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Abstract

The degradation of monosaccharides, though oftelesired in lignocellulosic pretreatment,
often lead to the formation of products with a l@ghalue than the same sugars. In this chapter,
detailed information related to monomers-based oligtiulosic biomass decomposition
towards value added products using both water sdmdewater/C@ mixture is showed. We
will analyse the reaction mechanisms leading to tbpture of the oligomers into
monosaccharaides, and then they breakage throumyhl@gion reactions or aldol reactions. It
will be demonstrated that G@lays a determinant role in catalysis of hydralygactions that
take place in aqueous media.

The optimum conditions for obtaining different puats will be discussed, also providing some
indications on which configuration to adopt, focleasing the selectivity of some reactions

with respect to others.



6.1 Introduction

The biorefinery concept is analogous to the conoépil refinery, and assumes the production
of fuel, chemicals and energy from different typésiomass. The choice of which type of
biomass to treat can be influenced by economidr@mwental or geographic factors; there is
also a direct dependence between the raw matématechnology used for its conversion into
a usable output and the range of products thatbeaobtained. Lignocellulosic biomass is
considered the most promising feedstock for thedgecbon of bio-fuels and chemicals.
Lignocellulosic materials belong to second-generafeedstocks, and can be obtained from
various sources, such as wood residues, agricuttunaunicipal waste, not interfering with
direct crops for human consumption. They are comgpawainly of lignin, cellulose and
hemicellulose, associated in a resistant strucivtese breakup requires a considerable amount
of energy; however, thanks to their differentiasmmposition, allow to obtain multiple
products, like high value chemicals and low valuehigh volume fuels.

Figure 6.1 shows an outline of the concept of adagllulosic biorefinery. Lignocellulosic feed
can be pre-treated and fractionated into cellulbsejicellulose and lignin. Lignin phenolics
can be used to produce materials like plasticsdesives, glucose from cellulose can be
converted to fuels or chemicals, while other chasicfuels, polymers and materials can be
obtained from hemicellulose. Furthermore wasteutmdke, hemicellulose and lignin can be
used for cogeneration.

[Figure 6.1 neahere]

Hydrothermal pre-treatments, as well as facilitdte enzymatic attack by reducing the
recalcitrance of the biomasgesult in the production of different compoundsiotigh the
extraction and hydrolysis of the lignocellulosiopolymers.

The monomeric sugars constituting cellulose anditehalose, under particular conditions of



temperature, acidity or residence time, can originfurfural, 5-hydroxymethylfurfural,
glycolaldehyde, acetic acid, pyruvhaldehyde, laaticl and other products resulting from their
dehydration or through aldolic reactiotts.

Although many of them are often considered undekarhy-products, as their presence inhibit
a further enzymatic treatmehtften their commercial value exceeds that of ssigaralcohols
produced from their fermentation. For this reasorsome cases it is more correct to define
these compounds as added-value products, ratheibgraroducts. Among these chemicals,
furfural, 5-hydroxymethylfurfural and lactic acidesof great economic interest: furfural can be
the starting material for polymers such as nylaan@ nylon 6,6; 5-HMF has the potential to
replace terephthalic acftf lactic acid can be used as a food preservatiaeofiring agent and
is also employed in pharmaceutical technology tmpce water-soluble lactates.

A list of the top value added compounds from biosnasvidely discussed in two volumes from
NRE Laboratorie$;!? identifying the products deriving from biomassgdahe processes that
would economically and technically support the pcicbn of fuels, power and chemicals in an
integrated biorefinery. After a careful screenid@.foundation chemicals were selected, which
may be competitive with compounds deriving from pleérochemical industry. Some of these
products, such as furfural and levulinic acid, dan directly produced via hydrothermal
hydrolysis of biomasses, without the need for feirthrocessing. Other compounds such as
formic acid, 5-hydroxymethylfurfural, acetic acidglycolaldehyde, glyceraldehyde,
pyruvaldehyde, lactic acid can be produced vialsaiftcation and subsequent hydrolysis of
cellulose and hemicellulose, using only water ottares of water and CQ@s the only reagents,
without the addition of any type of additives tipa¢suppose a treatment and a detoxification
of liquid effluentst?

