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Production of fermentable species by
microwave-assisted hydrothermal treatment of
biomass carbohydrates: reactivity and
fermentability assessments+

Javier Remon,
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@ and James H. Clark (2 *@

This work addresses and compares the production of fermentable species by microwave-assisted hydro-
thermal treatment of cellulose and hemicellulose (from lignocellulose) and alginic acid (from macro-
algae). A reliable reactivity comparison was established at different temperatures (160-210 °C), reaction
times (0 and 5 min) and solid/water mass ratios (1/20 and 1/10 g/g). The nature of the carbohydrates and
the hydrothermal conditions had a significant influence on the reactivity, which increased as follows: cell-
ulose < hemicellulose < alginic acid. The operating conditions did not influence the global conversion
obtained during hydrothermal treatment of cellulose. Conversely, the temperature and reaction time
played an important role when processing hemicellulose or alginic acid. In these two cases, increasing
the temperature and/or reaction time increased the overall conversion and liquid and gas yields. The
liquid hydrolysates were made up of a mixture of oligo-(DP 3-6 and DP > 6) and mono-/di-saccharides,
carboxylic acids, ketones and furans. While the chemical composition of the hydrolysates produced from
hemicellulose was not affected by the microwave operating conditions, the liquids having a high concen-
tration of DP > 6 oligosaccharides in all cases, the microwave conditions substantially influenced the
composition of the liquids produced from cellulose and alginic acid. The former contained high pro-
portions of oligosacharides and saccharides and the latter comprised water soluble DP > 6 oligomers/
oligosaccharides, saccharides, carboxylic acids and furans. The yeast Metschnikowia pulcherrima, pre-
viously demonstrated to be inhibitor tolerant and to metabolise a range of oligosacchaides, was used to
assess the fermentability of the liquid fraction. All the hydrolysates produced were fermentable; their
efficiency (standarised yeast biomass growth) decreasing as follows: cellulose (high/low saccharides/
inhibitors proportion) > hemicellulose (high/low oligosaccharides/inhibitors proportion) > alginic acid
(low/high saccharides/inhibitors proportion). Therefore, the promising results obtained in this work and
the intrinsic green nature of the process make this method a very promising route for biomass valorisa-
tion, which can help to enable the development of new thermochemical and biological linked routes.

produce fuels and chemicals is gaining increasing attention;’
one of the most suitable routes for biomass valorisation being

The development of alternative technologies and more sustain-
able strategies has become a very important issue to satisfy the
energy, chemicals and material consumption requirements of
the present petroleum-based society and the well-being of
future generations.” In this regard, the use of biomass to
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the exploitation of its carbohydrate content. Among the
different processes to produce sugars from biomass, micro-
wave-assisted hydrothermal depolymerisation is seen as a
promising alternative as it allows the conversion of the carbo-
hydrate content of biomass into fermentable sugar-rich
aqueous solutions.” In addition, sugar degradation takes place
to a lesser extent than when acid- or alkali-hydrolysis are
used®® and microwave-assisted hydrothermal depolymerisa-
tion is much faster than acid or enzymatic routes.>® The
process is flexible and can be used effectively for the pre-treat-
ment and/or upgrading of different biomasses, including both
second and third generations of biomass.””® The former com-
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prises non-edible lignocellulosic materials and waste residues,
largely consisting of cellulose, hemicellulose and lignin;'
while the latter involves micro- and macroalgal matter, which
is made up of active compounds such as proteins, nucleic
acids and lipids and carbohydrates such as cellulose, hemi-
cellulose and alginic acid.'""?

For the development and commercialisation of this route, it
is of paramount importance to achieve an optimum control of
the process in order to strike a good compromise between
sugar production and sugar degradation, as the latter leads to
the formation of fermentation inhibitors such as aldehydes,
carboxylic acids, ketones and furans.”>”® However, to the best of
the authors’ knowledge, little research has been conducted
addressing the hydrothermal treatment of the most abundant
carbohydrates; i.e. cellulose, hemicellulose and alginic acid,
especially comparing their reactivity when treated under the
same conditions. In addition, owing to the diverse biomass
composition, a reliable analysis of biomass carbohydrates is
very important to understand the behaviour of real biomass.

Rogalinski et al.'® studied cellulose decomposition under
standard hydrothermal conditions analysing the effect of the
temperature. 100% cellulose conversion was achieved within
2 minutes in a batch reactor at 280 °C. They found that rapid
heating is crucial to avoid secondary degradation reactions.
Sasaki et al.'* analysed the relationship between the cellulose
hydrolysis rate and glucose decomposition and concluded that
below 350 °C the cellulose hydrolysis rate was lower than
glucose decomposition rate. Kamio et al.'® reported that cell-
ulose hydrolysis drastically increased above 240 °C and that
the hydrolysis reaction started by an initial formation of oligo-
saccharides, which were subsequently converted into mono-
saccharides and secondary products. Mok and Antal'® reported
complete hemicellulose solubilisation when different bio-
masses were treated at 230 °C and 34.5 MPa for 2 minutes.
Sasaki et al.'* analysed the decomposition of xylose at temp-
eratures between 360-420 °C and pressures comprising 25 and
40 bar using very short reaction times (0.02-1 s). They found
that the retro-aldol condensation reaction was one of the most
important reactions. Jeon et al.'' analysed the hydrothermal
treatment of alginic acid, examining the effect of the reaction
time (0-40 min) and temperature (160-220 °C) using various
metal cations. Furfural was the major reaction product, its
yield initially increased with time and then decreased due to
the conversion of furfural to humins and/or organic acids. The
same authors'? reported a maximum furfural yield occurring
when 0.5 wt% alginic acid was hydrothermally treated with
600 mg of a Amberlyst-15 catalyst at 180 °C for 30 minutes.

The use of microwave heating has recently appeared as a prom-
ising alternative for the selective and controllable pre-treatment of
biomass. Several processes have been addressed for biomass
pyrolysis,”*’>*  hydrothermal depolymerisation,'”8222>730
fractionation and solvolysis.'®*'*® Microwave heating is based
on the high frequency rotation of polar molecules, which pro-
duces a quicker and higher heating of the species with high
polarity.'” 1937273339 Ag lignin has a lower polarity than cell-
ulose and hemicellulose, it is less active during microwave
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heating. This allows the solubilisation of the carbohydrate
content of the biomass without significantly solubilising the
lignin fraction.>**° This minimises the presence of lignin-
derived inhibitors in the hydrolysate. However, it must also be
borne in mind that the intensive hydrogen bonds within the
cellulose structure together with its high crystallinity hinder
the depolymerisation of cellulose®** during microwave
heating, which also decreases the reactivity of this carbo-
hydrate in comparison to hemicellulose or alginic acid.
However, a possible solution when working with ligno-
cellulosic biomass might be the addition of a catalyst, such as
acetic acid, which allows the solubilisation of the cellulose and
hemicellulose without dissolving its lignin content.’® Then,
acetic acid could be separated from the hydrolysate prior to fer-
mentation and used again in further reactions.’® In addition,
as water is highly effective in microwave energy absorption, the
combination of hydrothermal conditions together with micro-
wave assisted heating might result in a very promising techno-
logy to achieve a selective and controllable production of sac-
charide-rich aqueous solutions from biomass.

