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ABSTRACT: Xylooligosaccharides (XOS) produced from biomass offer a plethora of excellent
physicochemical and physiological properties to be used as natural prebiotic nutraceuticals.
Herein, this work firstly addresses and optimises a novel one-pot, additive-free, microwave-
assisted process to produce high purity XOS from beech wood hemicellulose, studying the
influence of the temperature, reaction time, and solid loading. These variables exerted a
significant influence, allowing the transformation of hemicellulose into a gas (0-19%), a XOS
rich liquid product (9-80%) and a spent solid material (17-90%). The liquid phase consisted of a
mixture of XOS with a degree of polymerisation (DP) DP>6 (75-100 C-wt.%) and DP 3-6 (0-10
C-wt.%), together with mono-/di-saccharides (0-1 C-wt.%), carboxylic acids (0-5 C-wt.%),
ketones (0-12 C-wt.%) and furans (0-12 C-wt.%). A good compromise between the liquid yield
(81%) and XOS purity (96 C-wt.%) was achieved at 172 °C using a solid loading of 5 wt.% for
47 min. This time could be reduced (33 min) and the solid loading increased (25 wt.%) without
substantially altering the XOS (98 C-wt.%) purity, although the liquid yield was reduced. The
liquid yield could be increased up to 97% at the expenses of XOS purity (90 C-wt.%) at 177 °C
using a 5 wt.% solid loading for 60 min. For these optima, the microwave production costs
shifted between 1.42 and 6.50 €/kg XOS, which is substantially lower than the XOS market

price, thus highlighting the high potential of this emerging technology.

INTRODUCTION
The demand to decrease the carbon foot print and combat climate change together with the
exponential growth in the demand for energy and chemicals worldwide due to global

megatrends, have led researches to explore alternative feedstocks and novel and environmentally



friendly technologies to produce these commodities. Nutrition, food security and healthcare
become inextricably linked as we strive towards a healthy, sustainable 21 Century. In this
regard there has been an increasing interest in the recent past in the manufacturing of renewable
value-added products, chemicals and fuels from lignocellulosic biomass accounted for by its
renewable origin and the carbon neutral operating conditions !. Recently, there has been
growing, and significant, interest in the production of xylooligosaccharides (XOS) from
hemicellulose-rich feedstocks due to their potential applicability in many markets 2.
Hemicellulose, notably xylan, is the second most abundant carbohydrate material after
cellulose in lignocellulosic biomass and also is the most important natural precursor for the
production of renewable XOS °. Chemically, XOS are oligomers with a ramified structure
containing several xylose units (normally, from 2 to 20), linked via B-(1-4)-xylosidic bonds,
decorated with several functional groups, such as acetyl groups, uronic acids and arabinose units
3. These compounds have gained increasing attention in the food and pharmaceutical markets as
they have a plethora of excellent physicochemical and physiological properties to be used as

natural prebiotic materials 2

. Some examples of these features are reducing cholesterol,
enhancing bowel function, the absorption of Ca and metabolism of lipid compounds, helping
minimise the risk of colon cancer and exerting cytotoxic effects on leukaemia cells. They also
have positive effects on type II diabetes mellitus, a non-communicable global concern as
highlighted in the United Nations Sustainable Development Goals (SDG 3). XOS are not
metabolised by the human digestive system, but enhance that beneficial bacteria grow in the
intestine; thus being ideal compounds to be included in drugs and food formulations .

Despite these excellent properties, the main challenges facing biomass XOS are related to the

development and optimisation of a sustainable and cost-effective technology capable of



maximising the yield and purity of the XOS produced 2. Several methods have been explored
for the production of XOS % 78, These methodologies can be classified into two groups: (i)

chemical and (ii) enzymatic hydrolyses *

, in which, the former largely consists of an auto-
hydrolysis and acid or basic hydrolysis reactions, whilst the latter primarily comprises a
biological hydrolysis procedure > 7. Auto-hydrolysis involves the deacetylation of xylan,
leading to the formation of XOS and acetic acid as the main reaction products, together with a
variety of un-desired species, including monosaccharaides and furfural. Acidic- and basic-
hydrolyses consist of the treatment of lignocellulosic materials with mineral acids such as,
diluted H2SO4 or strong alkali solutions, such as KOH, NaOH, Ca(OH), or NH4OH. These
chemical methodologies result in the production of undesired oxygenates. Therefore, these
impurities together with the acidic and/or basic compounds previously used in the hydrolysis
reactions hamper the use of the XOS produced for food applications 2> 7%, Enzymatic hydrolysis
does not produce undesirable products, but the reaction time is much longer than that used for
auto-hydrolysis and/or acid/basic hydrolysis . Besides, this technology is normally used after
having subjected the lignocellulosic biomass to a first pre-hydrolysis step using either an acid or
a basic hydrolysis pre-treatment 2->- -5,

These processes are especially attractive and the insights gained are important, but the
challenge is achieving a controllable, toxin-free, selective, economical and environmentally-
friendly process to produce high purity XOS from biomass. On this matter, the use of
microwaves has been recently regarded as a promising heating mechanism for the selective and

9

well-regulated hydrothermal biomass depolymerisation °2°. Specifically, microwave heating

principle comprises an elevated rate spin of polar molecules, thus resulting in a faster and more

9-13, 21-23

pronounced activation of polar species . Therefore, using microwave assisted heating to



run reactions conducted under hydrothermal conditions is regarded as a very favourable strategy
to achieve a selective, non-toxic, high purity XOS production from lignocellulosic biomass. It
must also be borne in mind that cellulose and hemicellulose own a higher polar character than
lignin, and consequently, these two carbohydrates are more reactive when subjected to a
microwave-assisted hydrothermal treatment. This different behaviour promotes the preferential
reactivity of the biomass carbohydrate matter, without substantially solubilising the lignin
content in the biomass 2*23. Besides, the elevated crystallinity of cellulose as well the great
number of hydrogen bonds in its structure hamper the depolymerisation of this carbohydrate 227
when subjected to microwave treatment, thus diminishing the reactivity of cellulose in
comparison to hemicellulose. Therefore, these intrinsic peculiarities of microwave heating when
used under non-catalytic hydrothermal conditions minimise the presence of lignin and cellulose
derived species. Moreover, the controllability and selectivity of the process might allow
achieving a selective depolymerisation of hemicellulose into soluble oligosaccharides,
preventing the further degradation of XOS.