In this chapter, different hydrothermal pre-treatiseusing subcritical and supercritical®

and CQ/H2O mixture will be analysed, describing their ingide in the dehydration of



monomers towards value added compounds and thgiefuransformations. The advantages
and effectiveness of using supercritical 3@ separate compounds as furfural and acetic acid
from aqueous effluents will be explained.

Moreover different types of reactors and setupbéllllustrated, describing their characteristics
and their effectiveness in the hydrolysis of bigpoérs and real biomasses for the production

of different lignocellulosic based compounds.

6.2 Celulose and hemicellulose hydrolysis

Cellulose and hemicellulose, which together witgnin are the main components of
lignocellulosic biomasses, are biopolymers withfedént structure, and require different
operating conditions to be extracted.

While hemicellulose is a branched polymer congisitirshort chains of about 500 to 3000 units
of different monosaccharides, cellulose presertaystalline structure, with linear molecules
composed by 7000 to 15000 units of glucbse.

6.2.1 The phenomena at a glance

This type of reactions has a rich number chemicgireering steps. Thus, at a molecular level
you will find the bonding of the sugars monomersl aromatic monomers forming the
hemicellulose, cellulose and lignin, together viita extractives, starch, essential oils, etc. The
real reaction takes place there. On the next leedind the polymers of a number of molecular
weights that can be counted using population baknklost of the polymers will be solid,
crystalline or amorphous, and the oligomers willsoéuble or non-soluble depending on the
number of monomers that they have got, the acetylgs, etc. Next, we find the particle level,
the particles will be porous, with different shapesl sizes. They will create back-mixing due

to hydrodynamics at millimetre scale. Finally, wedf the reactor level, where the particles



distribute in slurry or in a fixed bed, there i@hgansfer to the wall, etc. All these levels dbou
be considered to determine the kinetics of theti@as and to model and scale up the process.
In hot water media, the fractionation of lignoctkic biomass takes place in solid phase,
where cellulose and hemicellulose start to breda& oligomers, with a decrease of their
molecular weight. When a certain molecular weighteiached, they became water-soluble and
the hydrolysis proceeds both in liquid and in spldse**°Depending on the temperature and
on the residence time, the oligomers extracted ngaode fractionation process: they are
depolymerised into monomers, which are subsequeatgtyomposed in a broad range of
products.

Due to the differences in structure, whereas teatpegs between 140 and 190 °C are sufficient
for the extraction of hemicellulose, the depolyrsation of cellulose requires temperatures
above 230 °¢%18

6.2.2 Simple mathematical modelsto describe hydrolysis

There are mainly two models to study the depolysagion of the polymers: the first model
considers a direct hydrolysis of cellulose or heathidose to the respective monomers, the
second model considers the rupture of the polynteerstermediate oligomers, which are
subsequently hydrolysed to monomé&trsince, in general, it is difficult to experimenyal
quantify the production of oligomers, the first nebts the most extended. It assumes that the
kinetics of decomposition of cellulose and hemidebe can be summarised by two second
order reactions, where kepresent the dissociation constant of polymeradaomers, and>k
the reaction rate from monomers to dehydrated ptsd®?! This model, proposed by Saentan
for cellulose can be extended also to hemicelluttessolymerization, and does not consider

any intermediate oligomer.

k1 ka s
Polymers - Monomers — Decomposition Products

The concentration of monomers can be calculatedytzedly by integrating the two
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differential equations with initial valggéM = Mye Xzt + P,

indicates the concentration of monomers, P theeamnation of polymers, t the reaction time

and the index 0 the initial values. Kinetic constazan be related to the operation temperature

Ea
by Arrhenius equatidi: k; = kjoe T , where Ea is the activation energy, R is the gastant,
T the temperature and i the kinetic coefficienb(R). Typical values ofikand k constants are
represented in Table 6.1.

[Table 6.1 near here]

Kinetic studies carried out so far are aimed atimasing the yield of monomers, avoiding their
degradation products, there are not therefore mtudes that investigate deeply the formation
of single degradation compounds from raw bionfasbgre is however a greater number of
studies dealing with the formation of degradatioodoicts from pure monosaccharid&$®

6.2.3 Main reactions of the monomers in water: tautomerisation, dehydration and aldol
reactions

The main reactions that involve the monomers diilmde and hemicellulose in hot pressurised
water are: tautomerisations, dehydrations and athaition$

Dehydration reaction is the chemical reaction thadlves the loss of a water molecule from
the reacting molecule. The hydroxyl group (-OH)aideaving group with poor efficacy, a
Brgnsted acid often act as a catalyst, helpingrétopate the hydroxyl group, producing the
leaving group, -Obf. An example of dehydration is shown in Scheme 6.1.

