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Deconstruction with low-cost ionic liquids (ionoSolv) is a promising method to pre-condition ligno-
cellulosic biomass for the production of renewable fuels, materials and chemicals. This study investigated
process intensification strategies for ionoSolv pretreatment of Miscanthus X giganteus with the low-cost
ionic liquid triethylammonium hydrogen sulfate ([TEAJ[HSO4]) in the presence of 20 wt% water, using high
temperatures and a high solid to solvent loading of 1: 5 g/g. The temperatures investigated were 150, 160,
170 and 180 °C. We discuss the effect of pretreatment temperature on lignin and hemicellulose removal,
cellulose degradation and enzymatic saccharification yields. We report that very good fractionation can
be achieved across all investigated temperatures, including an enzymatic saccharification yield exceeding
75% of the theoretical maximum after only 15 min of treatment at 180 °C. We further characterised the
recovered lignins, which established some tunability of the hydroxyl group content, subunit composition,
connectivity and molecular weight distribution in the isolated lignin while maintaining maximum sacchar-
ification yield. This drastic reduction of pretreatment time at increased biomass loading without a yield
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Introduction

Renewable energy, chemicals and fuels have gained much
attention over the past decades, even more so recently in light
of concerted international efforts to decarbonise the
economy.’ If produced in a responsible manner, bio-energy
and bio-products can help achieve carbon reduction targets
while improving soil and water quality.” The production of bio-
fuels and renewable chemicals from food crops, such as bio-
diesel from rapeseed or bioethanol from sugar beets, can
afford CO, savings, but these are often limited due to the rela-
tively intensive farming required, including fertiliser use.?
Additionally, their cultivation may result in land-use change
that is coupled with a decrease in carbon stored in the soil,
reducing or potentially negating CO, savings afforded from
replacing petroleum.* Conversely, perennial lignocellulosic
crops, such as Miscanthus, have low fertilizer requirements and
do not deplete soil carbon,” while the cultivation of perennial
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penalty is promising for the development of a commercial ionoSolv pretreatment process.

biomass crops can have beneficial effects on biodiversity com-
pared to conventional agriculture.®

Lignocellulosic biomass is comprised of three bio-polymers,
namely cellulose, hemicellulose and lignin. The cellulose and
hemicellulose are polysaccharides and can be converted into
bio-derived products after hydrolysis and fermentation.
Lignocellulose is recalcitrant and requires a pretreatment step
in order to release the majority of sugar contained within.”
Various pretreatment methods are currently under develop-
ment, such as steam explosion,® AFEX,” concentrated acid,”
dilute acid,"" hot water,"* organosolv’*'* and ionic liquid
pretreatments,”>"”  including ionoSolv  fractionation.®"°
Different strategies are followed, from disrupting the ligno-
cellulosic cell wall structure without separation,>*>* to selec-
tively isolating lignin, hemicelluloses and cellulose.">**** While
the ultimate goal of pretreatment for enzymatic hydrolysis and
fermentation is the isolation of a maximum amount of fermen-
table sugar, process economics are influenced by a number of
factors, such as the number of process steps, the cost and
recyclability of additives or solvents, energy requirements, and
reactor size, which all influence capital and/or operating
costs.>®*” Reactor size specifically is dictated by the biomass to
liquid ratio and residence time.

In addition to high sugar yields, utilization of the co-
product lignin is required for a profitable biorefinery.”®*° The
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lignin can be burned for energy or more ideally converted into
value-added products. Applications proposed for isolated
lignin are building blocks for thermoplastics,*® sorbents for
heavy metals,*" active ingredients of suncream,*” antioxidants,
thermal stabilisers,**** flame retardants,* components in bio-
compatible nanofibres,** or to replace phenol in phenol-
formaldehyde resins.*® Different characteristics of lignin are
important for the various applications, for example the pres-
ence of sulfonic acid groups and a large surface area are ben-
eficial for heavy metal adsorption,®" while absence of carbo-
hydrate impurities and sulfur,** low polydispersity,”” and high
phenolic hydroxyl group content are important for thermal
stabilisation, antioxidant properties®® and the replacement of
phenol.*® Most lignin available today is derived from
paper pulping processes, which are optimised for cellulose
characteristics and not necessarily for downstream applications
of lignin. Hence, understanding lignin properties as a function
of extraction conditions is important for future lignin co-
valorisation.