In spite of these favourable features, to the best of our knowledge, the use of microwave-
assisted hydrothermal treatment for XOS production from biomass is scarce. A few examples
include, Lin et al. * who studied the production XOS from beech wood xylan, corncob and an
industrial hemicellulose effluent catalysed by oxalic, maleic and citric and sulfuric acids. The
highest XOS yields (with respect to the xylan content) for the beech wood, corncob and
industrial hemicellulose effluent were 39% (126 °C and 8 min), 27% (120 °C and 0 min) and
30% (123 °C and 16 min), respectively. However, these authors focused on the isolation of the
xylan and the characterisation of the XOS produced under specific fixed conditions but without

an in-depth analysis of the effects of the operating variables on the process. Panthapulakkal et al.
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and Gulbrandsen et al. studied how the temperature influenced the extraction of
hemicellulose (xylan) from sugarcane bagasse using microwave-assisted hydrothermal
depolymerisation. The highest xylan yield (60%) with respect to the hemicellulose amount of the
feedstock was obtained using a reaction time of 10 min, which was much shorter than the
reaction time (1.5 h) needed to achieve this yield using conventional heating. Mihiretu et al.
reported the influence of the temperature (165-200 °C) and reaction time (8-22 min) on XOS and
bio-ethanol production by microwave-assisted hydrothermal depolymerisation of aspen wood
and sugar cane bagasse. Maximum extraction yields of 66% and 50% (with respect to the xylan
content), were reported for aspen wood and sugarcane bagasse, respectively. However, the
hydrolysate contained an important proportion of saccharides, carboxylic acids and furans, thus
hindering their use for food applications. As a consequence, more research is still necessary for
the optimisation of the process to achieve a product appropriate for human consumption, as
commercial XOS purity ranges between 75 and 95% 3°.

Thus, this work addresses the toxin/additive-free, selective hydrothermal direct
depolymerisation of beech wood hemicellulose into XOS, by thoroughly evaluating the effects of
the temperature (150-210 °C), reaction time (0-60 min) and solid/water ratio (5-25 wt.%). The
fact that the toxin-free, microwave-assisted hydrothermal depolymerisation of hemicellulose for
food grade XOS production has never been reported before, as well as the process analysis,
optimisation and energy and economic assessments performed, demonstrates that this work
represents an innovative research for the renewable production of high purity XOS from
biomass. This can help to the development of more efficient and greener technologies for the
manufacturing of renewable food-applicable additives, comestible nutrients, digestible prebiotics

and antioxidant compounds from lignocellulosic biomass.



EXPERIMENTAL

Feedstock characterisation

Xylan obtained from beech wood (cell wall polysaccharide, with 50-600 um particle size and

an average molecular weight of 20000 g/mol, determined by Size Exclusion Chromatography,

SEC) was purchased from Serva Electrophoresis GmbH (CAS number 9014-6305), used as

received and characterised by means of proximate, ultimate analyses, calorific value and ash

content. More detailed information about the procedure followed and apparatus used in these

analyses is reported in a previous publication. '3-1-22 Fibre analysis was conducted following Hu

et al. *! chemical titration method for cellulose and hemicellulose and TAPPI T222 for lignin.

Table 1 lists the characterisation results of the hemicellulose used in this work. These results are

similar to the characterisation previously reported for beech wood xylan

20,32

Table 1. Characterisation of beech wood hemicellulose (xylan)

Proximate analysis Physico-chemical

(wt.%) Properties
Moisture 8.25+2.44 DP 130
Ash 3.98+1.23 Solubility in water (25 °C) insoluble
Volatiles 73.38+3.29 Colour Brown
Fixed carbon 14.39+2 .47 Xylan Purity 90%
Ultimate analysis (wt.%) Fibre analysis (wt.%)
C 40.50+0.15 Hemicellulose 90+1.05
H 5.79+0.08 Cellulose 4.75+0.23
O* 53.71£0.15 Lignin 1.27+0.12
HHV (MJ/kg) 15.40+0.12 Ash 3.98+1.23

* Oxygen was calculated by difference.

Experimental system

The experiments were conducted using a CEM-Mars microwave system, equipped with a 70

mL PrepPlus® reactor. For these runs, different solid quantities (beech wood hemicellulose



xylan), together with 40 mL of deionised water were placed into the reactor. To achieve reaction
conditions from room temperature a ramp time of 5 min was employed. The microwave reactor
was operated at dynamic mode, in which power is adjusted to achieve the reaction temperature as
quickly and accurately as possible. At full power, the microwave reactor delivers approximately
1800 watts of microwave energy at a frequency of 2450 MHz. After reaction, the microwave
own cooling programme was used to reach room conditions. Afterwards, the reactor was opened,
the gas phase produced released, and the reaction products, i.e. a liquid/solid mixture (slurry),
was recovered in a centrifuge tube. High-speed (25000 rpm), low temperature (10 °C)
centrifugation was employed to achieve an effective solid/liquid separation. Then, the spent solid
fraction was dried overnight at 105°C. Finally, both fractions were kept to be characterised in

detail.

Experimental design and data analysis

The influence on the process of the temperature (140-210°C), reaction time (0-60 min) and
solid/water ratio (5-25 wt.%) was experimentally analysed using a design of experiments with
statistical analysis of the results (DOE+ANOVA). The reaction time was analysed between 0 and
60 min. A 0 min reaction comprises the ramp time (time to reach operation conditions from room
temperature) and the cooling time (time to cool down the reactor), this total operating time
(including heating and cooling) being fairly similar for all the runs. Hence, all runs comprising a
0 min reaction time can be adequately compared and the reaction time could be satisfactorily
examined, as a wide interval (0-60 min) was used to effectively investigate how and to what
extend the reaction time affects the process. The experiments were conducted following Box-