[Scheme 6.1 nedrere]

Tautomerisation is the chemical reaction happewingn two constitutional isomers of organic
compounds readily interconvert with each othermes are substances with the same

molecular mass and the same composition perceotagems, but different physical properties



and often also different chemical behaviour. Maomers have the same (or very similar) bond
energy, so they easily interconvert. An exampleafomerisation is shown in Scheme 6.2.

[Scheme 6.2 nedrere]

The aldol reaction is a reaction in which two males of an aldehyde or of a ketone, which
have at least one hydrogen atom jposition to the carbonyl group (C = O), combinéwéach
other to form &-hydroxyaldehyde or §-hydroxyketone. Furthermore, the formed product,
commonly called aldol, being very unstable, can dahydrated and converted to the
corresponding unsaturated conjugate compound. Seh®f shows an example of aldol
reaction.

[Scheme 6.3 near here]

The hydrolysis of hemicellulose in water beginstanperatures around 100 °C, the two

principal reactions are represented in Schemeod Ayfans’:

. Acetyl groups bonded to oligomers are cleaved addaed to acetic acid, catalysing the
autohydrolysis of the oligomers.

. The oligomer chain is hydrolysed to obtain monomstigars, which are dehydrated to
furfural at harsher conditions.

As stated above, for temperatures above 100 °Cohysis of hemicellulose begins and can be

more or less intense, depending on the composdfothe treated biomass. Xylans from

hardwood contain greater amounts of acetyl groeggact to softwoods and herbaceous plants.

Approximately 60% of the units of xylose, carryauetyl group attached to position C-2 or C-

3.28 For this reason, auto-hydrolytic capacity in hesflidose from hardwood is much more

intense compared to that of other species. Theditatign of xylose to furfural begins around

160°C, and gradually becomes more pronounced atetgerature of the water incre&ge.



Kinetic studies show that the xylose, before thbydeation to furfural, passes through an
isomerization process, forming xylulo¥e’!

[Scheme 6.4 nedrere]

As mentioned previously, cellulose structure presancrystalline domain; strong intra-chain
hydrogen bonds result in a stable and linear candigon of the fibril$® that require high
temperatures for the depolymerization to glucosgsu®nce formed, among the glucose
molecules, reactions of isomerization and dehydnatake place at temperatures above 200
OC.32

Glucose undergoes isomerization to fructose, therse reaction (fructose to glucose) is almost
inhibited. Fructose dehydration leads to the forameof 5-hydroxymethylfurfural and the HMF
formation is directly proportional to the temperatuise of the medium until about 350°C. 5-
HMF can follow principally two pathways: it can b@&ecomposed into furfural and
formaldehyde, or can be hydrated to form levuliadid and formic acid. Reaction pathways
are proposed in Scheme 6.5.

[Scheme 6.5 near here]

In addition to the reactions listed above, the gigcmolecule is also subject to aldol reactions,
producing one molecule of two carbons and one mutgeaf four carbons; fructose produces

two molecules of three carbons (like glyceraldehyde

Glucose, through an aldol reaction, can lead tgtbduction of erythrose and glycolaldehyde.
Fructose, through a first aldol reaction can preduglyceraldehyde and its isomer

dihydroxyacetone. Another aldol reaction and subset] dehydration can convert the

glyceraldehyde into pyruvaldehyde, which can beéhfr converted into lactic acid, with the

loss of another water molecule. Dehydration as agllsomerisation reactions are favoured in



acidic media2 while aldol reactions are promoted in neutral raétiPrincipal aldol reactions
involving glucose and fructose monomers are reptesen Scheme 6.6.

[Scheme 6.6 nedrere]

Also xylose can participate in aldol reactions diesia hydrothermal medium, producing a
molecule with three atoms of carbon and a moleaitle two atoms of carbon (Scheme 6.7).
Glyceraldehyde, consequently, through another @ldehction can lead to the production of
glycolaldehyde and formaldehyde, or can be isoradristo dihydroxyacetone.