However, publications addressing the use of microwaves to
achieve hydrothermal conditions for the depolymerisation of
biomass carbohydrates are rare. Fan et al>® addressed the
microwave-assisted depolymerisation of cellulose between 150
and 270 °C, making comparison between microwave and con-
ventional heating. Higher process efficiency, controllability
and sugar selectivity were achieved with the microwave-
assisted method than with the conventional hydrothermal
treatment. In addition, the liquids produced with microwave
heating had a higher sugar/inhibitors ratio along with a par-
ticularly high glucose selectivity. Jiang et al.** analysed the
microwave-assisted, NaCl catalysed, hydrothermal depolymeri-
sation of xylo-oligomers, examining the effect of the tempera-
ture (140-200 °C) and reaction time (0-60 min). An increase in
the temperature and/or reaction time increased the depolymer-
isation rate and the concentration of sugars in the hydrolysate.
Wang et al.** analysed the production of value-added products
from alginic acid using different copper salts in various
aqueous biphasic systems at 200 °C for a reaction time as
short as 1 min. They reported furfural yields ranging from 28
to 31% at optimum operating conditions.

These publications provide valuable insights into the
behaviour of different biomass structural components alone.
Nonetheless, since different reactors, heating mechanisms and
operating conditions were used, the comparison between the
reactivity of the different carbohydrates when subjected to
hydrothermal conditions is unreliable. Furthermore, the feasi-
bility of using these liquids in subsequent fermentation pro-
cesses was not addressed. Herein, this work addresses the
microwave-assisted hydrothermal treatment of cellulose, hemi-
cellulose and alginic acid for the production of saccharide-rich
solutions. The reactivity of the biomass carbohydrates and the
fermentability of the liquids produced were thoroughly ana-
lysed. In the reactivity analyses, the influence of the tempera-
ture, reaction time and solid to water ratio was investigated on
the yield and chemical composition of the liquids produced.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8gc02182a

Open Access Article. Published on 06 September 2018. Downloaded on 3/16/2026 11:54:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

In addition, the effects of the carbohydrates nature and hydro-
lysates chemical composition on the fermentation results was
investigated using the robust yeast Metschnikowia pulcherrima
(MP). This yeast was selected due to its ability to metabolise a
wide range of mono-/di-saccharides and water-soluble oligo-
saccharides. In addition, it also possesses a high tolerance to
inhibitors, such as furfural, 5-HMF and organic acids. One of
the products that MP is capable of producing is 2-phenyl-
ethanol, a high value fragrance molecule.*®

The fact that the reactivity of the most representative
biomass carbohydrates when subjected to the same hydro-
thermal treatment (conventional or microwave-assisted) has
never been compared under the same conditions before
demonstrates, along with the fermentability analyses con-
ducted examining the effects of the chemical composition of
the liquids on the fermentation results, that this work rep-
resents a novel and challenging investigation in this field sup-
porting the development of new thermochemical and biologi-
cal integrated routes.

2. Experimental
2.1 Materials

Cellulose and alginic acid were purchased from Sigma Aldrich.
Xylan extracted from beech wood (cell wall polysaccharide,
>90% xylose residues), purchased from Serva
Electrophoresis GmbH. All the carbohydrates were used as
received.

was

2.2 Microwave experiments

The effects of the temperature (160-210 °C), reaction time (0
and 5 min) and solid/water (S/W) ratio (1/20 and 1/10) were
analysed and compared for cellulose, hemicellulose and
alginic acid. A temperature lower than 220 °C and a time
shorter than 5 min were used in order to study the reactivity of
these carbohydrates under conditions at which the depolymer-
isation of the carbohydrate fraction is preferential over the
lignin fraction to gain useful insights for future investigations
with real biomass. In addition a holding time of 0 min (ie.
only the 15 min of ramping time needed to reach the reaction
temperature) was also analysed to study the effect of the
heating-up step. The experiments were carried out in a
CEM-Mars microwave system using a 70 mL scale PrepPlus®
reactor copped with a fibre optic temperature sensor. For the
microwave experiments, different amounts of solid (cellulose,
hemicellulose or alginic acid) together with water (40 mL) were
loaded into the microwave reactor depending on the solid/
water ratio used in each experiment. Then the reactor was
closed and placed inside the microwave unit. A ramping time
(time to reach the reaction temperature) of 15 min was used
for all the experiments. After reaction, the reaction mixture
was cooled to room temperature by CEM-Mars default pro-
gramme, centrifuged, and the solid residue (pellet) was iso-
lated and dried (105 °C). The resultant solid (pellet) and the
supernatant (hydrolysate) were stored for further analyses.

This journal is © The Royal Society of Chemistry 2018
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2.3 Fermentation

Inoculum cultures for M. pulcherrima were prepared by cultur-
ing in 10 mL SPME media (soy peptone: 30 g L™'; malt extract:
25 ¢ L") and 10 mL YPD media (yeast extract: 10 g L™
peptone: 20 g L™'; glucose: 20 ¢ L") and incubated at 20 °C
using an agitation speed of 180 rpm for 24 h. The hydrolysates
from the microwave processing stage were filtered, adjusted to
pH 4 (be means of a 2 mol L™" NaOH solution) and diluted
1:2 with a salt solution. This salt solution was made up of
KH,PO, 2 g L™'; MgS0,-7H,0 0.376 g L™"; MgCl,-6H,0 2.16
g L' ZnSO4-7H,0 0.04 g L™, (NH,),SO4 0.126 g L™"; NH,CI
0.708 g L™'; yeast extract 2.00 g L™"; CaCl,-2H,0 0.300 g L™,
tartaric acid 30.0 g L™". Cultures of 1 mL were inoculated with
25 pL of inoculum in 24-well plates and incubated at 180 rpm
at 20 °C for 168 h. Throughout the fermentation the growth of
the cultures was estimated for absorbance at 600 nm and the
biomass was recovered by centrifugation in 1.5 Eppendorf
tubes (10000 rpm, 5 min). The supernatant and the pellets
were stored separately at —20 °C for further analyses.