Wilson design. This corresponds to a 2% factorial design (k = operating variables and 2% =



number of experiments (3 and 8, respectively, in this work). Besides, 6 axial experiments were
conducted to examine the possible non-linear behaviour of the variables (i.e. main effects and
interactions), while 4 centre points experiments (conducted in the middle of the variation interval
for each factor) were also conducted to statistically assess the experimental error. This procedure
is very convenient to thoroughly study not only linear and quadratic effects of several variables,
but all potential interactions between operating conditions as well. Besides, it permits a careful
investigation of the process, thus being extremely valuable for the optimisation of the process
together with its possible scale-up and commercialisation. The experimental data obtained was
analysed by means of an analysis of variance (ANOVA) select the operating variables and
interactions with a statistically significant influence in the process. Furthermore, the Pareto
principle was used to assess the relative effect of each variable. In this analysis, factors are
classified attending their importance, thus the higher Pareto value, the greater the influence. For
both statistical analyses, the operating variables were standardised to vary between -1 and 1
(codec variables), which makes the effects of the variables directly comparable regardless their
intervals of variation. Interaction plots were developed from the results of the ANOVA analysis
(which consider all the experiments conducted according to the factorial design) to explain the
effects of the operating variables. Therefore, this procedure takes into account the evolutions
attained from the ANOVA analysis of all the experiments performed. Besides, experimental data
were added in these figures, when possible. In these interaction figures, only two intervals
(upper and lower) are normally represented to carefully explore and explain the interactions
found in the responses in a concise manner. Therefore, in some figures only two levels (upper
and lower) have been included in the interaction figures; however, for all the responses, the

whole interval of variation was sensibly studied and thoroughly discussed.



Response variable and analytical methods

The effects of the operating conditions was analysed on the yields to gas, liquid and solid
products (%) together with the detailed chemical composition of the liquid phase produced in
carbon basis (C-wt.%). The amount of gas produced was calculated gravimetrically by weight
difference following a experimental gravimetric methodology developed previously and reported
elsewhere !°. Under the reaction conditions tested in this work the gas phase largely comprises
CO, ¥-34 The solid yield was calculated from the dried spent solid recovered after the
experiment, while the liquid yield was calculated by mass difference.

Different analytical tools, including Gas Chromatography (GC/MS-FID), High Performance
Liquid Chromatography (HPLC) and Total Organic Carbon (TOC), were used to characterise the
chemical composition of the hydrolysates (liquid phases). A Vario TOC Cube Analyser was
employed for the TOC analyses. An Agilent 1260 apparatus, an Infinity II refraction index
detector, and two different columns, were used for the HPLC analyses. DP>6 xylo-
oligosaccharides concentration in the hydrolysates was calculated as the difference between the
TOC of the solution and the amount of C quantified by chromatography (HPLC and GC).
Besides, an ACE C18 column (250 % 4.6 mm, 5 um particle size) was used for the quantification
of ketones and furans. Gas chromatography (GC) analyses were performed in an Agilent 7890
Gas Chromatograph equipped with Flame lonization (FID) and Mass Spectrometry (MS)
detectors. The former detector was used for quantification, while the latter for identification.
Carboxylic acids, ketones and furans were quantified by HPLC and GC. More detailed
information about the characteristics, experimental conditions used in the analyses, separation
columns and chromatography apparatus can be found in our previous publication 2. Table 2 lists

the response variables and the analytical methods used for their calculation.

10



Table 2. Response variables. Definitions and analytical techniques used in their determination.

Product Response variable

Analytical method

. ) o mass of solid after reaction (g)
Solid Residual Solid yield (%) = initial mass solid (g) 100

G Gas yield (o) = — 25582 (8) 44
as asyie °/~ initial mass solid (®

Liquid yield (%) = mass of liquid products (g) 100 =
quic ye °/~ "initial mass of solid (® B

Gravimetric

Gravimetric (Reactor
mass balance)

Gravimetric (Mass

=100 — Gas yield (%) — Solid yield (%) difference)
Liquid
f C of each d
Composition (C — wt. %) = Mmass o7 » o7 eac .compo.un 100 HPLC, GC and TOC
total mass of C in solution
RESULTS AND DISCUSSION

The experimental reaction conditions together with the results produced in the experiments are

listed in Table 3. These include the yields to gas, liquid and solid products (%) together with the

detailed chemical composition (C-wt.%) of the liquid phase. Table 4 summarises the effects of

the operating conditions and interactions obtained from the statistical analysis of the

experimental data. Besides, the detailed chemical composition of the liquid phase (mg/mL, wt.%

and C-wt.%) is provided as supplementary material in Table S1.

Table 3. Microwave assisted experimental conditions and results

Run 1 2 3 4 5 6 7 8 9-12 13 14 15 16 17 18
Temperature (°C) 140 210 140 210 140 210 140 210 175 140 210 175 175 175 175
Time (min) 0 0 60 60 0 0 60 60 30 30 30 0 60 30 30
Solid loading (wt.%) 5 5 5 5 25 25 25 25 15 15 15 15 15 5 25
Overall Product distribution

Gas yield (%) 249 299 150 1595 0.10 248 089 1933 266+1.11 1.50 841 0.67 2.67 499 249
Liquid yield (%) 52.05 5646 5048 64.71 1440 5690 920 45.85 48.82+3.43 14.58 53.58 28.25 79.95 60.76 46.75
Solid yield (%) 4545 40.55 48.02 1934 8550 40.62 8990 34.82 4851+235 83.92 38.01 71.08 17.38 34.25 50.77
Liquid composition (C-wt.%)

Oligosaccharides DP>6 100  89.61 9822 7528 99.68 87.31 97.65 86.98 88.28+0.40 96.30 87.45 92.65 86.76 88.50 87.61
Oligosaccharides DP3-6  0.00 9.72  0.01 0.00 0.20 7.74 0.00 0.00 9.06+0.45 3.23 0.00 0.00 6.66 9.58 8.22
Saccharides 0.00 0.16 0.06 0.38 0.00 025 0.25 0.65 0.19+0.01 0.00 047 0.03 0.82 0.18 0.23
Carboxylic Acids 0.00 0.09 0.05 0.84 0.00 0.18 0.09 444  0.1320.03 047 1.12 0.09 025 0.15 0.14
Ketones 0.00 0.03 0.07 1232 0.00 190 0.00 1.99 1.02+0.54 0.00 490 0.89 232 053 139
Furans 0.00 039 160 11.18 0.12 2.62 2.00 5.94 1.33+0.62 0.00 6.06 6.34 3.19 1.06 241

11



Table 4. Relative influence of the operating conditions on the experimental results.