[Scheme 6.7 near here]

Scheme 6.8 shows schematically a simplified pathfeaycompounds resulting from the
depolymerisation of cellulose and hemicellulosegatiners and decomposition of the
monomers (xylose oligomers were chosen as repased of hemicellulose
o|igomers)§,12,25,3l,35-37

[Scheme 6.8 near here]

6.3 Reaction medium and operational conditions

As mentioned, there are not many studies with thenrabjective to carry out pre-treatments
for lignocellulosic biomass to maximise the conwarsof carbohydrate to form dehydration
products, since often the main purpose is to atredso-called “degradation”; however, there
are conditions that promote the formation of thelsemicals.

What are the main factors influencing the reactiohslepolymerization and hydrolysis of
lignocellulosic biomass in aqueous media?

. Temperature

. Residence/reaction time of the compounds insidedaetion medium

10



. pH at which the reaction takes place (i.e. protmmcentration)

The different properties that the pressurised wategy assume varying these conditions, can be
used to control the selectivity of the reactionspther words, to tune the reaction. According
to the idea of thermohydrolysis reactions performsthg pure water, without addition of
mineral acids or other chemical additives that yppsse a subsequent disposal or
neutralization of the sludge, two kind of agueousdia can be considered: subcritical water
(high polarity, medium temperature) and super@itizater (low polarity, high to very high
temperature). By choosing the appropriate tempegatnd pressure it is therefore possible to
obtain a solvent with distinct and peculiar chagastics, which can promote some reactions
than other. The addition of carbon dioxide to theeus medium allows more possibilities to
influence the kinetics of the reactions, by inchegghe conversion of oligosaccharides and
modifying the selectivity towards certain products.

In this section we will study the aqueous reactieedia mentioned above; we will see which
conditions to adopt, in order to achieve high deldg towards value-added products from

lignocellulosic biomasses.

6.3.1 Subcritical water and carbonated subcritical water

It was verified that the addition of GGn hot pressurised water enhances the hydrolysis o
lignocellulosic materiaf$3°due to the decrease in pH, by the formation aadiitssociation of
carbonic acid in the aqueous mixtat&Vhen formation of carbonic acid occurs, an incedas
hydronium ion concentration is observed due todissociation of the unstable acid, thus
promoting acid-catalysed dissolution of the biorffaasd leading to reduce the temperature
and the reaction time of the reactions.

By controlling the amount of CQlissolved in water, which is dependent on the txaipre

and the pressure of the mixture, the pH of thetsmlumixture can be controlled. Over the

11



temperature range 25 to 70 °C and pressure range 200 bar, pH may decrease to values
down to 2.8 or 2.95!

Figure 6.2 shows the variation of solubility of £€@ water at different temperatures and
pressure according to experimental data.

[Figure 6.2 neahere]

Unlike the pre-treatments with acids, the addit@inCO, does not require a subsequent
neutralisation processes, because the @@oval can be accomplished by the reduction in
pressure and CQlesorption.

In an aqueous pre-treatment, the combination opé&sature and reaction time define the
severity of the reactiof?, according to the experimental equafibR, = t * exp[(T — 100)/
14.75], where t is the reaction time (min), andsTthe temperature (°C) (Figure 6.3).

[Figure 6.3 near here]

If carbon dioxide is added to water, the pH vaoltchanges the severity of the reaction; it is
therefore necessary to modify the factor taking sxtcount of this influence. Van Walsum et
al. defined a combined severity factor for binargtems with water and GGn the temperature
range of 100-250 °C and partial pressure ok @@to 151.9 bar, suggesting the equdtion
CSpeo, = 10g(Ro) —8.00 * 1076  T? + 0.00209 * T — 0.216 * In(pco,) +3.92, in which

CSpco, is the severity due to the presence obJR is the severity factor calculated as above,

Pco, IS the partial pressure of GGatm) and T is the temperature (°C). This combigupaation
includes all the most important parameters affgdie hydrolysis of oligomers to monomers,
and to dehydration products.

Some of the early experiments in which carbon diexvas added to the aqueous medium to

improve the efficiency of hydrothermal pre-treatitsewere carried out by Van Walsum et al.

