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Abstract

Holm oak Quercus ilex) was submitted to a hydrothermal treatment using a
cascade reactors and liquid fraction rich in hethilesses was obtained. The
chemical composition as well as the molar mass waeralysed during the

experiments. The effect of temperature (130 — IZPahd reaction time on the
conversion and molar mass of the obtained hemlosks was investigated. The
results were compared to previously published datained using Norway spruce.
The results show that the extraction rate depeamnoisgy on the wood species used.
The maximum yield (approximately 60%) was obtaiaedl70 °C after 20 min. The
molar mass of the hemicelluloses decreased dunmepttraction due to hydrolysis
and the pH of the solution decreased as deacetylakccurred simultaneously.
Temperature influenced significantly the hydrolysase of the macromolecules.
Compared to Norway spruce (softwood), the averag&ammass in Holm oak

(hardwood) was lower under the same reaction ciomdit
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1. Introduction

Dehesas, mainly used of silvopastoral purposesgsfip south Europe have holm
oak (Quercus ilex) as the main scattered treeirstaeince, in south-western Spain,
dehesa covers around 3 million ha, as indicateBligninger et al [1]. Regarding
the hemicellulose composition holm oak and its fmbssuse for hydrothermal

treatments the information is almost null.

Lignocellulosic biomass is a versatile and plehtiéav material and hemicelluloses
are one of its main compounds. The amount of hdmioses (dry weight) in
sapwood is usually between 20 and 30% but the ceitipo depends on the
species. Besides the chemical composition, alsmtrphology of the wood matrix
depends on the species and these factors influsigodicantly the extraction
kinetics as well as the obtained carbohydrates thed potential for further
valorization. Hemicelluloses are polysaccharidemmosed mainly of xylose,
glucose, arabinose, galactose and mannose. Hardemutdins mainly xylans
while softwood mostly consists of galactoglucomarsf2]. The dehydration of

hexoses produces 5-hydroxymethylfurfural and pesosirfural.

During a hydrothermal process, acetyl groups deased from the hemicelluloses
[3], which can catalyse the hydrolysis of hemidelses to shorter oligomers and,
consequently, decrease the molar mass [4]. The lkdge of the chemical
composition and molar mass of the extracted hemlosk fractions is crucial for
further applications. When targetting long-chaihedhicelluloses, the pH is a key
factor during the extraction. Krogell et al. regattin 2015 that when adjusting the
pH to 4.8, the molar mass of hemicelluloses ex¢chétom Norway spruce at 170
°C was higher than the molar mass obtained withbutontrol [5]. Similarly, Tunc
and Heiningen observed in 2011 that an increaserperature decreased the
average molar mass obtained in the extraction[iéé. structure of hemicelluloses
is mainly amorphous and the molar mass is lower paoed to cellulose,
consequently it is easier to hydrolyse than cedl@lorhe hydrolysis of cellulose
takes place at temperatures higher than 230 °@ftre, at lower temperatures
mainly hemicelluloses are extracted [7,8]. Sattteal. reported that the extraction
of hemicelluloses from wood flakes begins at 120[3]; and correspondingly
Leppanen et al. observed that low amounts of hdlmieses could be extracted
already at 120 °C-160 °C [1], which indicates thecpcal lower temperature limit
3
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for the extraction. However, Rissanen et al. shotixd the extraction proceeds
with the same mechanism and follows the same kinetbdel as at higher
temperatures even at 90 °C, albeit the extractata s naturally significantly

slower [9].

Kilpelainen et al. reported that 70% of xylan canrbcovered from ground birch
wood at 190 °C in 30 min using a flow-through véseeit the degree of
polymerization of the xylans decreased significafil0]. Both temperature and
reaction time influence the process [11] and ppalty, a similar amount of the
biopolymer can be extracted or hydrolysed at a drngiemperature with less
extraction time and vice versa. Hardwood specie® more acetyl groups than
softwood species, consequently more acetic a¢ansed during the hydrothermal
process increasing the reaction kinetics and primgthe formation of degradation
product [4, 12].

In this study, the extraction of hemicellulosesirélolm oak Quercus ilex) was
investigated using subcritical water. Holm oak hegt been widely studied
previously and the composition of Holm oak hemidelkes has not been
previously reported to the knowledge of the authdhe focus was on the effect of
temperature and reaction time on the yield of dayboates and the molar mass of
the product. The degradation of the sugars monomassnot desired. The effect
of the raw material on the extraction was evaluégdomparing the results with
data obtained with softwood. The results can beal useoptimize the reaction
conditions to obtain a high yield of hemicelluloséth low degradation or to target

a specific value of molar mass.