R? Int. T t C Tt TC tC T t? C: TtC T TC T T
Overall Product Distribution

268 427 ns. ns. 375 ns. ns. 288 ns. ns. ns. 370 ns. ns. ns.

1 0,
Gas yield (%) 0.95 (33) 26) 26) (15)
L 4892 19.50 25.85-11.14 ns. 7.56 -2.86 -1495 5.08 4.73 ns. -27.05 ns. -7.28 ns.
Liquid yield (% 0.98
quidyield (%) @y @ an 1) @ 10 © @ (17) ®)
L 47.84 -17.95 -26.8511.40 -4.25 -830 ns. 10.85 ns. -7.60 ns. 2435 ns. ns. ns.
Solid yield (% 0.97
yield %) @n_() (16 (an @ (©) ()
Liquid composition (C-wt.%)
. . 88.58 -4.43 -244 ns. -136 129 172 327 ns. ns. 1.78 ns. 1.06 -2.62 ns.
Oligosaccharides DP>6 0.99
& (35) (13) M © @ (12) ©) 5)  (6)
. . 9.01 -1.62 333 ns. -2.16 ns. ns. -739 -568 ns. ns. -554 ns. 3.77 627
Oligosaccharides DP3-6 0.99
& ® O (13) @25 O (15) (10) (12)
Saccharides 0.99 020 024 040 0.03 0.04 0.02 0.05 0.04 023 ns. ns. -028 0.04 -0.09 -0.24
‘ ) 2 ® @ @ 6 6 O W @ ¢ O
Carboxvlic Acids 0.99 0.14 033 0.08 ns. 061 046 044 0.65 ns. ns. 043 056 047 0.35 -0.08
Y ’ 15y (13) (13) (10) (10) (10) 10y (6 (10) (3) (D)
Ketones 098 1.15 211 139 ns. 154 -1.05 -1.53 097 ns. ns. -1.52 ns. -1.07 ns. ns.
‘ en (4 (14 © (14  (©) (13) ©)
Furans 0.96 146 225 -158 ns. 133 ns. -090 1.57 330 ns. -097 3.77 ns. ns. -3.35
‘ @) (4) (1 ® & ® ® (5 ©)

n.s. = Non significant term with 95% confidence.

Response = Int + coefficient T - T + coefficient t - t + coefficient C - C + coefficient Tt - T-t+ coefficient TC - T- C+ coefficient tC - t C +
coefficient T? - T2 + coefficient t* - t* + coefficient C* - C* + coefficient TtC - T-t-C + coefficient T?t - T*-t + coefficient T?C - T2-C + coefficient
Tt - Tt + coefficient T2 - T2-t*. Standardised codec formula: all operating variables vary between -1 and +1.

Numbers in brackets show the relative influence (%) of each factor on the response variable. These values show the the orthogonal estimated total
value (%).

Overall products distribution: gas, liquid and solid yields

The experimental yields of gas, liquid and solid products vary by 0-19%, 9-80% and 17-90%,
respectively. The statistical analysis of the experimental data (Table 4) reveals that the
temperature (linear and quadratic factors) is the process variable exerting the greatest influence
on these yields. In addition, the reaction time and its interaction with the temperature also play a
significant influence on these variables, although they have a lower impact. While the solid
loading does not significantly influence the gas yield, this variable exerts an important impact on
the liquid and solid yields. The influence of the reaction conditions and the most meaningful
interactions are represented in Figure 1. In particular, Figure 1 a and b shows the effects on the
gas yield (regardless of the initial solid loading, 5-25 wt.%) of the temperature and reaction time,
respectively, due to the insignificant influence of the initial solid loading on gas formation.

Figure 1 c¢/f, d/g and e/h plots the effects of the temperature on the liquid/solid yield for a diluted

12



(5 wt.%) and a concentrated (25 wt.%) initial solid solution using a reaction time of 0, 30 and 60
min, respectively.

Regardless of the feedstock loading (5-25 wt.%), the effects of the temperature on the gas yield
depend on the reaction time and vice versa. At low temperature (140-175 °C), gas formation is
negligible for the whole interval of time considered (0-60 min). Conversely, between 175 and
210 °C, gas production depends on the reaction time with different outcomes taking place; while
gas formation does not occur to a substantial extent for a very short reaction time (0 min),
increasing the reaction time from 0 to 60 min leads to a linear increase in the gas yield.
Augmenting the reaction time at high temperature facilitates a greater development of pyrolysis
and decarboxylation reactions *°-37, thus leading to gas formation 3%-%.

The effect of the temperature on the liquid and solid yields depends on the reaction time.
Regardless of the solid/water ratio used in the experiments, similar evolutions are observed for
the liquid and solid yields. For a very short reaction time (0 min; i.e. only 5 min of ramp time),
the temperature exerts a weak influence. In particular, a first increase in the temperature from
140 to 175 °C does not substantially modify the liquid or solid yield and a steady evolution is
observed. Conversely, a further increase up to 210 °C leads to a moderate increase in the liquid
yield, this variation being accompanied with a decrease in the solid yield. The positive kinetic

36, 40 which increases

temperature influence on the process is responsible for such variations
hemicellulose conversion, thus augmenting and reducing the liquid and solid yield, respectively.
Hemicellulose depolymerisation starts at a temperature of around 170 °C when conventional

heating is used #'; however, liquid yields up to 50% can be attained at temperatures as low as 140

°C when microwave-assisted hydrothermal depolymerisation is used for a reaction time as short

13



as 5 min, which is a clear indicative of the efficiency and selectivity of microwaves during the

hydrothermal depolymerisation of hemicellulose 22-23-2%-42,

a) 2. b) 2o,
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Figure 1. Interactions plots showing the influence of the temperature, reaction time and solid
loading on the gas (a and b), liquid (c, d and e) and solid (f, g and h) yields. Bars are LSD
intervals with 95% confidence.