12



As well as studying the production of monosacclikesi they investigated the formation of
degradation products in lignocellulosic pre-treatngith mixture of water and C3° They
analysed the composition of the extraction ligiaossn experiments in a batch reactor, at 180
°C, after a cooking time of 16 min; comparing tladadobtained using only water as a solvent
and water with 55 bar of GOTwo biomasses were tested: corn stover and asped, Figure
6.4 shows the differences in concentration betviiee®xperiments without G@nd with CQ

for both the biomasses and for the different compisu

[Figure 6.4 neahere]

The two biomasses have a different behaviour: whiksspen wood the addition of @€@sults

in an increase of all the products analysed (despé weak analytical reproducibility), in corn
stover it leads to the increase in the concentmabiosome products and to the decrease of
others. Acetic acid concentration increases in batmasses, confirming the capacity of £LO
to hydrolyse xylan oligomers, even if in the cafaspen wood the yield of xylose monomers
does not seem to show relevant differences if coetpaith experiments with only watérin
corn stover, furfural and formic acid concentratiatecrease when adding £@hile in aspen
wood seem to increase. This behaviour should iteliteat in aspen wood, the auto-hydrolytic
capacity of the raw material in water is sufficieatbreak the hemicellulose oligomers into
xylose, and the acidification of the agueous medduwa to the presence of g@ads to the
degradation of the monomé¥sin the case of corn stover, the autocatalytic ciypas less
strong, and C@ with its capacity of penetrating small pores etalcitrant lignocellulosic
structure, favours the extraction of hemicellulogomers from the wooden matrix and with
its acidifying effect, leads to the hydrolysis bétoligomers into monosaccharaides, more than
the degradation of the lasfsThe hydrolysing power of carbonic acid, therefeseems to exert

a different effect depending on the type of pretied biomass.
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Aside from the considerations made so far, thedilyding effect due to C£n aqueous media,
appears to depend very much on the partial pressubhe gas, the temperature of the system
and thus the solubility of COn water. Figure 6.2 indicates that the solubiifyCO, in water
increases with increasing pressure, in additiorth whe operating conditions tested in the
experiments, the solubility of GOncreases at increasing the temperature. To hahedytic
effect due to the presence of carbon dioxide irhfdrolysis of lignocellulosic compounds, it
is therefore necessary to operate with sufficiehitjh pressures.

In the hydrothermal pre-treatment of wheat strawh\aitemperature of 210 °C, Magalhdes da
Silva et al., found an increase in the productibfudural from a concentration of 0.1 g/L to
5.4 g/l when adding C£at 60 bars to the aqueous meditff? with the same raw material,
increasing the temperature at 225 °C, the samepgroticed only a small difference between
the amount of furfural when increasing the inipaéssure of C®(Figure 6.5)>°°

[Figure 6.5 neahere]

Of great interest are the results obtained by #peements carried out by Rogalinski ef4l.
and King et aP?> The two groups studied the hydrolysis of similasntass (rye straw and
switchgrass respectively) in mixtures of water urglécritical conditions with the addition of
carbon dioxide at different pressures. Pressureadion dioxide was O and 100 bar in the
experiments of the first group, whereas ranged fi&® to 550 bar in the experiments of the
second group. While no significant differences weffeected between experiments performed
with pure water and those made with carbonatedrveateO0 bar, an increased catalytic effect
was recognised with increasing the pressure: thkl wf xylose increased approximately 2
wt.%, by increasing the pressure from 350 bar © & at constant temperature of 170 °C, a
value only slightly smaller than that obtained gsthilute sulfuric acid hydrolysis. Moreover,

at these conditions, the hydrolysis of switchgrassilted in a production of a larger amount of
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HMF and furfural respect to those produced usihgieliacid pre-treatment. An enhance in the
hydrolysis of cellulose by means of carbon dioxideler high pressure was also confirmed by
other experiments carried out by the group of Bawfh

The addition of carbon dioxide to water, if carreat at sufficiently high pressures, seems to
have a catalytic effect in the hydrolysis of oligosharides and in the decomposition of
monosaccharaides; it is necessary to analyse visitte combined effect of the temperature
change and the carbonation, and which prevails thnveother.