The reason for ionic liquid based pretreatments coming
into focus is the ability of some ILs to decrystallise or dissolve
cellulose.” This has opened up new processing options for
biomass, including one-pot biofuel production,>'” the
Ionocell-F spinning of cellulose fibres for fabrics,*® production
of thermally responsive cellulose composites,® and pro-
duction of cellulosic films.”® Cellulose dissolving ILs have
been reported to be amongst the highest-yielding and most
feedstock-independent lignocellulose pretreatment techno-
logies,*" however, the high cost of the required ILs as well as
their low thermal stability and their requirement for dry con-
ditions is turning out to be generally prohibitive for biofuel
and bulk chemical applications.*”> Low-cost ILs based on
choline cations in dilute aqueous solutions (3-15% IL)
have been suggested as economical alternative in terms of
solvent cost.'”** High saccharification yields of over 90%
have been achieved for bagasse by Ninomiya et al.** and
cornstover by Xu et al.'"” While both approaches are promising,
they have relied on rather long processing times of 21 h at
110 °C* and 3 h at 140 °C,"” respectively, and may face IL
recovery issues.

IonoSolv pretreatment is a lignocellulose fractionation techno-
logy that uses ionic liquid-water mixtures to extract lignin and
hemicellulose from the biomass while leaving behind a cellulose
rich pulp.'® Addition of water to the ionic liquid solution after
pretreatment leads to the precipitation of a modified lignin, and
removal of this water recovers the IL solvent.**

In recent studies, low-cost protic versions of the originally
used ionic liquids have been studied in detail.**** For the low-
cost ionic liquid triethylammonium hydrogen sulfate
[TEA][HSO,], we recently demonstrated excellent solvent recov-
ery while maintaining high saccharification yields from the
pretreated biomass over four solvent use cycles with minimum
conditioning in between uses.’® We have also demonstrated
substantially higher thermal stability for [TEA][HSO,] (277 °C)
compared to [emim][OAc] (215 °C).** However, a limitation of
this and other studies was that the pretreatment was only
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carried out at 120 °C. The optimal pretreatment time at this
temperature was 4-9 h, which is a long residence time for an
industrial pretreatment process (most thermochemical pre-
treatment are carried out for around 30 min). Faster pretreat-
ment was achieved by increasing the acidity of the protic ionic
liquid. However, it was shown that saccharification yields may
suffer significantly as a result of more extensive glucan degra-
dation in excess acid solutions. Therefore, in an attempt to
shorten pretreatment time while reducing or avoiding the
yield penalty, we have here refrained from using an IL with an
excess of acid. We have also investigated the use of a higher
biomass to solvent ratio of 1:5 g/g, as opposed to 1:10 g/g,
which is insufficient for economical biofuel production. The
combination of higher biomass loading and much shorter pre-
treatment would greatly decrease pretreatment reactor size and
hence capital expenditure, leading to a significantly intensified
process.

Results and discussion
Pretreatment temperature profiles

IonoSolv pretreatment was carried out at four different oven
temperatures between 150 °C and 180 °C for pretreatment
times and between 15 min and 150 min, using a bench-scale
protocol developed in our group.”” We applied non-isother-
mal processing, as there is no straightforward way of apply-
ing isothermal heating at the small lab-scale. This means
that the reaction vessels have a heating up and cooling down
time, which is of particular importance for short pretreat-
ments and for higher treatment temperature. We hence set
out to investigate the temperature profiles for our experi-
ments, which were carried out in unstirred 15 mL glass
pressure tubes. According to our protocol,*” the tubes were
filled at room temperature, then placed inside a preheated
oven for the duration of the pre-treatment and allowed to
cool by natural convection upon removal.