Increasing the reaction time modifies the temperature evolution of these variables, especially at

high temperature. For a 30 min reaction time, an initial increase in the temperature (140-175 °C)
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leads to an increase in the liquid yield together with a decrease in the solid yield due to the

positive effect of the temperature 3% 4

as described earlier, while a further increase up to 210 °C
follows the same trend. These variations have their origin from the selective occurrence of some
chemical reactions over others. On the one hand, increasing the temperature promotes
hemicellulose depolymerisation into water-soluble species, augmenting the yield to liquid and
dropping the yield to solid. On the other, this temperature increase also favours gas formation
via thermal cracking and deoxygenation of some of the liquid products and part of the original
solid using long reaction times '3-2°, thus increasing gas formation at the expenses of the liquid
and solid yield. These developments increase gas formation, while a trade-off is observed for the
liquid and solid yields.

A subsequent increase in the reaction time from 30 to 60 min leads to an increase in the liquid
yield and a decrease in the solid yield between 140 and 190 °C. As a result, for a 60 min reaction
increasing the temperature between 140 and 180 °C leads to a pronounced increase in the liquid
yield and decrease in the solid yield. An increase in the reaction time exerts a positive kinetic
effect on the process due to the longer exposure of the feedstock to microwaves and therefore,
lower temperatures are required in order to reach the same conversion 2°. This temperature-time
relationship (interaction) was defined as severity by Prado et al. *! These authors also reported
that increasing the reaction temperature shifted the maximum liquid yield towards a lower
residence time due to the lower severity of the process. A further increase in the temperature up
to 210 °C produces a decrease in the liquid yield at the expenses of an increase in the solid yield.
The production of solid (largely char and humins) during hemicellulose processing at elevated
temperature is responsible for these developments *3-*°. The formation of these macromolecules

is originated from the furans produced during the decomposition of hemicellulose by means of a
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first aldol addition reaction and a subsequent condensation or polymerisation reaction #6->2, This
highlights the importance of achieving an accurate control of the process in order to adequately
maximise liquid production, minimising the formation of gas and solid species.

The effect of the solid/water ratio depends on the temperature. Regardless of the reaction time,
at low temperature (140-190°C), an increase in the solid loading decreases the liquid yield and
increases the solid yield. This increase in the feedstock loading augments the solid/microwave
ratio and decreases the proportion of water (a good microwave absorbent) with respect to
biomass in the reactor, thus decreasing the effectiveness of microwave reactions. The effect of
the solid loading is more marked at low temperature (140 °C) and short reaction time (0 min) as
the kinetic effect of these variables is weaker than when high temperatures or long reaction times
are used. Interestingly, this effect decreases progressively as the temperature increases up to 190
°C, the temperature at which the effect of the initial solid loading is not significant, as the
positive kinetic effect of the reaction temperature might compensate for the lower microwave
efficiency taking place when increasing the initial solid/water ratio. As a result, non-statistically
significant variations are observed for the liquid or solid yields between 190 and 210 °C when
the solid loading increases from 5 to 25 wt.%. One exception to this takes place for the liquid
yield when a long reaction time (60 min) is used due to the large gas formation occurring at high

temperatures and long reaction (60 min) times for a concentrated liquid solution (25 wt.%).

Liquid phase chemical composition
The liquid product consists of a mixture of xylooligosaccharides (DP3-6 and DP>6) mono-/di-
saccharides (xylose, glucose, fructose, mannose, arabinose, rhamnose and levoglucosan),

carboxylic acids (lactic, formic and acetic acids), ketones (levoglucosenone, 1-hydroxy-2-
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butanone, 1-hydroxy-2-propanone, 2-hydroxy-gamma-butyrolactone) and furans (5-HMF and
furfural). The detailed chemical composition of the hydrolysates is provided as supplementary
information. The compounds quantified in the hydroxylates have been previously identified by
other authors working on the hydrothermal depolymerisation of hemicellulose -4 The
presence of some C6 saccharides in the liquid product might be accounted for by the existence of
sugar impurities (largely glucooligosaccharides) in the original feedstock, which can be
hydrolysed and released to the solution during the microwave process.

The relative amounts of DP>6  xylooligosaccharides (DP>6-XOS), DP3-6
xylooligosaccharides (DP3-6-XOS), saccharides, carboxylic acids, ketones and furans vary as
follows: 75-100 C-wt.%, 0-10 C-wt.%, 0-1 C-wt.%, 0-5 C-wt.%, 0-12 C-wt.% and 0-12 C-wt.%,
respectively. Table 4 lists the relative influence of the operating variables on the chemical
composition of the liquid product according to the statistical analyses of the experimental data.
These analyses show that the temperature (first) and the reaction time (second) are the operating
variables with the highest influence on the relative amount of these species in the liquid product.
The initial xylan solid loading on its own does not exert a significant influence, however
significant interactions are detected for this variable with the temperature and reaction time. In
addition, significant interactions between the temperature and reaction time are also significant,
which denotes that the effect of the temperature depends on the reaction time and vice versa.
Figure 2 a, b and c plots the effects of the temperature on the relative amount of DP>6-XOS for a
low (5 wt.%) and a high (25 wt.%) initial solid (xylan) loading using a reaction time of 0, 30, and
60 min, respectively. These effects are shown for the proportions of DP3-6-XOS, saccharides,

carboxylic acids, ketones and furans in Figure 2 d-f, g-i, j-1, m-o and p-r, respectively.
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The effects of the temperature on the chemical composition of the liquid phase depend on the
reaction time and initial solid loading. For a very short reaction time (0 min), the feedstock
loading does not substantially influence the composition of the liquid product, and similar
evolutions with the temperature are observed regardless of the initial solid/water ratio used in the
experiments (5-25 wt.%). Specifically, the liquid phase obtained using a short reaction time is
largely made of DP>6-XOS, DP3-6-XOS and furans, the proportions of saccharides, carboxylic
acids and ketones in the liquid being lower than 2 C-wt.% in all the cases. At low temperature,
the liquid phase primarily is composed of DP>6-XOS due to the progressive depolymerisation of
hemicellulose. This implies a first sequential hemicellulose depolymerisation to XOS under
microwave heating, with a subsequent depolymerisation to water-soluble XOS without
significantly altering the monomeric units comprised in the core xylan original structure 2. The
temperature promotes such transformations due to its positive kinetic influence on
depolymerisation and hydrolysis reactions 34, As a consequence, the proportion of DP>6-X0OS
in the liquid product decreases with increasing the temperature between 140 and 175 °C;
temperature at which a trade off for these species is observed. The decrease occurring between
140 and 175 °C is accompanied with an increase in the proportion of furans, which accounts for
an increase in the formation of furfural from the acetyl groups bonded to the xylan polymeric
core structure 3-8,