Dhamdere et at* tested the hydrolysis of switchgrass at diffeteniperatures (220, 250, 280,
310 °C) in a semi-continuous batch flow systemhwaitd without the addition of GQvith a
pressure of 68 bars. Results indicated that at ¢eatyres between 220 °C and 280 °C, the
production of furfural was higher in the water/£@ixture than in pure water; when the
temperature was increased to 310 °C the differenite yield between the two media was only
minimal, indicating that at that temperature thees no catalytic activity due to the carbonated
water>* A maximum yield of 1.3 wt.% was obtained at 310 °C

At all the temperatures tested, the production-6fNBF was enhanced in carbonated water
mixtures, as 5-HMF is a product deriving from thehydration of glucose, and thus from
cellulose, its production is favoured at high tenapares. Yield of 5-HMF was similar at 280
°C and at 310 °C, indicating that most of the fdramaoccurs at 280 °C. A maximum vyield of
1.8 wt.% was obtained at optimum conditions.

The main operating condition that controls the lyyhis of lignocellulosic biomass is therefore
the temperature. Hemicellulose and cellulose polgnare extracted from biomass and
fractionated into oligomers for effect of temperaficarbon dioxide is proven to have a slight
additional role in this phase, by swelling the plaraterial, and favouring the breakagdhe

rupture of the oligomers is always influenced foe most part on the temperature, however,
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the addition of carbon dioxide with sufficientlyghi pressures, can play a significant supporting
role.

Temperature is also the main responsible for tleemeosition of the monomers: the increase
of temperature leads to a higher conversion ofse/land glucose to furfural and HMF, and
their subsequent processing in the other produgpécted in Scheme 6.8. The addition of
carbon dioxide has a catalytic effect in the prdiduncof furfural at temperatures below 300 °C,
at higher temperatures its incidence is negligifilee dehydration of glucose to HMF is
catalysed by carbon dioxide up to temperatures@Ba0 °C.

Summarising what has been said so far, carbon aBoat high pressures can be used in
conjunction with pressurised hot water to enhaheehtydrolysis of lignocellulosic oligomers
to obtain monomers, and to catalyse the dehydraifomonosaccharaides to obtain added
values of products.

Experiments conducted starting from pure xylose esv material, indicate that a conversion
of 97 % is achieved in water at 230 °C with2&®12 MPa; with a yield of 68% to production
of furfural. Lower pressures lead to lower yieldsfurfural, while higher pressures did not
show significant changeé$.The initial concentration of xylose in the reaatimfluences the
production of furfural; optimal concentrations obnomer to obtain a high selectivity, are
around 4%, higher concentrations lead to lowerdgiel

Carbon dioxide, in addition to favour the produstiof monosaccharaides dehydration
compounds, can also facilitate the removal fromatpgeous phase and recovery, in particular
that of furfural. The use of supercritical €f0r extracting low concentration of furfural (aral

1 wt.%) from aqueous solutions, is a good alteweatd organic solvenf8. A 48.1% of
produced furfural can be extracted with £& 8 MPa from an aqueous mixture with a
temperature of 230 °C; higher temperatures decrdasextraction solubility, as furfural

solubility in CQ decrease with increasing the temperature. Theaser in the concentration
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of xylose in the reactor is proportional to the cemration of furfural extract; depending on
whether the goal is to recover furfural or incretdseyield, different concentrations of initial

xylose can be selectét>®

6.3.2 Reactionsin supercritical water

Water is under supercritical conditions at tempeest higher than 374°C and pressures higher
than 22.1 MPa. The intermolecular structure of watethese conditions, varies significantly
as hydrogen bonds are significantly reduced in remmdpiving both gas-like properties (like
high diffusivity and low viscosity) and liquid-likeroperties like high density.

The dielectric constant is subject to significaatiations, reaching at supercritical conditions
values inside the common range of most organicestdv At normal conditions of 25 °C and
pressure of 1 bar, water has a dielectric constfuabout 78 Figure 6.6 shows that at a
pressure of 25 MPa bar and temperature of 375é&ditectric constant of water is around 12,
and decrease rapidly at increasing the temperaiuange between 2 and 30 is typical for most
organic solvents for dissolving organic macromoleswsuch as cellulose.