2. Materialsand Methods
2.1 Materials

The Holm oak Quercus ilex) sapwood was milled and sieved to a particle size
between 1.25 and 2 mm. This size fraction was s&ldo minimize the influence
of internal mass transfer on the kinetics during #xtraction. The chemical
composition of the hemicelluloses in the raw matewas determined and the
following values were obtained: 0.186 mg/mg xylo8€07 mg/mg rhamnose,

0.011 mg/mg mannose, 0.002 mg/mg glucuronic acd28mg/mg glucose, 0.018
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mg/mg galacturonic acid, 0.019 mg/mg galactoseld.Mmg/mg arabinose and
0.018 mg/mg 4-O-methylglucuronic acid (Figure 1).

2.2 Experimental

The experiments were carried out in a cascadearaomprising five reactors
connected in series [13]. The volume of each reagss 200 ml. A metallic filter
was used at the top of the reactor to preventase ¢f the solid raw material with
the flow. The recirculation flowrate was set to 150 and the pressure was 2.9
bar higher than the boiling point of water at thaation temperature. The reactors
were equipped with heating jackets as well as Rifthcontrollers. The temperature
was measured continuously inside and outside ofdaetor for control purposes.
The pressure of the system was measured befofegheeactor and after the last
reactor. The experimental temperatures were betd@@rand 170 °C. Rissanen et
al. observed that the yield was only 10% at 12Qu8{hg the same pilot plant,
consequently the temperatures selected were hilgherl20 °C [14]. Each reactor
was charged with 5 g of drywood (25 gr in totalyl difed with distilled water and
kept overnight to pre-wetted the raw material. st of the system was filled (by-
pass mode) and the amount of water inside in tilstéesy was measured. The
liquid/solid ratio was approximately 160 in the ¢t to avoid thermodynamic
limitations during the extraction. The liquid insith the by-pass part of the system
was rapidly heated to the desired temperature r Alficgt, the by-pass section was
opened allowing the circulation of the hot wateotigh the reactors. At that precise
moment time was set to zero (i.e. reaction startedm a macroscopic point of
view the reaction system behaved like a perfeatiyated batch reactor, as the
flowrate was high and it was operated in recircafatmode. Figure 2 shows a

simplified scheme of the experimental device.

When a predetermined sampling time was reached@dde 1), one of the reactors
was again by passed and cooled down rapidly. Tieingpwas performed by
guenching the reactor with cold water. Five ligard solid samples were obtained

from a every single experiment.
2.3 Analysis methods

2.3.1 Analysis of pH
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The pH was measured with a Phenomenal pH meteg usimefillable glass
electrode model 221 with a built-in PT 1000 tempeesensor.

2.3.2 Hemicelluloses content

The total solid content of carbohydrates was fietermined by weighting the mass
of a sample before and after oven drying. Aftet,thacertain amount of liquid or
solid sample, which contained about 0.1 mg of daydoates was freeze-dried
under vacuum. The calibration samples were prepaedg a carbohydrate
calibration solution. 2 mL of 2M HCI/MeOH anhydrowss added to the samples
and the samples were heated to 100 °C for 3 heXtess acid was neutralized with
170 pL of pyridine. After that, 1 mL of the intefredandards sorbitol (0.1 mg/mL
in MeOH) and resorcinol (0.1 mg/mL in MeOH) was eddThen, the solution was
evaporated under nitrogen gas at 50 °C and sitylaseng 150 pL of pyridine and
HMDS and 70uL of TMCS. The derivatised samples wamalysed by a gas

chromatographic method with flame ionization detect

About 1 pL of the silylated sample was injectedtigh a split injector (250 °C,
split ratio 1:25) into the column coated with dilmgtpolysiloxane (HP-1, Hewlett
Packard). The column length, internal diameterfdndthickness were 25 m, 200
pm, and 0.11 pum, respectively. The following terapgne programme was applied:
100 °C during 1 min, 100 °C to 170 °C at 4 °C/rtif() °C to 300 °C at 12 °C/min
and 300 °C during 7 min. Hydrogen was used asreecgas with a flow rate of 45
ml/min. The identification and quantification ofgars were accomplished through
the injection of standard samples. The yield of iceftulose products was
determined by dividing the amount of extracted fuethiloses and the initial