A further increase in the temperature from 140 to 210 °C does not substantially modify the
proportion of DP>6-XOS in the liquid phase; however, the relative amount of DP3-6-XOS
increases while the proportion of furans decreases. The positive influence of temperature on the
hydrolysis and depolymerisation reactions not only increases the liquid yield and the proportion

of DP>6-XOS in the liquid, but also it promotes the subsequent transformation of these species
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into DP3-6-XOS. As a result of this compensation, a trade off is observed for the relative amount
of DP>6-XOS in the liquid product, while the relative amount of DP3-6-XOS increases. In
addition, the relative amount of furans in the liquid decreases, probably due to light oxygenates
transformating into gases under hydrothermal conditions '8-20-22,

Increasing the reaction time not only does modify the chemical composition of the liquid
phase, but also the effects the temperature and initial solid loading exert on the composition of
this fraction. The variations in the proportion of DP>6-XOS/DP3-6-XOS/saccharides/carboxylic
acids/ketones/furans when increasing the reaction time can be analysed by comparing Figure 2
a/d/g/j/m/p (0 min) with 2 b/e/h/k/n/q (30 min) and/or 2 c¢/f/i/l/o/r (60 min). The effect of the
reaction time depends on the temperature and initial solid loading. Between 140 and 175 °C, the
reaction time significantly influences the proportions of DP>6-XOS, DP3-6-XOS, saccharides
and furans; the relative amounts of carboxylic acids and ketones being negligible and unaffected.
Regardless of the initial solid/water ratio, an initial increase in the reaction time from 0 to 30 min
leads to decreases in the relative amounts of DP>6-XOS and furans. These decreases are
accompanied with a substantial and moderate increase in the proportion of DP3-6-XOS and
saccharides, respectively. The positive reaction time kinetic influence on the process is
responsible for such variations as the exposure to microwaves of the feedstock together with the
reaction intermediates/products increases. Therefore, the hydrolysis and depolymerisation
reactions take place to a greater extent, thus promoting the depolymerisation of DP>6-XOS into
DP3-6-XOS and saccharides as well as the subsequent transformation of furans into gaseous

compounds via decarboxylation and thermal decomposition reactions 3>37-3%,
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Figure 2. Interactions plots showing the influence of the temperature, reaction time and solid
loading on the chemical composition of the liquid phase: proportions of oligosaccharides DP>6
(a,b,c), oligosaccharides DP3-6 (d,e,f), saccharides (g, h, i), carboxylic acids (j, k, 1), ketones (m,
n, o) and furans (p, q, r). Bars are LSD intervals with 95% confidence.

20



At high temperature (175-210 °C), the same increase in the reaction time does not substantially
modify the relative amount of DP>6-XOS in the liquid due to the compensation between DP>6-
XOS production and depolymerisation as described earlier. Conversely, significant variations are
observed for the relative amounts of DP3-6-XOS, saccharides, carboxylic acids and furans. In
particular, the relative amounts of DP3-6-XOS and furans decrease; these variations being
accompanied with increases in the proportions of carboxylic acids or ketones due to the
progressive transformation of the former saccharides into the latter small oxygenates. While for a
low initial feedstock loading (5 wt.%), the relative amounts of DP3-6-XOS and furans decrease
at the expenses of an increase in the proportion of ketones, for a high solid loading (25 wt.%) the
proportion of carboxylic acid in the liquid increases. These variations modify the effects of the
temperature on the composition of the liquid phase for an intermediate (30 min) reaction time. At
low temperature, the effect of the solid loading is negligible. Regardless of the solid/water ratio,
an increase in the temperature between 140 and 175 °C decreases in the proportion of DP>6-
XOS and increases the relative amounts of DP3-6-XOS and saccharides due positive effect of the
temperature on depolymerisation reactions thus promoting the transformation of DP>6-XOS into

lower molecular weight XOS and saccharides 3¢ 40

. Within this temperature interval, the
proportions of carboxylic acids, ketones and furans, are negligible.

A further increase in the temperature up to 210 °C does not substantially modify the proportion
of DP>6-XOS, especially for a high initial solid loading. However, the relative amount of DP3-
6-XOS decreases and the proportions of saccharides and furans increase regardless of the initial
solid amount. Elevated temperatures and long reaction times promote hydrolysis reactions, thus

increasing the liquid yield and the proportion of DP>6-XOS in the liquid. In addition, this

positive kinetic effect also favours the subsequent transformation of DP>6-XOS into DP3-6-
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XOS, saccharides and small oxygenates. This seems to indicate that under microwave heating,
the first hemicellulose depolymerisation steps into XOS and soluble DP>6-XOS are the limiting
rate stages, while the subsequent fragmentation reactions into saccharides and light oxygenates
are much faster. Hence, it is very important to achieve an accurate process control to reach an
excellent compromise between DP>6-XOS production and degradation. Conversely, different
evolutions take place for the proportions of carboxylic acids and ketones. In particular, these
variations are accompanied with an increase in the proportions of ketones and carboxylic acids
for a low (5 wt.%) and a high initial solid loading (25 wt.%), respectively.

A subsequent increase in the reaction time from 30 to 60 min leads to different variations in
the liquid chemical composition depending on the temperature and initial solid/water ratio. At
low temperature (140-175 °C), the effect of the feedstock loading is relatively weak. The relative
amount of DP>6-XOS is not greatly modified, while the proportion of DP3-6-XOS and
saccharides decreases and increases, respectively. This suggests the transformation of the former
into the latter due to the positive kinetic effect of the reaction time on depolymerisation reactions
36,40 Tn addition, the relative amounts of carboxylic acids, ketones and furans do not increase
with time, and their proportion in the liquid is negligible, which might indicate that secondary
reactions are substantially inhibited when processing the material at low temperature 2°.
Conversely, at elevated temperature (175-210 °C), greater variations in the liquid composition
take place with increasing reaction time. Besides, the initial solid loading exerts a substantial
influence, with different developments occurring. On the one hand, for a low initial solid loading
(5 wt.%), increasing the reaction time from 30 to 60 min leads to a substantial reduction in the
proportion of DP>6-XOS along with a moderate increase in the proportion of saccharides,

without significantly modifying the relative amount of DP3-6-XOS. These variations produce a
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sharp increase in the proportions of ketones and furans due to the greater extension of secondary
decomposition reactions at high temperatures and long reaction times 2°. On the other hand,
when a concentrated suspension (25 wt.%) is used, the relative proportion of DP>6-XOS remains
relatively steady with increasing the reaction time from 30 to 60 min, as a lower organic/water
ratio hinders the extension of hydrolysis reactions. In addition, the proportion of carboxylic acids
increases, while the relative amounts of ketones and furans are not modified with this increase in
the reaction time.

