimental data is that
the loss reaction of xylose alone is prevailing over the loss reac-
tion of an intermediate with furfural. The mechanism pre-
sented in Fig. 9 yielded optimal predictions. At 200 °C the H"
concentration was around 50 mM (derived from their Fig. 2).”°
It was noted here that the contribution of the acid-catalyzed
reaction was about 5 times that of the solvent-catalyzed reac-
tion. The maximum furfural yields have only been presented
graphically and were thus extrapolated for the experiment at
200 °C from their Fig. 9.”°

Liu et al. have investigated the degradation of xylose and
xylotriose in aqueous solutions with various inorganic salts
and no acid catalyst present.®® Of the investigated salts FeCl;
resulted in the largest increase in the sugar degradation rate
compared to reference experiments in pure water and in a
dilute sulphuric acid solution. The order of influence (from
small to large) was NaCl, KCl, CaCl,, MgCl, and FeCl;. It has
to be noted that all the salts were added at equal weight
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percentages (0.8 wt%), thus resulting in different concen-
trations of the ions (especially the chloride ions). All experi-
ments were performed at 180 °C. The kinetic study focused
only on the degradation rate of the sugars, which effectively
means that values were calculated for (k; + k,). The order of this
degradation reaction was assumed to be first-order. Not only
the rate constants for the degradation of xylose and xylotriose
increased significantly with the addition of FeCls, but also the
fraction of unaccounted losses (compared to the amount of
furfural formed) increased. The maximum furfural yields (with
FeCl; present) were 23 and 24% for xylose and xylotriose (after
20 and 15 minutes), respectively.

The kinetics of xylose dehydration in a biphasic system was
investigated by Weingarten et al.*® In this study a mixture of
water and methyl isobutyl ketone (MIBK, 1:1) was heated
using a microwave. For comparison purposes, some monopha-
sic (with only an aqueous phase) experiments with both con-
ventional and microwave assisted heating were also
performed. It turned out that the microwave heating, under
these conditions, did not result in significant differences in
the kinetics of xylose degradation and furfural formation com-
pared to conventional heating. In the kinetic model it is
assumed that the dehydration and degradation reactions take
place only in the aqueous phase; therefore, the same kinetic
values are reported for both the monophasic and biphasic
experiments. Also, it is assumed (based on rather small differ-
ences between the xylose conversion rates in the monophasic
and biphasic systems) that xylose is degrading in a reaction
with furfural. In the kinetic model for the biphasic system a
submodel was included to predict the mass transfer of furfural
to the organic phase. At 170 °C, maximum furfural yields of 30
and 80% were measured for monophasic and biphasic
systems, respectively. The higher yield in the biphasic system
was attributed to the simultaneous furfural production in and
extraction from the aqueous phase. However, the kinetic
model for the biphasic system was unfortunately not able to
predict reliable concentrations of xylose and furfural for the
experiments at higher temperatures. This might be due to the
fact that no separate degradation reaction of xylose was incor-
porated into the reaction mechanism.

Finally, several papers concerning the dehydration of mono-
saccharides towards furfural that do not include a kinetic
study need to be mentioned here. Firstly, Yang et al. have
investigated the dehydration of xylose to furfural with formic
acid as the catalyst.’” According to the authors the optimal
conditions were 266 mM xylose, 217 mM HCOOH and 180 °C,
under which a furfural yield of 74% was achieved. Rong et al.
performed a study on the dehydration of xylose to furfural in a
biphasic mixture (water and toluene). Both sulphuric acid and
either NaCl or FeCl; were added as the catalysts. A maximum
yield of 83% was obtained in a water-toluene mixture of 1:15
(on volume basis), 667 mM xylose, 1019 mM H,SO, and 2.4 g
NaCl. Campos Molina et al. have investigated xylose dehy-
dration in sulphuric acid solutions with NaCl as an additional
catalyst and cyclopentyl methyl ester (CPME) as an extracting
co-solvent.®® A maximum furfural yield of 59% was obtained
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for 740 mM xylose and 105 mM H,SO, at 180 °C. Yemis et al.
studied the production of furfural from xylose in a microwave-
assisted process with hydrochloric acid as the catalyst serving
as a reference experiment for their investigation of xylan and
biomass hydrolysis, see also the next section.®’

It can be concluded that many different kinetic studies
have been performed on the dehydration of monomeric pen-
toses to furfural. However, there are hardly any round robin
studies. This hampers a meticulous comparison of the individ-
ual results of Table 2 and merely allows for some trend con-
clusions. Firstly, most authors accept first-order kinetics for all
the dehydration reactions of the pentoses, with only some dis-
cussions on the order and reactants of the (direct) loss reaction
of the pentose. Then, the addition of an acidic catalyst seems
to both accelerate the reactions and improve the furfural
yields. Also the addition of a secondary (saline) catalyst further
improves the rates and yields, although with FeCl; a kind of
optimum seems to have been surpassed, since its addition
results in very fast reactions but lower furfural yields, com-
pared to the addition of other salts. Finally, in those studies
that employ some kind of furfural extraction from the reacting
media, the final yields are significantly higher.