2.4 Response variables, analytical methods and statistical
analyses

Several response variables were used to analyse the effect of
the microwave operating conditions on the process (Table 1).
These include the overall carbohydrate conversion, the gas and
liquid yields, the liquid carbon efficiency (C-wt%) and the
chemical composition (in carbon basis, C-wt%) of the hydroly-
sates. The gas phase composition could not be measured, as
the reactor system is not designed for gas analysis. In addition,
the biomass growth and 2-PE yield produced during fermenta-
tion were used to study the suitability of the liquid samples for
fermentation. The liquid phase (hydrolysate) was analysed by
High-Performance Liquid Chromatography (HPLC) and Total
Organic Carbon (TOC). The HPLC analyses were conducted
using an Agilent 1260 apparatus fitted with an Infinity II RI
Detector using two different columns. Sugars and carboxylic
acids were determined with an Agilent Hi-Plex H (7.7 x
300 mm, 8 um (p/n PL1170-6830) column, using a 0.005 M
H,SO, solution as the mobile phase. Mono-/di-saccharides
include cellobiose, xylose, glucose, fructose, mannose, arabi-
nose, rhamnose and levoglucosan. Oligosaccharides comprise
DP 2-6 cellu- and xylo-saccharides: cellobiose and xylobiose
(DP2), cellotriose and xylotriose (DP3), cellotetraose and xylo-
tetraose (DP4), cellopentaose and xylopentaose (DP5) and
cellohexaose and xylohexaose (DP6). The proportion of DP > 6
oligomers was estimated as the difference between the total
amount of carbon in the solution determined by TOC and the
total amount of carbon quantified by HPLC. It is believed that
the vast amount of this unidentified carbon is accounted for
by high molecular weight oligomers produced during the
depolymerisation, although other species such as humins
could slightly contribute to this fraction. Carboxylic acids com-
prise lactic, formic, levulinic, acetic, guluronic, and mannuro-
nic acids. Besides, an ACE C18 (250 x 4.6 mm, 5 um particle
size) column was used to determine the amounts of ketones

Green Chem., 2018, 20, 4507-4520 | 4509
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Table 1 Response variables. Definitions and analytical techniques used in their determination

Product Response variable Analytical method
initial f solid — final f solid . .
Solid Carbohydrate conversion (%) = Initial mass _0 .s.o id (g) 1.na mass of 0T . 100 Gravimetric
initial mass solid (g)
f solid aft ti
Residual Solid yield (%) = mass.O. ,SO 1€ atet rf:ac ion (g) x 100 Gravimetric
initial mass solid (g)
Gas Gas yield (%) = — .mass £as (g) x 100 Gravimetric (reactor mass balance)
initial mass solid (g)
f liquid product
o Liquid yield (%) = o> O (UL PTOCHCLS ®) 100 o ‘
Liquid initial mass of solid (g) Gravimetric (mass difference)

=100 — Gas yield (%) — Solid yield (%)

mass of C in the liquid (g)

X 100

Liquid C efficiency (%) =

Composition (C-wt%) =

initial mass of C in the solid (g)

mass of C of each compound

total mass of C in solution

biomass produced (g L™)

TOC and elemental analysis

100 HPLC and TOC

x 100

Fermentation Biomass yield (wt%) =

Fermentation 2PE yield (wt%) =

solubilised material (g L™1)

2PE produced (g L)

Optical density

x 100 GC-FID

and furans (levoglucosenone, 5-HMF and furfural, respect-
ively), employing an acetonitrile/water (25/75, vol/vol) solution
as the mobile phase. A liquid flow rate of 0.8 mL min™" was
used for both columns. TOC analyses were conducted in a
Vario TOC Cube Analyser. FTIR data was produced using a
PerkinElmer FTIR/FTNIR Spectrum 400 analyser. The spectra
were acquired between 700 and 4000 cm™' with steps of
2cm™ . Optical Density (absorbance at 600 nm using a correc-
tor internal factor) was used to estimate the biomass yeast
growth. GC-FID was used for the quantification of the 2-PE.
One-way analysis of variance (one-way ANOVA) with the mul-
tiple range Fisher’s least significant difference (LSD) test, both
with a significance level of 0.05, were used to evaluate the
influence of the carbohydrate type, temperature, solid/water
ratio and reaction time on the process. In the figures, these
effects have been graphically represented for different temp-
eratures (160, 190 and 210 °C) using two different reaction
times (0 and 5 min) for a S/C ratio of 1/20. In addition, the
effect of the S/C ratio has been plotted at different tempera-
tures (160, 190 and 210 °C) for a reaction time of 0 min. The
results of the ANOVA analyses are provided as p-values.
P-Values lower than 0.05 indicate that at least two values are
significantly different. Furthermore, the LSD test was used to
compare pairs of data. The results of the LSD tests are pre-
sented graphically in the form of LSD bars. To ensure signifi-
cant differences between any pair of data, their LSD bars must
not overlap. A multivariate analysis by means of Spearman’s
test was conducted to find evidence for the relationships
between the chemical composition of the hydrolysates and the
fermentation results. In addition, the fermentation results
were correlated to the chemical compositions of the hydroly-
sates using statistical linear additive models with 2 level linear
interactions. The Akaike Information Criterion (AIC) was used
to choose the best model. The AIC is intended to help select

4510 | Green Chem., 2018, 20, 4507-4520

solubilised material (g L)

the best model from among several competing models. This
model should strike a balance between fitting the data well
and using only a few parameters, allowing the identification of
the chemical compounds and interactions with the highest
probability of being responsible for the different fermentability
of the hydrolysates.**™*® Then, the relative influence (positive
and negative) of these species was calculated using the Cause-
Effect Pareto Principle. More information about these statisti-
cal tools can be found in the ESIL.}

3. Results and discussion
3.1 Global conversion and yields to gas and liquid products

Fig. 1 shows the overall carbohydrate conversion, the liquid
and gas yields and the liquid C efficiency obtained during the
microwave-assisted experiments. The statistical analysis reveals
significant differences between the results obtained in the
experiments (p-values < 0.001). In addition, the Fisher’s LSD
test shows that both the type of carbohydrate and the operat-
ing conditions (temperature, time and S/W ratio) exert a sig-
nificant influence on the process with 95% confidence. This
indicates that the carbohydrates tested in this work have
different reactivities when subjected to microwave heating.
Cellulose displays a very low reactivity. In particular, gas for-
mation is negligible and the overall carbohydrate conversion
and liquid yield and C efficiency are lower than 10% in all the
cases. This is the consequence of the relatively low tempera-
ture and short reaction times used in the experiments. Under
these conditions, only the amorphous part of cellulose
(around 10 wt%) is solubilised in the liquid when subjected to
microwave-assisted hydrothermal treatment.>”
hemicellulose and alginic acid show a much higher reactivity
under the same experimental conditions and the operating