These variations modify the effect of the temperature and solid/water ratio when a long
reaction time (60 min) is used. Specifically, increasing the temperature leads to a substantial
decrease in the relative amount of DP>6-XOS. This decrease is more pronounced than that
observed for shorter reaction times and, it depends on the initial solid loading when a
temperature higher than 175 °C is used. In addition, the maximum value reached for the relative
amount of DP3-6-XOS decreases with increasing the reaction time, since longer reaction times
favour the depolymerisation of these species towards the formation of saccharides. As a result,
the proportion of saccharides displays a pronounced increase between 140 and 175 °C and a
subsequent decrease between 175 and 190 °C. This is accounted for by the positive effect of the
reaction time on the process, which promotes saccharides formation at low temperature, but also
helps their decomposition if high temperatures are used *!. In addition, despite using a long
reaction time, the proportions of carboxylic acids, ketones and furans are very low (< 3 C-wt.%)
at low temperature (140 and 175 °C). However, increasing the temperature when a long reaction
time is used promotes the formation of these species, which is in agreement with the
decomposition occurring for the relative amount of DP>6-XOS, DP3-6-XOS and saccharides.

When a low initial solid amount is employed, the decrease observed for these compounds take
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place along with increases in the relative amounts of furan and ketones, while for a high solid
loading the relative amount of carboxylic acids increases; these differences being accounted for
by the different organics/water and organics/microwave power ratios used, as described earlier.
The effect of the solid/water ratio depends on the temperature and reaction time. In general, the
longer the reaction time, the greater is the influence of the solid loading on the composition of
the liquid phase. For a very short reaction time (0 min), the composition of the liquid phase does
not greatly depend on the solid loading. Conversely, increasing the reaction time significantly
modifies the effect of solid/water ratio on the chemical composition of the liquid phase.
Specifically, when an intermediate (30 min) reaction time is used, the effect of the solid loading
depends on the reaction temperature. While at temperatures lower than 175 °C the initial solid
loading does not exert a significant impact on the chemical composition, between 175 and 210
°C the solid/water ratio has a significant influence. An increase in the initial solid loading from 5
to 25 wt.% leads to increases in the proportions of DP>6-XOS, saccharides and carboxylic acids,
which results in a significant decrease in the relative amount of ketones. Moreover, the effect of
the solid loading becomes more important when the reaction time increases. As a result, when a
reaction time of 60 min is used, not only the effect of the solid loading is significant at lower
temperatures (than for a 30 min reaction time), but also more pronounced variations are
observed. Specifically, substantial increases in the proportions of DP>6-XOS, saccharides and
carboxylic acids take place along with substantial depletions in the relative amounts of ketones
and furans between 160 and 210 °C. These developments are presumably the result of the lesser
spread of hydrolysis and depolymerisation reactions due to the lower amount of water in the
reaction medium. This helps stop the process at earlier reaction stages, thus hampering the

extension of secondary reactions.
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Theoretical optimisation and energy and cost assessments

Three different optimisation scenarios were sought using the empirical correlations developed
from the statistical analysis of the results. The first and second optimisations are directed towards
the production of a liquid product containing a high concentration of XOS, thus maximising the
liquid yield and concentrations of DP>6-XOS and DP3-6-XOS as well as minimising the
presence of other species in the liquid product. The first scenario does not consider any
restrictions for the temperature, reaction time or solid loading, while for the second optimisation
the temperature and time are minimised and the solid loading maximised for energy saving
purposes. The third optimisation comprises the maximisation of the liquid yield without any
restriction in the chemical composition of the liquid product. For all the optimisations, the gas
and solid yields are also minimised to ensure the selective transformation of hemicellulose to
liquid products. Besides, a relative importance (from 1 to 5) has been assigned to each constraint
to come up with operating conditions meeting all the restrictions (Table 5).

Taking these restrictions into consideration, the optimum temperature range to selectively
convert hemicellulose into liquid soluble species is between 172 and 177 °C. A good
compromise (Opt. 1) between the liquid yield (81%) and XOS relative proportion (96 C-wt.%)
takes place at 172 °C using a solid loading of 5 wt.% for 47 min. Opt. 2 reveals that the reaction
time could be reduced and the solid/water ratio increased. In particular, a liquid product
containing a high concentration (97 C-wt.%) of XOS could be produced at 172 °C, using a 25
wt.% initial solid loading for 33 min. However, the liquid yield is reduced down to 51%. Opt. 3

reveals that the highest liquid yield occurs when a 5 wt.% solution is treated at 177 °C for 60
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min. Under these conditions, a relatively high XOS proportion (90 C-wt.%) XOS liquid product
is produced in a very high yield (99%).

When XOS are produced by water or stream treatment under conventional heating, a variety
of other compounds (impurities), such as monosaccharides, carboxylic acids (acetic acid), furans
(furfural) and ketones and lignin and proteins derived compounds appear in the reaction medium.
To produce food-grade XOS the liquid produced must be purified to remove such impurities,
leading to a commercial product with a XOS purity ranging from 75-95%. Therefore, the yields
and XOS purities achieved under optimum conditions in this work are much higher than those

8.2829.60-61 The purity of this

previously reported during the production of XOS from biomass
product might be increased with readily available technologies, including, solvent extraction and

precipitation, adsorption, chromatographic separation, and membrane technology (ultrafiltration

and nanofiltration).

Table 5. Optimisation: Restrictions and theoretical and experimental optimum values.