content of hemicelluloses in the raw material.
2.3.3 Molar mass

The weight-average and number-average molar madsewiicelluloses were
determined by high-performance size-exclusion clatography (HPSEC)
equipped with multiangle laser-light scattering (M) and a refractive index
(RI) detectors. The columns employed were Ultrabgdl TM Column, Linear, 10
pm, 7.8 mm X 300 mm, 500 — 10M. The eluent was ONAW O3 at a flowrate of
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0.5 mL/min at 40 °C. Data were collected and theutations were performed with

the software Astra, Wyatt Technology.
3. Resultsand Discussion

Holm oak was hydrothermally treated in the cascadetor using only water as a
solvent. In order to study the extraction and hiydie of hemicelluloses from
Holm oak, the influence of temperature and extosctime on the yield and molar
mass were studied. After the hydrothermal treatmewd main fractions were
obtained: liquid and solid. The liquid phase waslgsed to determine the

enrichment in hemicelluloses.
3.1 Changein pH

The pH values of the liquid phase samples are shovagure 3 as a function of
time, at different extraction temperatures. Thengeain pH was strongly
influenced by the temperature, however, the trerms wimilar in all the
experiments. The pH was initially about 5.5 coroegping to the pH of distilled
water. Then, the pH decreased during the experifient 5.5 to about 4-4.3,

depending on the reaction temperature.

The decrease of pH was mainly due to the releasacefyl groups from the
hemicelluloses resulting in the formation of acedicid, which increased the
hydronium ion concentration in the reaction medidime acetic acid can catalyse
the hydrolysis of the extracted hemicellulose drehf pentoses and hexoses, can
be further degraded (see Figure 4). The hemicesulis mainly composed of
mannose, xylose, arabinose, galactose and glutbsexylose and arabinose can
be transformed into furfural through dehydratiob][land the glucose can be
transformed into 1,6-anhydroglucose through a dedtyah, into glycolaldehyde
by retro-aldol condensation or into fructose bymsoization. The fructose can
further be transformed into 5-hydroxymethylfurfur@-HMF) by dehydration
reactions and glyceraldehyde by retro-aldol conaléms [16]. The 5-HMF can be
degraded into levulinic and formic acid [17], whikee furfural can be transformed

into formic acid.

The pH can also be influenced by the presence gfadation products, mainly

carboxylic acids [18]. At 130 °C, the temperatuaswiot high enough to detach the
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hemicelluloses efficiently and the extraction wasyvslow i.e. low temperatures
led to slow reaction kinetics and consequently ntmasic pH values (4-7), and

practically no degradation products [19].

The largest difference was observed when the teatyrerwas increased from 130
to 140 °C suggesting that the structure of biomass altered and the
hemicelluloses were more available for the extosctprocess. Increasing the
temperature to 160-170 °C resulted in faster dgatiein, and the pH stabilized
after about 20-30 min of extraction. The stabiliginndicated that the
hemicelluloses extraction had slowed down. Degradgiroducts were obtained
from the hydrolysis of the pentoses and hexosesSahgdroxymethylfurfural,
furfural, levulinic acid, etc was observed in thealysis [17]. To minimize the
formation of degradation products, the rapid renho¥#he extracted products and
the addition of sodium carbonate are two option2(]. Shorter reaction times lead
to less consecutive reactions and, the additiosodfum carbonate increased the

pH hindering degradation.

The minimum pH value was observed at the same poittne as the conversion
of hemicelluloses was at a maximum. This behawivas observed at temperatures
exceeding 150 °C. The pH can be used as an indidat following the
hydrothermal process and identifying the reactioretnecessary for achieving the

maximum conversion [21].

3.2 Hemicelluloses extraction kinetics

The hemicelluloses extraction rate was stronglgcéd by temperature (Figure 5).
At higher temperatures, a higher concentratioreafiicelluloses was obtained. The
concentration profile as a function of time at 280and 140 °C was approximately
linear, indicating that maximum conversion was netched during the
experiments. At temperatures exceeding 150 °C tfferent stages were observed
(Figure 5).