3.3 Furfural formation from biomass

In this section an overview of studies that are concerned with
the hydrolysis of biomass resources is included. In order to
position the biomass in the reaction network, a simplified
reaction mechanism is presented in Fig. 11. In the following,
those studies that properly focus on furfural production will be
discussed concisely. The majority of these studies do not
include a kinetic study, and when they do, the assumed
mechanisms and reactions are highly diverse. Therefore, in
Table 3 it is merely mentioned whether kinetics are included
in these papers. Another useful source of information on this
subject can be found in the minireview by Dutta et al.'

The following three studies include reaction kinetics. Abad
et al. have investigated the production of furfural from Eucalyp-

tus globulus wood samples in acetic acid-water-HCI
o OH
hydrolysis R2
Biomass ——= ——= Loss reactions
HO OH
OH
Pentose
R1
@)
R3 i
mo ——= Loss reactions
Furfural

Fig. 11 Simplified reaction mechanism for the formation of furfural
from biomass.
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Table 3 Kinetic studies on furfural formation from biomass. SLR = solid to liquid ratio; LSR = liquid to solid ratio; AcOH = acetic acid; CPME =
cyclopentyl methyl ester; THF = tetrahydrofuran; NEH = Northeastern Hardwood

Temperature
Ref. Biomass resource Solvent Catalyst (°C) Max. yield Kinetics
91  Eucalyptus globulus (8.5 gg H,0-AcOH (5:95) HCI (0.4 wt%) 130 4.48g 17" Yes
92  Sorghum straw (0.1 g g~ H,0) H,0 H3PO, (6 wt%) 134 13.7gL7" Yes
93  Date-palm midrlbs (50-100 mL g™") H,O H,S0, (5-15 wt%) 100-140 11-53% of potential Yes
86  Wheat straw (0.14 g mL™") H,0 None 230 29 mol% No
86  Brewery waste (0.28 g mL™") H,O None 230 13 mol% No
89  Xylan (1:200 SLR) H,0 HCI (100 mM) 180 37 wt% of pentose  No
89  Flax shives (1:100 SLR) H,O HCI (100 mM) 180 72 wt% of pentose  No
94  Wheat straw (150 mL g™ ") H,0 HCI (pH 0.6) 155 51 wt% of pentose  No
88  Cynara cardunculus (4 wt%) H,0-CPME (1:2.33)  H,SO, (1 wt%) 170 95 mol% No
88  Cynara cardunculus (4 wt%) H,0-CPME (1:2.33)  H,SO, (1 wt%) + NaCl (0.4 wt%) 170 99 mol% No
95  Olive stones (8.5 wt%) H,0 H,S0, (50-250 mM) 220-240 50-65% of potential No
96  Rice hulls (25 mL g™%) H,0 H,S0, (15%) + ZnO (0.1 g) 110 13.2 wt% No
97  Rice husk (4-160 mL g™*) H,0 H,S0, (1-7 wt%) 100-180 6-50% of potential No
98  Rice straw (0.05 g mL ™) H,0 H,S0, (0.5%) 150 59 g kg~ straw No
98  Rice straw (0.05 g mL™") H,O-THF (1:1) H,S0, (0.5%) + NaCl (30 wt%) 150 118 g kg™ straw No
64 NEH (3.2% wt xylose) H,O-THF (1:2.3) HCI (0.44 M) + NaCl (20 g) 210 92.2% of potential  No
99  Corn cob (0.6 LSR) H,O FeCl; (20 mM) + AcOH (3%) 180 68% of potential No
100 Corn cob (0.6 LSR) H,0 FeCl; (60 mM) + AcOH (2%) 160-200 50-69% of potential No
100 Corn cob (0.6 LSR) Concentrated seawater FeCl; (60 mM) + AcOH (2%) 190 73% of potential No
101 Corn cob (1: 8 SLR) H,0 H,S0, (1.75 vol%) 200 1319 gL ! No
101 Corn cob (1:8 SLR) H,O HCI (2 vol%) 180 13.90g L™" No

solutions.”® Sorghum straw was hydrolyzed using phosphoric
acid as the catalyst by Vazquez et al.’* The hydrolysis of
midribs of the date-palm tree was studied in sulphuric acid by
Bamufleh et al.”?