Conversely,

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8gc02182a

Open Access Article. Published on 06 September 2018. Downloaded on 3/16/2026 11:54:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

a)
100+ Cellulose Hemicellulose E3 Alginic Acid
= \
S 804 B §
2 N \
=1 8 B | . \
§o1 M NEL N \ \
Qo 157
= N N N
* \ N \
=] T \
o N N /N
T=160°C T=190°C T=210°C T=160°C T=190°C T=210°C T=160°C T=190°C T=210°C
SIW=1/20 S/W=1/20 SIW=1/20 S/W=1/20 SIW=1/20 S/W=1/20 SIW=1/10 SIW=1/10 SW=1/10
t=0min t=0min t=0min t=5min t=5min t=5min t=0 min t=0min t=0 min
c) d
35 Cellulose Hemicellulose E3 Alginic Acid
30+
X 254
T 204
2
> 15+
[}
& 104
5
o

T=160 °C T=190 °C T=210°C T=160°C T=190°C T=210°C T=160°C T=190 °C T=210°C
S/W=1/20 S/W=1/20 S/W=1/20 S/W=1/20 S/W=1/20 S/W=1/20 S/W=1/10 S/IW=1/10 S/W=1/10

t=0min t=0min t=0min t=5min t=5min t=5min t=0 min t=0 min =0 min

View Article Online

Paper

100 Cellulose Hemicellulose E3 Alginic Acid
__ 80
% \& =N \
= L F R sl TR DR
S 159
3 N N N
5 101 § ,§ §
5 N \ N

T=160°C T=190°C T=210°C T=160°C T=190°C T=210°C T=160 °C T=190 °C T=210°C
S/W=1/20 S/W=1/20 S/W=1/20 S/IW=1/20 S/W=1/20 S/W=1/20 S/IW=1/10 S/IW=1/10 S/IW=1/10
t=0min t=0min t=0min t=5min t=5min t=5min t=0 min t=0 min t=0 min
Hemicellulose

Cellulose E3 Alginic Acid

-

°

=3
1

o @«
S o
I 1

8
I
Y.

20+

Y2222

Liquid C efficiency (%)

T=160 °C T=190 °C T=210°C

T=190°C T=210°C T=160°C T=190°C T=210°C
S/W=1/20 S/W=1/20 S/W=1/20 S/W=1/20 S/W=1/20 S/W=1/20 S/W=1/10 S/W=1/10 S/IW=1/10

T=160 °C

t=0min t=0min t=0min t=5min t=5min t=5min t=0min t=0 min t=0 min

Fig. 1 Microwave-assisted hydrothermal depolymerisation results. Carbohydrate conversion (a), liquid yield (b), gas yield (c) and liquid carbon
efficiency (d). Bars are Fisher's least significant difference (LSD) intervals with 95% confidence.

conditions exert a statistically significant influence on the
hydrothermal treatment of hemicellulose and alginic acid and
different outcomes are observed. For hemicellulose, an
increase in the temperature between 160 and 210 °C leads to
an increase in the overall carbohydrate conversion and liquid
yield and C efficiency regardless of the S/W ratio or reaction
time. An increase in the temperature positively influences the
kinetics of the process.” Under conventional hydrothermal
treatment, hemicellulose depolymerisation starts at around
170 °C;* however, conversions higher than 50 wt% take place
using microwave-assisted hydrothermal depolymerisation,
thus highlighting the efficiency of microwave heating for the
hydrothermal conversion of biomass.'®**?*>*° The effect of the
reaction time depends on the temperature. In particular, an
increase in the reaction time from 0 to 5 min increases the
overall carbohydrate conversion and the liquid yield when
temperatures between 190 and 210 °C are used due to the
longer exposure of the material to microwaves. In these cases,
the higher the temperature, the greater is the positive effect of
the reaction time on the process. An increase in the tempera-
ture exerts a positive kinetic effect on the process and there-
fore, lower reaction times are needed to achieve the same level
of conversion. This relationship between the temperature and
the reaction time was defined as severity (temperature x time)
in the work of Prado et al.* They also found that an increase in
temperature shifted the maximum liquid yield towards a lower
residence time due to the decrease in the severity of the
process. It is also important to note that gas formation is very
low (<5%) in all the cases; thus maximising the selectivity
towards liquid production. The highest gas production takes
place when elevated temperatures (>190 °C) along with either
long (5 min) reaction times or low S/W ratio are used. These
conditions can promote decarboxylation reactions leading to

This journal is © The Royal Society of Chemistry 2018

gas formation.”®”" In general the S/W ratio does not signifi-

cantly influence the overall carbohydrate conversion. An excep-
tion to this occurs when high temperature and low S/W ratios
are used. These conditions produce a small decrease in the
liquid yield due to the increase occurring in the gas yield.

As regards alginic acid depolymerisation, an initial increase
in the temperature from 160 to 190 °C increases the carbo-
hydrate conversion; however, a further increase up to 210 °C
leads to decrease in the conversion regardless of the S/W ratio
or reaction time. While the initial increase with the tempera-
ture is the consequence of the positive kinetic effect of this
variable on the process as described earlier,’ the subsequent
decrease is accounted for by the formation of solid species,
such as char and humins, at high temperature.’>>* The for-
mation of these macromolecules can occur from the furans
produced during the decomposition of alginic acid via aldol
addition followed by condensation or polymerisation.> '
Therefore, as the overall solid conversion was calculated by
mass difference, an increase in the formation of these in-
soluble solid compounds produces an “artificial” decrease in
this value. The effect of the S/W ratio and reaction time on the
overall conversion depends on the temperature. While an
increase in either the time or S/W ratio does not influence the
overall conversion at 160 °C, a decrease is observed between
190 and 210 °C due to the formation of humins when high
temperature or long reaction times are used.”>>*

The operating conditions also have a significant influence
on the liquid yield and liquid C efficiency. In particular,
regardless of the S/W ratio, an increase in the temperature
when a very short (0 min) reaction time is used has the same
consequences for the liquid yield and C efficiency as those
described above for the overall conversion; ie. an initial
increase between 160 and 190 °C followed by a subsequent

Green Chem:., 2018, 20, 4507-4520 | 4511
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decrease between 190 and 210 °C. However, an increase in the
reaction time from 0 to 5 min statistically decreases the liquid
yield and C efficiency and modifies the effect of the tempera-
ture on this variable. For a 5 min reaction time, an increase in
the temperature from 160 to 210 °C leads to a progressive
depletion in the liquid yield and C efficiency. This decrease is
the consequence of the increase in gas production and solid
formation when high temperatures and long reaction times
are used.” Therefore, gas and solid formation results in lower
liquid yields. In particular, at medium temperature (190 °C),
the decreases in the liquid yield and C efficiency are accounted
for by gas formation,” while at high temperature (210 °C) solid
formation is responsible for the decrease observed in the
liquid yield.”>* The effect of the S/W ratio on the depolymeri-
sation of alginic acid depends on the temperature. At 160 °C
the S/W ratio does not have a significant influence, while an
increase in the S/W ratio from 1/20 to 1/10 decreases the
overall alginic acid conversion between 190 and 210 °C. This
lower overall conversion is the consequence of the greater gas
production and solid formation occurring when long reaction
times and high temperatures are used. An increase in the S/W
ratio increases the solid/microwave ratio; thus increasing the
severity of the process. This shifts alginic acid decomposition
towards the formation of final products; ie. humins and
gases.