The first stage corresponds to the extraction auwlidhysis of hemicelluloses. The
second stage (negative slope) indicates the presehdegradation products,
indicated by the behaviour of pH discussed preWoas well as the decrease in the
carbohydrate concentration with time. The highediaccould also indicate that a

more severe deacetylation took place during extraatesulting in more severe
8
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hydrolysis of the hemicelluloses as well as then@tiion of degradation products.
The time necessary for achieving the maximum canagon of hemicelluloses
was 80 min at 150 °C, but only 20 min at 170 °C12A0 °C, after 20 min, the
concentration of hemicelluloses decreased indigahat the reaction time should
be shorter to avoid the formation of undesired pobsl The errors in the data were
lower than 10% in mass, indicating good reprodlitytin the experiments.

The yield of hemicelluloses depends strongly orréaetion time and temperature
(Figure 6) but the maximum yield depends on the typbiomass treated (Figure
7). The time required for obtaining a 30% hemidebe yield was 110 min at 140
°C, while it was 50 min at 150 °C and only 8 mirl@0 °C. This time is closely
related to the behaviour of the pH: the deacetylagnhances the hydrolysis of
hemicelluloses lowering the pH and increasing thil dydrolysis rate. The
autocatalytic hydrolysis is a very interesting @e& because the solubilisation of
hemicelluloses can be performed without the addité any solvent other than
water. The choice of operational conditions plays important role in the
production of the desired products. The maximunveasion achieved depended
on the reaction temperature. The ionic product atewincreases with temperature
[10] (until 374°C) increasing the reaction kinetazsl consequently the hydrolysis
of hemicelluloses is faster.

The yield obtained at different temperatures waspared to the data of Rissanen
et al. who studied the extraction of hemicellulogses Norway spruce (softwood)
using subcritical water [13]. As shown in Figuretfie yield obtained for the
softwood species was higher than for the hardwgediss, and larger differences
in the extraction rate of the hemicelluloses wdrsenved at higher temperatures.
Hardwood has a higher content of acetyl groups siodtvood [22], but hardwood
has a lower content of lignin [23]. Three reasomry ®xplain the higher extraction
rate of softwood hemicelluloses under similar ekpental conditions: a) less
deacetylation results in lower hydronium ion caortcation in the liquid decreasing
the formation of degradation products and increagie amount of hemicelluloses
in the liquid phase or/and b) the low content ghin in the raw material increases
the accessibility of hemicelluloses increasinghi@rolysis of hemicelluloses, too,
or/and c) the hardwood hemicelluloses (mainly xylare more susceptible to
degradation which is observed as lower yields.



262
263
264
265
266
267
268
269
270
271

272

273
274
275
276
277

278
279
280
281
282
283
284

285
286
287
288
289
290
291
292
293

As shown in Figure 8, the final chemical compositiaf the liquid phase was
influenced by temperature and time. The major campb extracted from
hemicelluloses was xylose at 150, 160 and 170 P@B@ween 130 and 140 °C the
extraction of glucose was predominant, probablyabse it was a free glucose, as
it remained mostly constant increasing temperatfugher. The xylose
concentration increased when the acidity was hi¢Bleand it exhibited a linear
behaviour (f between 0.998 and 0.97) when the reaction temperatas under
160 °C, as did glucos€ etween 0.97 and 0.95) at less than 150 °C iridictiat
the reaction time was not long enough to reach mami yields. Xylose and
glucose accounted for 49.7 and 65.0% wt. of theaeted sugars respectively.

3.3 Molar massdistribution in hemicellulose extract

Deacetylation was accompanied by a reduction imtbkar mass. The molar mass
exhibited similar behaviour in all the experimeritse largest hemicelluloses were
extracted at the shortest reaction times and itedsed as the temperature was
increased. Figure 9 depicts the evolution of theraye molar mass during the

autohydrolysis process at different temperatures.

A mix of lower molar mass hemicelluloses was pratuduring the extraction
process. The highest average molar mass obtained 2/ kDa (~72 DP) at 170
°C (5 min), while the lowest molar mass 1.8 kDa whtained at 170 °C after 60
min, as also indicated by the pH value. At 160 &Rd °C, the hemicelluloses had
a significantly lower molar mass compared to theahvalue already after a few
minutes of extraction. The final molar mass varfeom 3.83 to 1.75 kDa,

depending on the temperature and reaction time.

The molar mass as a function of time was previotegpprted by Rissanen et al. for
softwood extraction (Norway spruce) [14]. The motaass of carbohydrates

depends on the wood species. As shown in Figuret 1€ clear that the spruce

molar mass was higher than for the Holm oak unadersame reaction conditions,
suggesting that the deacetylation is more pronalinceardwood species due to a
high content of acetyl groups. Hydrolysis most Ijkeccurred even inside the

particles, as has been demonstrated previouslyigsaRen et al., although in this
article a small particle size was used to minintineeeffect [13]. The results indicate
that if high molar mass is desired, it is betteuse softwood.