Optimisation 1 2 3

Objective Theoretical Exp. Objective Theoretical Exp. Objective Theoretical Exp.
Temperature (°C) none 172 Minimise (3) 172 none 177
Time (min) none 47 Minimise (3) 33 none 60
Solid loading (wt.%) none 5 Maximise (3) 25 none 5
Overall Product distribution
Gas yield (%) Minimise (3) 2+1.37 2.16 Minimise (3) 2.39+1.37 3.57 Minimise (5)  3+1.37 2.20
Liquid yield (%) Maximise (3) 81+3.97 81.22  Maximise (3) 43.14+3.97 44.50 Maximise (5)  9843.97 96.71
Solid yield (%) Minimise (3) 15+4.89 15.19  Minimise (3) 50.6344.89 51.93 Minimise (5) 1+4.89 1.09
Liquid composition (C-wt.%)
Oligosaccharides DP>6 ~ Maximise (5) 87.+0.78 87.03  Maximise (5) 89+0.78 89.17 none 84+0.78 83.73
Oligosaccharides DP3-6 ~ Maximise (5) 9+0.62 9.19 Maximise (5) 10£0.62 9.50 none 740.62 6.64
Saccharides Minimise (5) 0.4+0.01 0.42 Minimise (5) 0.3+0.01 0.33 none 1£0.01 0.76
Carboxylic Acids Minimise (5) 0.14+0.03 0.1 Minimise (5) 0.14+0.03 0.20 none 0.140.03 0.10
Ketones Minimise (5) 2.340.62 2.35 Minimise (5) 1+0.62 0.60 none 540.62 4.46
Furans Minimise (5) 1.840.88 1.81 Minimise (5) 1£0.88 0.20 none 5+0.88 4.38

An energetic assessment was conducted to assess the energy input and economic aspects of
the microwave process. The Energy consumption of the hydrothermal microwave reactions was

measured using an Energenie (ENE007) a power meter plugged between the reactor plug and the
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electric wall socked. To estimate the production cost, only the microwave reaction step, which is
considered the cost-limiting factor, was considered. Future work to assess the possibility of using
this microwave-assisted hydrothermal process at large scale should consider other factors such as
the costs of the feedstock, pre-processing and purification treatments. However, it is expected
that the high selectivity of microwave-assisted hydrothermal treatments towards the
depolymerisation of the hemicellulose fraction in lignocellulosic biomass, together with the
excellent process control of microwave heating, allowing the minimisation of impurities in the
XOS product, will help decrease the cost of the possible pre- and post-processing steps.

Under optimum conditions, the total electric energy required for running the microwave
reaction (including both electric energy to microwaves and microwaves to thermal energy) for
Opts. 1, 2 and 3 is 0.044 kWh (0.16 MJ), 0.038 kWh (0.14 MJ) and 0.08 kWh (0.29 MJ),
respectively. The theoretical energy to heat the feedstock (hemicellulose/water solution) up to
the operating temperature required (172-177 °C) is around 0.025 MJ, thus giving an energy
efficiency for the microwave process between 10 and 15%. However, it must be borne in mind
that heat losses might occur, as the microwave reactor used at this development stage (lab scale)
might not be completely adiabatic. As a result, extra consumption is necessary to provide the
microwave energy to keep up the temperature for the whole reaction time used in each
experiment to compensate for heat losses, thus decreasing the energy efficiency in comparison to
the theoretical value. In addition, lab scale microwaves run at 2.45 GHz, and consequently have
a low electrical efficiency, while industrial large-scale microwaves are capable of working at
much lower frequencies (from 896 to 922 MHz), which allows attaining electrical efficiencies

greater than 85% 3% 2, thus helping increase the overall energy efficiency.

27



Assuming an energy cost of around 0.16 €/kwh and taking into account the amounts of XOS
produced in Opts. 1-3, the total cost of the microwave reaction for the production of XOS from
hemicellulose is 4.40 €/kg XOS, 1.42 €/kg XOS and 6.50 €/kg XOS, respectively. The market
price for XOS ranges between 30 and 90 €/kg, depending on the purity. In this regard, it is
important to note that this controllable microwave XOS production process is still at bench-scale
and its competitiveness (<7 €/kg XOS) is thought to increase even more according to the scale-
up principle economic aspects, which clearly highlights the potential of this emerging
technology. In addition, the process is conducted only employing water as the reaction medium,
without any acid/basic catalysts, thus helping the production of a product suitable for human
consumption. Therefore, these promising results might represent a step-change towards an
economically competitive and environmentally friendly production of renewable based, food-

applicable prebiotics from biomass.

CONCLUSIONS

This work firstly addresses the microwave-assisted hydrothermal depolymerisation of beech
wood hemicellulose for the production of high purity, food-applicable xylooligosaccharides with
high potential to be used as natural and renewable prebiotics. A good compromise between
liquid yield (81%) and XOS purity (96 C-wt.%) was achieved at 172 °C using a solid loading of
5 wt.% for 47 min. In addition, at this temperature (172 °C), the reaction time could be reduced
(33 min) and the solid loading increased (25 wt.%), without substantially altering the purity of
the liquid XOS product (98 C-wt.%) at the expenses of liquid production (51%). Besides, these
liquid yields could be substantially increased using a reaction temperature of 177 °C and a 5

wt.% feedstock loading for 60 min. This allowed the solubilisation of 97% of hemicellulose into
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a liquid product, but decreased the XOS purity down to 90 C-wt.%. At optimum conditions, the
total electric energy required for running the microwave reaction varied between 0.038 kWh
(0.14 MJ) and 0.08 kWh (0.29 MJ). These different energy costs and the products yield achieved,
varied the XOS production costs between 1.42 and 6.50 €/kg XOS, thus clearly highlighting the

potential of this emerging technology.
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<\ Microwave heating

Hemicellulose Xylo-oligosaccharides

T=140-2109C Liquid yield = 50-99 %
t=0-60 min — XOS purity = 90 — 97 C-wt.%
Solid/H,0 =5 — 25 wt.% Optimisation Cost=2-7€/kg

Novel microwave-assisted hydrothermal process assessed and optimised for the production of

food-applicable prebiotic nutraceuticals from beech wood hemicellulose.
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