Gas formation is substantial during the hydrothermal treat-
ment of this carbohydrate and gas yields as high as 30% are
obtained in some cases. This is in good agreement with the
reaction pathway shown in Fig. S1.7 For this carbohydrate,
sugars production implies gas formation via decarboxylation.
This is in good agreement with the lower C efficiency of alginic
acid than that of hemicellulose due to the much lower C
content in the liquids produced from the former than from
the latter due to the formation of CO, via decarboxylation. For
a 0 min reaction (i.e. only the 15 min ramping without
holding), regardless of the S/W ratio, an increase in the temp-
erature from 160 to 210 °C lead to a substantial increase in the
gas yield. In these cases, the effect of the S/W ratio is not very
important. Though, the reaction time has a more important
influence on gas formation; an increase from 0 to 5 min sub-
stantially increases gas formation, especially at medium temp-
eratures. In these cases, an increase in the residence time
shifts the reaction towards the formation of low oxygen
content liquid products, which are easily converted into gases
under the conditions used in this work. This increase occur-
ring when the reaction time increases from 0 to 5 min is less
pronounced at 210 °C than at 190 °C. For a 5 min reaction an
increase in the temperature from 190 °C to 210 °C leads to a
substantial decrease in gas formation due to the formation of
solid products; i.e. humins and char, when high temperatures
and long reaction times are used.”>>*

With respect to carbohydrates reactivity, it increases as
follows: cellulose < hemicellulose < alginic acid. However, and
very importantly, the higher reactivity of alginic acid than that
of hemicellulose does not produce higher liquid (hydrolysate)
yield under some conditions due the substantial formation of

4512 | Green Chem., 2018, 20, 4507-4520
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gas and solid products during the hydrothermal treatment of
alginic acid. This different reactivity is the consequence of the
different structure of these carbohydrates, which results in
different behaviours when subjected to microwave heating.
The greater proportion of side-groups, the less uniform struc-
ture, and lower polymerisation degree of hemicellulose and
alginic acid than cellulose'® are the major factors responsible
for the different reactivity of these carbohydrates. In addition,
the acidic functionalities of alginic acid, and the high for-
mation of acids, can promote the autocatalytic depolymerisa-
tion of this carbohydrate.

3.2 Chemical composition of the liquids

The liquid product (hydrolysate) consists of a mixture of oligo-
(DP 3-6 and DP > 6) and mono-/di-saccharides, carboxylic
acids, ketones and furans. Mono-/di-saccharides include cello-
biose, xylose, glucose, fructose, mannose, arabinose, rham-
nose and levoglucosan. Carboxylic acids comprise lactic,
formic, levulinie, acetic, guluronic, and mannuronic acids.
Ketones and furans are made of levoglucosenone, 5-HMF and
furfural, respectively. The presence of these compounds in the
liquids is in good agreement with the reaction pathways
shown in Fig. S1.T The chemical composition in carbon basis
(C-wt%) of the hydrolysates produced during the hydrothermal
treatment of cellulose (a and b), hemicellulose (c and d) and
alginic acid (e and f) is shown in Fig. 3. The statistical analysis
of the results by means of the ANOVA and Fisher’s LSD tests
reveals significant differences between the results obtained in
the experiments (p-values < 0.001). The type of carbohydrate
and the operating conditions exert a significant influence on
the chemical composition of the liquids.

As regards the chemical composition of the hydrolysates
produced from cellulose, DP > 6 oligosaccharides are the most
abundant species in the liquid phase, followed by monosac-
charides (largely glucose, fructose and mannose) and in much
lower proportions furans, carboxylic acids and ketones. While
the operating conditions exert a statistically significant influ-
ence on the proportions of oligo- and monosaccharides, the
concentrations of furans, carboxylic acids and ketones are not
significantly affected. In addition, the proportions of these
latter compounds are lower than 8 C-wt% in all cases. This
suggests that the secondary reactions leading to the formation
of these compounds did not occur to a great extent, thus high-
lighting the good selectivity and controllability of microwave-
assisted heating.>® Regardless of the other conditions, an
increase in the reaction time decreases DP > 6 oligosaccharides
and increased mono- and disaccharides, as a proportion in the
liquid, respectively. This supports the evidence that the vast
amount of the unidentified C accounts for the formation of
DP > 6 Oligossacharides. An increase in the temperature pro-
motes a further development of the hydrolysis reactions; thus
leading to the progressive depolymerisation of the DP > 6
oligosaccharides fraction into DP 3-6 oligosaccharides, disac-
charides and monosaccharaides.” In addition, these reactions
are intensified by the reaction time and a greater decrease in
the proportions of DP > 6 oligosaccharides occurs when the

This journal is © The Royal Society of Chemistry 2018
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temperature is increased from 160 to 190 °C for a 5 min reac-
tion than for a 0 min reaction. This is a consequence of the
positive effect that the reaction time and the temperature
exerts on the kinetics of the process.* Furthermore, the
increases occurring for the proportions of DP 2-6 oligosacchar-
ides and saccharides are also intensified. As a result of this,
the liquid has a relatively high proportion of saccharides when
high temperatures and long reaction times are used.

The S/W ratio has a much lower, although significant, influ-
ence on the proportions of oligosaccharides, disaccharides
and monosaccharides. Specifically, an increase in the S/W
ratio from 1/20 to 1/10 decreases the concentration of DP > 6
oligosaccharides and increases the concentration of DP 2-6
and mono-/di-saccharides. An increase in the S/W ratio
increases the solid/microwave energy ratio; thus augmenting
the amount of microwave energy which is effectively absorbed
by the species solubilised in the liquid fraction. This develop-
ment promotes a further extension of the hydrolysis and de-
polymerisation reactions, thus increasing the amount of
monosaccharides in the solution.