Then, many other studies have been performed on the pro-
duction of furfural from biomass without a kinetic study.
Gairola et al. have presented, in addition to their kinetic study
on arabinose dehydration as discussed in the previous section,
experimental results of the production of furfural from wheat
straw and a brewery waste with supercritical CO, extraction of
the produced furfural.®® Also Yemis et al. have included,
besides a yield study on furfural production from xylose, the
results of the microwave assisted hydrolysis of xylan from
birchwood, two types of straw and flax shives.® In another
paper by these authors wheat straw was hydrolyzed to furans
under similar conditions.”* Campos Molina et al. have investi-
gated Cynara cardunculus (Cardoon) in sulphuric acid solu-
tions with NaCl as an additional catalyst and cyclopentyl
methyl ester as a co-solvent.®® Mansilla et al. have performed a
study on the hydrolysis of rice hulls in both a one- and a two-
stage process and with different metallic oxides as the catalyst,
of which the dehydration experiment with the highest furfural
yield is reported in Table 3, which is after a pre-hydrolysis
step.”® Montané et al. investigated the hydrolysis of olive
stones to furfural in dilute sulphuric acid at high tempera-
tures.” Rice husk has been hydrolysed in a process including
furfural extraction by supercritical carbon dioxide by Sangar-
unlert et al.’” Amiri investigated the hydrolysis of rice straw to
both hydroxymethylfurfural and furfural in either single-phase
dilute sulphuric acid solutions or in biphasic systems.’® Xing
et al. studied the formation of furfural from hydrolysates of
Northeastern hardwood in a two-stage (including a prehydroly-
sis step) and biphasic system, employing both HCl and NacCl

This journal is © The Royal Society of Chemistry 2014

as the catalysts.®* Cut corn cob was hydrolyzed by Mao et al. to
furfural in an aqueous solution co-catalyzed by FeCl; and
acetic acid, of which the latter is introduced in the reactor by
steam injection of an acetic acid solution which simul-
taneously served as the furfural extractor.”® In a follow-up pub-
lication, additional experiments under these conditions, but
with (concentrated) seawater as the solvent, were presented.'®’
Sanchez et al. have investigated liquors obtained from corn
cob autohydrolysis with sulphuric and hydrochloric acid as the
catalysts, where the autohydrolysis can be regarded as a pre-
hydrolysis step.'®"

A quick review of the results presented in Table 3 yields
similar conclusions as have been drawn based on the results
of the dehydration of the monosaccharides. Firstly, the
employed reaction conditions in the different studies hardly
show any overlap between them, making a meticulous com-
parison very difficult. However, as far as a comparison is poss-
ible, it can be concluded that the addition of both a primary
(acidic) catalyst and a secondary (saline) catalyst appears to
improve the final furfural yield from biomass substrates. More-
over, also the addition of an extracting (organic) phase signifi-
cantly improves the furfural yields.

Finally, an extensive amount of literature is dedicated to
the kinetics of the hydrolysis of biomass with the objective
to maximize the yield of monosaccharides. The kinetic models
of these studies can be roughly divided into two parts. Firstly,
the more complex kinetic models for the hydrolysis of the
pentosan or hemicellulosic part of biomass include furfural
degradation reactions.'®™'°” The second (and largest) part of
these models regard any further reactions of the monomeric
pentoses as a single degradation reaction (and term the
product of this reaction either as degradation products or as
furfural).' % 1°
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4 Conclusions

Furfural formation in aqueous acidic media has been
reviewed from a mechanistic and a kinetic point of view. After
carefully reviewing the vast, and sometimes contradictory,
experimental evidence published during roughly a century of
research, a comprehensive reaction mechanism has been pro-
posed. This mechanism presents more than one route, all
starting from acyclic xylose, and involving alternately 1,2-enoli-
zation, f-elimination or isomerization via 1,2-hydride shift as
key steps. Among recent research trends, those studies that
employ combined acid-base catalysts, soluble halide salts and
trivalent cations in aqueous solutions appear to be most
promising.

As far as the kinetics of furfural formation from pentoses
and furfural disappearance in aqueous acidic media are con-
cerned, published experimental data span over a relatively
wide range of conditions. Analogously, and partly due to the
ongoing discussion on the exact reaction mechanism, on the
reactants and on the order of the reactions, many different
kinetic models have been exploited in these studies, making it
hard to compare the results directly or to group the results in
one comprehensive model. Therefore, especially for the part
on furfural formation, it is recommended to use the data pre-
sented here only under the specific conditions as used by each
author. However, an attempt has been made to present the
published kinetic data in such a manner as to allow a global
comparison. Additionally, a very concise overview of research
performed on direct furfural production from lignocellulosic
materials has also been included.

In conclusion, an intricate set of reactions accompanying
furfural formation from pentoses, despite appearing well
established in some aspects, is yet to be fully unraveled,
especially as regards the complex set of side and loss reactions
seemingly involving intermediates of reactions largely
unknown. Such uncertainties are reflected in the contradictory
kinetic models exploited and kinetic data presented in the lit-
erature, which still prevent a common and coherent
interpretation.
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