Another property which varies significantly at stgéical conditions is the ionic product of
water (Ky). At ambient conditions, the value of.Krepresented as the product df&hd OH
concentrations, is 18, at temperatures around 300 °C it reaches itsrmari value (10%),
which creates a medium with high ions concentratiavouring acid/basis catalysed reactions.
Under supercritical conditions, wKdecreases drastically to “4P® promoting non-ionic
reactions.’>°

[Figure 6.6 neahere]

The combination of these properties and the highperature that allows high reaction rates

makes supercritical water an effective solvent andexcellent reaction medium in the
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hydrolysis processes of lignocellulosic materi#s.near critical conditions, therefore, the
drastic changes in the ionic product and in thesitgrof water influences the reaction of
degradation of monosaccharaides. In the case os&ylwhile at subcritical temperatures, the
main product of degradation is furfural, with a nmaxm production between 300 and 350°C,
at supercritical conditions aldolic reactions aedured, with an increase in the formation of
glycolaldehyde and glyceraldehyde. A maximum yieldetro-aldol products of around 45
wt.% obtained at 400°C and 100 Mi®&’

Similarly, with glucose as base monomer, the dediyain reaction leading to the formation of
5-hydroxymethylfurfural is promoted at subcriticainditions with a maximum at around 350
°C, while retro-aldol condensations are favourechigher temperatures, with water uncer
supercritical conditions; glycolaldehyde is the maroduct deriving from glucose, and at
450°C and 35 MPa, yields as high as 70 wt.% caedehed?

Also the pressure can influence the dehydratiomtiess, as low densities favour aldolic
reactions, while high densities and high ionic prcid enhance the formation of furfural and 5-
HMF. As stated by Aida et.al, higher yields of 5-HNtom glucose (8 wt.%) were obtained at
350° C and 80 MPa, compared to other experimemtdumted at the same temperature and
lower pressures; also the furfural yield reachesnmfaximum value at the maximum pressure
tested, of 80 MP&?2® Higher pressures than 100 bar, under supercriticatliitions (400°C)
promote also the formation of lactic acid, showandecrease of the yield of glyceraldehyde,
dihydroxyacetone and pyruvaldehyde.

Even if 5-HMF and furfural achieve the maximum protion at subcritical conditions, the use
of supercritical water as reaction medium allowssititensification of the process by reducing
the required residence time of the reactions. Talpiesidence times of glucose and fructose
reactions in water at near critical and super@itoonditions are between 20 ms and 5 s. These

residence times are three orders of magnitude Itkger those required at low temperature
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catalysed processes and up to five orders of madmiiower than those needed in
microorganism processéé At 400°C and 100 MPa, glycolaldehyde can be predurom

xylose with residence times of 0.5 s with a yield® %, and; lactic acid from glucose at 400°C
requires residence times between 10 s and 20espicobluced? while at reaction temperatures

around 300°C will require residence times of 68 s

6.4 Reaction configuration

Thus raise the question what is the best reacticmilogy for each case study? When facing
the question of what type of equipment will be thest option to study a subcritical or
supercritical biomass fractionation or hydrolysiere are several guidelines that might help.
#1. Subcritical or supercritical? How much timelawed?

The products from the hydrolysis will highly depesrdthe residence time that we use, provided
the residence time will depend on temperature bwe are using subcritical water (e.g.
typically between 160°C and 250°C) hemicelluloseallg takes from 10 to 20 min to
hydrolyse, while cellulose takes from 40 to 60 mikeast. In that case the use of a batch reactor
is feasible, although heating-up takes 10 to 20 amd cooling down might take 5 min, and
temperature-time profile must be considered in tkisecalculation. The use of a semi-
continuous reactor is also valid as the real residéime of the liquid phase is usually less than
1 min, although the solid rests in the reactorlunis opened.

When supercritical water is used the temperatues gwer 374°C, but even operating at 300°C
(not supercritical) accelerates the hydrolysis simthat the produced sugars degrade quite
easily and sometimes even re-polymerise. In susés;aising batch is not recommended. Semi-
continuous at high flowrate it is an option, butrgodegradation might appear. The perfect

system will be the continuous reactor, but for thiling under 200-300 um is usually needed,
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as a slurry needs to be pumped at high pressuras3re low residence times (e.g. 20 to 40
ms, less than 1 s always) an effective systemdatihg-up and quenching is required.

#2. How much sample do | need to analyse? How rpoarer do | need?