With respect to hemicellulose, the liquid phase contains a
great proportion of DP > 6 oligosaccharides (>90 C-wt%). In
addition, the operating conditions do not exert a significant
influence on the composition of the liquid phase in most of
the cases. One exception occurs when a long reaction time
(5 min) or high temperatures are used. In this case, an
increase in the temperature from 190 to 210 °C slightly
decreases the proportion of DP > 6 oligosaccharides and
increases the proportion of saccharides. Therefore, at 210 °C,
an increase in the reaction time from 0 to 5 min leads to a
decrease in the proportions of DP > 6 oligosaccharides and an
increase the proportion of saccharides. These variations are
accounted for by the positive kinetic effect of the reaction time
on the depolymerisation and hydrolysis reactions at high
temperature.® The proportions carboxylic acids, furans and
ketones are very low (<5 C-wt%). For these latter compounds,
neither the temperature nor the reaction time or the S/W ratio
exerts a significant influence on their concentrations. These
developments suggest that under the operating conditions
tested in this work, the initial depolymerisation of hemi-
cellulose into soluble oligosaccharides might be faster than
their subsequent decomposition of into monosaccharides and
organic compounds, such as furans and carboxylic acids. This
allows a good balance between monosaccharide production
and degradation to be achieved; which is of paramount impor-
tance for the production of a fermentable broth.

The liquid phase produced from alginic acid is made up of
a complex mixture of several organic compounds. Not only sac-
charides, but also products from secondary reactions, such as
carboxylic acids and furans which are present in high quan-
tities in the hydrolysates. In addition, and unlike what was
described for cellulose and hemicellulose, the operating con-
ditions play a very important role in the chemical composition
of the hydrolysates. Regardless of the S/W ratio (1/20 or 1/10),
at low temperature and short reaction time (160 °C and
0 min), the liquid phase contains a high proportion of DP > 6

This journal is © The Royal Society of Chemistry 2018
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oligomers/oligosaccharides, DP 3-6 oligosaccharides, disac-
charides and monosaccharides; the total concentration of car-
boxylic acids, furans and ketones being quite low (<15 C-wt%).
At low temperatures, the process is not shifted towards the pro-
duction of low oxygen content liquid products due to the very
short reaction time used in this work (<5 min) and therefore,
the production of secondary products does not occur to a great
extent.

Though, an increase in the temperature promotes the
hydrolysis and depolymerisation reactions, which results in
different evolutions for the chemical composition of the
liquids depending on the S/W ratio and the reaction time. For
a low S/W and short time (1/20 and 0 min), the composition of
the liquids depends on the temperature with different trends
being observed. On the one hand, the relative amounts of DP
2-6 saccharides and ketones decreases and increases, respect-
ively, when the temperature increases from 160 to 210 °C.
However, the concentration of ketones is very small and this
variation is not very important from a practical point of view.
On the other hand, maxima and minima occur for the pro-
portions of DP > 6 oligomers/oligosaccharides, di-/monosac-
charides, carboxylic acids and furans. Between 160 and 190 °C,
the proportion of DP > 6 oligomers/oligosaccharides decreases,
while concentrations of monosaccharides, carboxylic acids and
furans increase. Conversely, between 190 and 210 °C, the con-
centration of DP > 6 oligomers/oligosaccharides increases and
the proportions of monosaccharides, carboxylic acids and
furans decrease. The positive kinetic effect of the temperature
promoting a further development of the hydrolysis reactions
accounts for the progressive transformation of DP > 6 oligo-
mers/oligosaccharides into guluronic/mannuronic acids and
DP 2-6 saccharides into monosaccharides between 160 and
190 °C. A further increase in the temperature up to 210 °C
shifts the process towards the formation of liquid end pro-
ducts such as furans and short chain carboxylic acids.'™'***
This is in good agreement with the increase observed in gas
production and the decrease in the relative amount of car-
boxylic acids in the liquid. This decrease for carboxylic acids is
accounted for by the lower proportion of guluronic and man-
nuronic acids in the hydrolysates as well as for the transform-
ation of some of the organic species into gases. This also
explains the small increase occurring for the proportion of DP
> 6 oligomers/oligosaccharides in the liquid (Fig. 2).

The S/W ratio also exerts a significant influence. Precisely,
an increase from 1/20 to 1/10 modifies the effect of the temp-
erature on the process. For a S/W ratio of 1/10 the proportion
of DP > 6 oligomers/oligosaccharides is not substantially
affected by the temperature and the liquid has a high concen-
tration of these compounds (around 50 C-wt%) in all the
cases. Increasing the temperature from 160 to 210 °C
decreases the concentrations of DP 2-6 saccharides and car-
boxylic acids and slightly increases the relative amounts of
furans and ketones. These variations are caused by the higher
solid/microwave energy ratio occurring when the S/W ratio
increases, which promotes the advancement of the reactions
occurring in the liquid phase towards the formation of car-
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alginic acid (e and f). Bars are least significant difference (LSD) intervals with 95% confidence.

11,12,44 The decrease observed for the

amounts of guluronic/mannuronic acids is higher than the
increase occurring in the proportion of formic acid, and there-
fore, the total amount of carboxylic acids in the liquid
decreases. In addition, the positive effect of the S/W ratio,
leading to a greater advancement of the chemical reactions
taking place in the liquid phase, correlates well with the
increase observed in the proportion of furans.

The effect of the reaction time strongly depends on the
temperature. At 160 °C, an increase in the reaction time from
0 to 5 min, substantially decreases the concentration of DP 3-6
oligosaccharides and increases the proportions of DP > 6 oligo-
mers/saccharides and carboxylic acids. The reaction time pro-
motes the transformation of DP 2-6 oligosaccharides into
smaller saccharides. In addition, the concentration of gul-
uronic and manuronic acids in the liquid also increases due to

boxylic acids and furans.

the transformation of the water-soluble oligomers into these
carboxylic acids. However, the increase observed in the relative
amount of carboxylic acids is not as pronounced as it might
have been expected, probably due to the subsequent trans-
formation of some carboxylic acids obtained in the final steps
into gases when long reaction times used. This gas formation

4514 | Green Chem., 2018, 20, 4507-4520

also accounts for the small increase observed in the proportion
of DP > 6 oligomers/oligosaccharides. The formation of gas
occurring when increasing the reaction time increases the rela-
tive amount of these species in the liquid phase.

At 190 °C gas formation is more pronounced, which indi-
cates that the transformation of some of the liquid species
into gases occurs to a greater extent. In particular, at 190 °C,
an increase in the reaction time promotes the transformation
of guluronic/mannuronic acids into saccharides and these
could subsequently be transformed into furans, formic acid
and levulinic acid. However, these smaller acids can also
decompose to produce gas. This development results in an
overall decrease in the concentration of carboxylic acids
together with an increase in the proportion of DP > 6 oligo-
mers/oligosaccharides due to the removal of some species
from the liquid phase. These reactions occur to a greater
extent when the temperature increases. As a result, at 210 °C,
an increase in the reaction time significantly increases the con-
centration of furans due to the advancement of the reactions
in the liquid phase leading to the formation of less oxygenated
liquid products. This effect is in good agreement with the
increase in solid production observed at higher temperatures

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 FTIR spectra of the original carbohydrates and spent solids produ
different conditions.

and longer reaction times as humins and char can be pro-
duced from furfural and 5-HMF.>*>*