10
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4. Conclusions

A hydrothermal extraction process can be useddoves carbohydrates and lignin
from lignocellulosic biomass. Holm oak is an impmit biomass in south-western
Spain, mainly in dehesas, and the information ®paissible uses for hydrothermal
treatments is almost null. In this work, holm oakswractionated using subcritical
water at temperatures between 130 and 170 °C emglay cascade reactor
comprising five Parr reactors in series. The readimes were between 60 and 220
min and the particle size was 1.25-2 mm. The ca@iwerwas significantly
influenced by the reaction temperature. The fimmversion of hemicelluloses
varied from 21.1% at 130 °C to 55.9 % at 170 °Gstiy@onstituted by glucose and
xylose. The concentration profile at lower tempares was linear indicating that
the time was not long enough to extract all the ibelluloses. When the
temperature was increased to 150 °C, two stagesabserved in the concentration
profile. The first stage (positive slope) corresped to the extraction/hydrolysis of
hemicelluloses and the second stage (hegative )skymgested that significant
degradation of the sugars occurred. The yield ohibelluloses from Norway
spruce (softwood) was observed to be higher tham firlolm oak (hardwood),
when the experimental data was compared to dat@opisty reported in literature.
This difference can be due to the lower contemioetyl groups in softwood, which
results in lower hydronium ion concentration in fflguid phase and the lower
content of lignin in hardwood, which increases #exessibility” to hemicelluloses
and consequently increases the formation of degoadproducts.

The pH was strongly influenced by temperature,nearlevels of about 4-4.3. The
largest difference was observed between 130 °C140d°C, suggesting that the
structure of hardwood was altered, which lead tte#ter "accessibility” to

hemicelluloses. At higher temperatures, a fasteacelylation was observed
together with a faster decreased in the molar masse yield and molar mass
obtained after the extraction process was affetledhe temperature and the
reaction time as well as the structure and comiposaf the raw material. Holm

oak (hardwood) can be a good option for obtainiamicelluloses of low molar

mass, the highest average molar mass achieved b2iaggDa and the lowest 1.75
kDa. If high molar mass is targeted it would recoematable to use a softwood. The

results showed that a diversified mix of lower malzass hemicelluloses can be
11



327 obtained in high yield from Holm oak and that mgtify the experimental
328 conditions can be used to influence the molar mass.
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Figure Captions

Figure 1. Hemicelluloses composition in the raw material

Figure 2. Schematic flow diagram of the experimental systequipment: V-01 Collector
vessel, P-01 Pump, R-01/R-05 Reactors.

Figure 3. The pH behaviour in function of time at differeabtperatures

Figure 4. Reaction pathway for the hydrolysis of hemicelddoand formation of

degradation products

Figure 5. Concentration of hydrolysed hemicelluloses asrectfion of time at different

temperatures
Figure6. Yield of hemicelluloses as a function of time #festent temperatures

Figure 7. Yield of hemicelluloses as a function of the tiatedifferent temperatures for

Holm oak and Norway spruce

Figure 8. Accumulate concentration of hemicelluloses andpmusition in hydrothermal

process

Figure 9. Change in the average molar mass during autohygisolat different

temperatures

Figure 10. Molar mass along time for softwood and hardwoaetss
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Figure 10.

Molar mass (kDa)

80
70
60
50
40
30
20
10

X

~® 1

Time(min)

—»— 170°C
—&— 160°C
—— 150eC
—@— 140°C
—— 130°C
---X--- Rissanen [14] 170°C
---A--- Rissanen [14] 160°C
---9--- Rissanen [14] 150°C
---@--- Rissanen [14] 140°C
------ Rissanen [14] 130°C

27



447 Tables
448 Table 1. Sampling time for each experimental temperature
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450 Tablel.

130 °C 140 °C 150 °C 160 °C 170 °C
Reactor  Sampling Sampling  Sampling Sampling Sampling
(N©°) time (min)  time (min) time (min)  time (min)  time (min)
1 20 20 10 5 5
2 40 40 20 10 10
3 80 70 40 20 15
4 140 110 80 40 20
5 220 160 120 80 60
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