Analysing the products from biomass hydrolysis xpensive and time consuming, as it
normally requires further hydrolysis, e.g. using BNRprocedures. The question is, is my
system reliable? Biomass exhibit great differenaed it is important to be sure having a
representative for the experiment. Common subatibatch reactors are between 25 mL and
1 L (not many cases of 5 or 20 L), supercriticakchaare normally below 250 mL. You can
considered to fill the reactor 50-60% with wated anwater/biomass mass ratio of 20:1, this
means treating 6.25g of biomass in a typical 250(eng. Autoclave, Parr, etc). For that case,
you should expect 40-50% sugars vyield, so a tdt@ tw 3 grams of sugars (pentoses and
hexoses).

For the continuous reactor the mass of solid obthaepend on the flowrate and the time you
collect sample. It is typical a 10% solid concetitraat the inlet. Regarding the flowrate take
into account your electric power, as you will neggbrox. 65 W per mL/min of flowrate (e.g.
20 mL/min of liquid inlet will require 1.3 kW. Thiwill be acute for a supercritical continuous
reactor that requires high flowrates to reducerésedence times.

In the case of semi-continuous the case can bésitoithe batch in terms of solid handled and
similar to the continuous in terms of power needed.

3#. Do | need to mill?

Batch and semi-continuous do not require extensiMeng, if you need to keep the particle as
itis, e.g. beans, chips, pellets, etc. batch ang-sontinuous can be the option. You will only
need a filter to hold the particle bed.

On the other hand, continuous operation requireg fiee particles. At lab scale equipment

(e.g. pipes of 1/8”, 1/4”, etc.) pumps like HPLOhmos, or membrane pumps can handle some
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solids (not always, check with your provider) und®0 microns. The bottleneck is normally
the checkvalves of the pump. At a higher scalepilet or demo, there are pumps that can even
handle 1 mm patrticles in slurry.

#4. Can or should | recycle the €0

If you have used C£Xo enhance the reactivity and hydrolysis, as empthain the book, you
will probably need to recover it to improve youromomic balance. At laboratory scale
recovering it is probably not recommended and eeded, but at pilot scale (e.g. a 5 L reactor)
it starts being required. It will require basicadlyhigh pressure vapour-liquid separator to split
the two phases and a condenser to recover CORcqsdafor easier pumping. There are many
examples of these options in the reference boaksuipercritical fluid extraction, like the one

from G. Brunner.

6.5 Conclusions

In this chapter it has been shown that temperasutee main operating variable to manipulate
for modifying the kinetics of the reactions thaadeto the rupture of oligosaccharides, and to
the formation of degradation products in aqueoudiand he addition of carbon dioxide at high
pressures, in water at subcritical conditions, anba the hydrolysis of lignocellulosic
compounds, through the formation of carbonic aad #s subsequent dissociation. The
decompression of the carbon dioxide at the entlegEktraction process, moreover, facilitates
the removal and recuperation of compounds suchrag#l from the aqueous mixture.

The pre-treatment with mixtures of water and.QOnstitute therefore an effective way to

produce value added products from lignocellulosertass.
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Caption of figuresand schemes

Figure 6.1 Lignocellulosic biorefinery concept.

Figure 6.2 Solubility of C@in water at different temperatures and presstirés.

Figure 6.3 Values of Log(#} varying temperature and residence time

Figure 6.4 Concentration differences between erparts with water/ CoOmixtures and only
water. Data obtained from Van Walsum et®al.

Figure 6.5 Concentration of furfural and HMF in etixtures with different pressures of
CO,. Data obtained from Morais et%l.

Figure 6.6 Properties of water at subcritical amgescritical at 25 MP&262.63

Scheme 6.1 Example of dehydration reaction forraitso

Scheme 6.2 Example of tautomerization reaction.

Scheme 6.3 Example of aldol reaction.

Scheme 6.4 Hydrolysis of xylans and dehydratiofutfural.

Scheme 6.5 Hydrolysis of glucose oligomers, foromatiand decomposition of 5-
hydroxymethylfurfural.

Scheme 6.6 Aldol reactions involving glucose andttivse.

Scheme 6.7 Aldol reactions involving xylose.

Scheme 6.8 Reaction pathway for hydrolysis of xylasd glucose oligomers.
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TABLES CAPTIONS

Table 6.1 K and K constants at different temperatures and press©p

TCCQC) Ki (min?) Kz (mint) pcoz (bar) Ref.

220 0.076 0.044 0 64
235 0.116 0.052 0 64
180 0.093 0.041 0 6s
180 0.127 0.064 20 6
180 0.109 0.065 35 6

180 0.073 0.068 50 6