The results described above indicate that the nature of the
carbohydrate exerts a very important influence on the chemical
composition of the liquid hydrolysates. The liquid phase
obtained from alginic acid contains a high amount of products
from secondary reactions, such as carboxylic acids, furans and
ketones due to the higher reactivity of this carbohydrate under
the operating conditions. This is in good agreement with the
high overall conversion and liquid and gas yields obtained
during the treatment of this carbohydrate. Conversely, cell-
ulose and hemicellulose display a much lower reactivity and
the formation of these organic compounds does not take place
to a significant extent. This resulted in a liquid phase contain-
ing a greater proportion of DP > 6 oligosaccharides, DP 3-6
oligosaccharides, disaccharides and monosaccharides. Despite
the lower reactivity of cellulose than hemicellulose, the relative
amounts of DP 3-6 oligosaccharides and smaller saccharides
are higher for the former than for the latter. This implies that
under the operating conditions tested in this work, the amor-
phous part of cellulose is more reactive than hemicellulose. In
addition, the ratio between the microwave active species solu-
bilised in the liquid and the total microwave power ratio is
higher for cellulose than for hemicellulose; thus increasing
the reaction rate of the hydrolysis reactions occurring in the
liquid phase, this explains the differences observed in the
liquid composition for both carbohydrates.

This journal is © The Royal Society of Chemistry 2018
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3.3 Characterisation of spent solids produced in the
experiments

To gain a deeper insight into the reactivity of the different
carbohydrates, the original and spent solids from the micro-
wave experiments were characterised by means of FT-IR. The
spectra obtained from the original and spent solids produced
from cellulose (a-c), hemicellulose (d—f) and alginic acid (g-i)
are given in Fig. 4. The FT-IR spectra of the original carbo-
hydrates are in good agreement with those previously reported
in the literature.®®®® For cellulose and hemicellulose, the
strongest bands can be seen in the range between 1034 and
1112 cm™", which correspond to —-C-O vibrations assigned to
sugars.®” In addition, for hemicellulose the vibrations for the
B-glycosidic bonds are also important.®” In the case of alginic
acid, the strongest vibrations occur at 1219 and 1230 cm™,
due to the presence of -C-O bonds, and at 1738 cm™", which
accounts for the carboxylic acid functionalities (C=O0) of this
carbohydrate.®

The comparison between the spectra of the original carbo-
hydrates and the spent solids can help to gain more insight
into the different reactivity of these materials. In particular,
while there are not substantial differences between the spectra
of the original and the spent solids for cellulose, some differ-
ences occur for hemicellulose and alginic acid. The lack of
differences occurring in the case of cellulose might indicate
that the core structure of the solid was unaffected during the
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Fig. 4 Fermentation results: total yeast biomass concentration (a), total yeast biomass as a function of the amount of solubilised material (b) and
2PE production as a function of solubilised material (c) for the hydrolysates produced from cellulose, hemicellulose and alginic acid. Bars are Fisher's

least significant difference (LSD) intervals with 95% confidence.

microwave treatment. This supports the hypothesis that only
the amorphous part of the cellulose interacted with micro-
waves and explains the low reactivity of this material at the
operating conditions used in this work. The significant vari-
ations occurring for hemicellulose and alginic acid are the
consequence of the higher reactivity of both solids. When they
are subjected to microwave-assisted treatment, their structures
are modified due to their progressive solubilisation into the
liquid phase.

In particular, for hemicellulose the major change occurs for
the band at 1042 ecm™". The bands between 1152 and 995 cm ™"
are typical of arabinoxylan, attributing to the stretching and
bending vibrations of C-O, C-H and C-OH.** An increase in
either the temperature or the reaction time during the micro-
wave treatment increases the intensity of this band in the
spent solids. However, these variations are probably not struc-
turally important since the spectra are not modified substan-
tially in comparison with the original spectrum for hemi-
cellulose. This suggests that the progressive depolymerisation
of hemicellulose occurs without a significant alteration of the
core structure of the solid; i.e. a sequential depolymerisation
to oligomers, followed by a further depolymerisation to water-
soluble oligomers without substantially modifying the mono-
meric units in the macromolecular structure of the solid.
Conversely, greater variations are observed between the orig-
inal alginic acid and the solids produced from this carbo-
hydrate. The major difference occurs at 210 °C, the tempera-
ture at which the solid displays a substantial change in its
structure. In addition, the most characteristic band of this
material (1030 cm™") disappears, probably due to the high con-
versions achieved at high temperature, and a new band
appears at a 1705 cm™ . Interestingly, this new band is charac-
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teristic of the humins produced from sugars;* thus providing
good evidence of the formation of these macromolecules when
alginic acid is treated at high temperatures and/or long reac-
tion times.

3.4 Suitability for fermentation

The hydrolysates produced by the microwave reaction con-
tained mainly oligosaccharides, a range of C5 and C6 sugars
and inhibitors. We recently reported that the yeast
M. pulcherrima has excellent inhibitor tolerance and can
metabolise a wide range of saccharide materials.’® To assess
the effect of the MW processing conditions on the fermentabil-
ity of the hydrolysate from the three carbohydrates,
M. pulcherrima was cultured in 24 well plates on the hydroly-
sate with additional N, P and microelements added. The yeast
biomass growth is shown in Fig. 4. These results were also
standardised by the amount of hydrolysate present in order to
establish a reliable comparison of the fermentability of the
solubilised fraction. The statistical analysis of the results
reveals that the type of carbohydrate and the microwave operat-
ing conditions have a significant influence (p-value < 0.001) on
the fermentation results. In addition, a multivariate analysis
by means of Spearman’s test was conducted to find evidence
for the relationships between the chemical composition of the
hydrolysates and the fermentation results. This analysis
reveals significant relationships for the standardised biomass
production (g/g) with the proportions of DP > 6 oligomers
(p-value = 0.13; R* = 0.35), saccharides (p-value = 0.05; R*> =
0.17), carboxylic acids (p-value = 0.001; R*> = 0.72), ketones
(p-value = 0.001; R* = 0.46) and furans (p-value = 0.028; R =
0.19). In addition, the standardised 2PE production (g/g) stat-
istically depends on the relative amounts of DP 3-6 Oligomers

This journal is © The Royal Society of Chemistry 2018
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(p-value = 0.14; R* = 0.16), saccharides (p-value = 0.14; R*> =
0.16) and furans (p-value = 0.001; R*> = 0.45). The low
Sperman’s regression coefficient (R) occurring for some
species indicates that the relationship is not linear, even
thought is statistically significant.

Overall, the hydrolysates produced from cellulose produce
the highest concentration of yeast biomass growth at high
temperatures and loadings, and give the most fermentable
material over all conditions tested. While at S/W loadings of
1/20, more yeast biomass in total is produced from the hemi-
cellulose fractions there was far higher solubilised material
available for the yeast, and therefore the conversion is rela-
tively poor. Oligosaccharides from alginic acid were the least
fermentable. These differences potentially are the result of the
different chemical composition of the liquids obtained from
each carbohydrate, with the cellulose producing simple
straight chain units as opposed to highly branched oligosac-
charides from hemicellulose;*®°® and alginic acid hydrolysates
containing high proportions of carboxylic acids and furans.
Previous studies with M. pulcherrima reported that this yeast is
capable of depolymerising long chain water-soluble oligosac-
charides into short chain oligosaccharides; these latter being
subsequently assimilated.>® As described earlier, an increase
in the S/W ratio decreases the amount of DP > 6 oligosacchar-
ides in the liquids, producing a more accessible hydrolysate.
Alternatively, alginic acid hydrolysates contained a particularly
high level of inhibitors whereas there was negligible concen-
trations of inhibitors such as carboxylic acids and furans in
the cellulose hydrolysates. A similar concentration of yeast
biomass was produced for every hemicellulose depolymerised
material. Though the chemical composition of the liquid pro-
duced from hemicellulose is not significantly affected by the
operating conditions.

M. pulcherrima is known to produce high levels of 2PE, with
up to 1.5 g L™! reported from high concentrations of glucose
(100 g L™" sugar loading).***>% For all the biomass carbo-
hydrates, the production of 2PE is significantly affected by the
hydrothermal conditions used in the microwave experiments

a)

Positive Influence

Negative Influence

Carboxylic Acids+

Carboxylic Acids x Oligomers DP >6-

Saccharides x Oligomers DP>6+

Saccharides x Furans -
Saccharides -
Furans-

Oligomers DP>6-

20 -10 0 10 20

Relative Importance
Cause-effect Pareto Ortogonal Value (%)
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(Fig. 4). For cellulose, little 2PE is produced from the oligosac-
charides, with the highest productivity being observed with
the highest yeast biomass and solubilised material present.
For hemicellulose, the highest 2PE production occurs during
the fermentation of the liquids produced at low temperature
(160 °C). Regardless of the reaction time or S/W ratio, an
increase in the temperature of the microwave treatment from
160 to 210 °C leads to a substantial decrease in the production
of 2PE. In addition, this decrease is more marked when either
long reaction times or high S/W ratios are used. Similarly, the
highest production of 2PE is observed for alginic acid.
Regardless of the S/W ratio or reaction time, an increase in the
temperature from 160 °C to 190 °C significantly increases the
production of 2PE, where a maximum is achieved. A further
increase up to 210 °C however leads to a decrease in the pro-
duction of 2PE. This suggests that similarly to previous studies,
a higher concentration of material is necessary to produce high
yields of 2PE. Therefore, the higher standardised fermentability
of cellulose did not translate into a higher 2PE production;
hemicellulose and alginic acid being more suitable materials for
the production of this high value compound due to the higher
liquid C efficiency achieved with these two carbohydrataes.

Fig. 5 shows the chemical compounds and interactions
between compounds with the highest probability of being
responsible for the different fermentation results of the hydro-
lysates according to the AIC and cause-effect Pareto principles.
Fig. 5a reveals that carboxylic acids followed by furans exert
the highest negative impact on the standardised biomass pro-
duction, while saccharides and Oligomers DP > 6 have a posi-
tive influence. HMF and furfural are reported to be some of
the most toxic inhibitors to most yeasts, especially in combi-
nation. These inhibitors disrupt cell growth by reducing the
activity of various enzymes involved in respiration, damaging
DNA and in so doing disrupt DNA and RNA synthesis.®®
Fig. 5b reveals that the standardised production of 2PE is posi-
tively influenced by the presence of carboxylic acids, furans
and ketones in the hydrolysates. Conversely, the interactions
of ketones with furans and Oligomers DP 3-6 as well as the

b)

Negative Influence Positive Influence

Furans x Ketones-

Carboxylic Acids
]
E!-!-M-}?:-H-:{

E'.-.-.-.-.-.-CE.-.-\.-\.-\

Oligomers DP 3-6 x Ketones+

Oligomers DP 3-6

Furans-

KetonesH

Carboxylic Acids x Ketones-

T T
=30 -20 =10 0 10 20 30

Relative Importance
Cause-effect Pareto Ortogonal V alue (%)

Fig. 5 Relative influence of the chemical compounds with the highest probability of being responsible for the different standardised yeast growth
(a) and standardised 2PE production (b) during the fermentation of the hydrolysates.
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presence of Oligomers DP 3-6 in the solution negatively influ-
ence the standardised production of 2PE. Like a number of
oleaginous yeast, Metschnikowia pulcherrima is capable of con-
verting furan compounds producing a less toxic substrate;
thus allowing the potential assimilation of furan compounds
and sugars to produce 2PE.*® This can increase the selective
production of 2PE for hydrolysates containing a high proportion
of dissolved C. In this regard, as described above, the pro-
duction of 2PE increases with increasing the amount of C in the
solution,”® which explains the higher production of 2PE
achieved with hemicellulose and alginic acid hydrolysates than
that obtained with the liquids produced from cellulose. The
results of this statistical analysis help to explain the higher fer-
mentability of cellulose and hemicellulose hydrolysates in com-
parison with the liquids produced from alginic acid as well as
the high standardised production of 2PE occurring during the
fermentation of the hydrolysates produced from alginic acid.

4. Conclusions

This work analyses and compares the reactivity of cellulose,
hemicellulose and alginic acid when subjected to microwave-
assisted hydrothermal treatment for the production of fermen-
table liquids. The carbohydrates reactivity was evaluated at
different operating conditions and the fermentability of the
liquids was experimentally assessed using the oleaginous yeast
Metschnikowia pulcherrima. The most important conclusions
are summarised as follows.

1. When subjected to the same operating conditions, the
reactivity of the carbohydrates increased as follows: cellulose <
hemicellulose < alginic acid. The overall conversion and liquid
and gas yields were not affected by the conditions for cellulose.
Conversely the temperature and reaction time had a very
important influence during the hydrothermal treatment of
hemicellulose or alginic acid.

2. The operating conditions did not influence the chemical
composition of the hydrolysates produced from hemicellulose
and a high concentration of DP > 6 oligosaccharides was
obtained in all the experiments. Conversely, the hydrolysates
produced from cellulose and alginic acid were influenced by
the operating conditions. The former contained high pro-
portions of oligosaccharides and saccharides, the latter com-
prising high proportions of water-soluble DP > 6 oligomers/
oligosaccharides and fermentation inhibitors.

3. The hydrolysates produced from cellulose provided the
best results in terms of standardised yeast biomass growth,
with lower inhibitors and more accessible oligosaccharides.
This did not translate into higher 2PE yields though, with
hemicellulose and alginic acid being both suitable materials
for the production of this high value compound.
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