In order to track the temperature profile of the reaction
medium, a thermocouple was placed in the glass pressure
tubes used, containing the same amount of ionic liquid solu-
tion as applied in the biomass containing experiments. A
typical reaction medium temperature profile is given in Fig. 1
(here for 180 °C). It can be seen that the reaction medium
reached 160 °C at the end of a 15 min heating period and
178 °C after 30 min. The cooling time from reaction to room
temperature was about 30 min, demonstrating that the
biomass spent some time in a heated state after the nominal
pretreatment time had elapsed. Similar profiles were observed
for the other temperatures (Fig. S1 in the ESIt). Although this
is not a prohibitive issue for this work, it is important to keep
in mind that the actual pretreatment temperature was not
uniform over time. The fact that the set oven temperature was
not reached for short pretreatment times (30 min or less),
means that pretreatment would be shorter, if isothermal con-
ditions could be achieved.

Green Chem., 2018, 20, 3486-3498 | 3487
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Fig. 1 Reaction medium temperature in an unstirred reaction tube at an
oven temperature of 180 °C for several pretreatment times.

Effect of intensified [TEA][HSO,] pretreatment on saccharifica-
tion yields

The main indicator for pretreatment effectiveness was the
enzymatic saccharification yield, and the trends for the higher
temperatures are summarised in Fig. 2. At 120 °C, maximum
glucose release was observed after 8 h of pretreatment (ref. 46,
and Fig. S2 in the ESI})."® Fig. 2 shows that higher pretreat-
ment temperatures resulted in substantially earlier peak sac-
charification yields, which were 45 min at 150 °C (75%),
40 min at 160 °C (70%), 30 min at 170 °C (76%) and 15 min at
180 °C (76%). It can be seen that the acceleration of ionoSolv
pretreatment occurred without a yield penalty, which is in con-
trast to applying ionic liquid solutions with increased acidity.
In our previous study at 120 °C, treatment time decreased
from 8 h to 2 h when using an IL with 9% excess acid, but the
maximum saccharification yield also fell from 77% to
61%.7>® Using 180 °C, the shortest pretreatment time investi-
gated in this study, led to the highest saccharification yield.
We note that the saccharification optima at 170 and 180 °C
occurred at a point when the ionic liquid solution had not
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Fig. 2 Glucose release after 7 days of enzymatic saccharification from
Miscanthus pulp after pretreatment at several temperatures and times
with [TEA][HSO4]. The biomass to solvent ratio was 1:5 g/g and water
content 20 wt%.
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reached the set oven temperature, as indicated by the heating
profiles. Hence the optima in a fully heated reactor would
likely occur even earlier than the observed 30 and 15 min,
respectively.

Effect of intensified [TEA][HSO,] pretreatment on
fractionation

We also investigated the effect of process intensification on
other characteristics of ionoSolv pretreatment. Fig. 3 shows a
number of fractionation indicators monitored over time for
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Fig. 3 Key indicators of fractionation effectiveness for ionoSolv pre-
treatment of Miscanthus at four temperatures with [TEA][HSO4], a water
content of 20 wt% and a biomass to solvent ratio of 1: 5 g/g.
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each temperature: lignin and hemicellulose removal from the
biomass, glucose retention in the pulp, and the yield of lignin
precipitate as well as enzymatic saccharification after 7 days.
Numerical data for the compositional analysis of the pulps can
be found in Table S1 in the ESL.}

Our data show that lignin removal was important for a suc-
cessful enzymatic saccharification, with delignification
peaking at approximately the time when saccharification yield
was highest, which is consistent with trends observed at
120 °C.*°

In our previous study conducted at 120 °C, cellulose
showed very little degradation, even at excessively long pre-
treatment times (24 h).*® In this work, good cellulose stability
was also demonstrated at 150 °C, with a 3.7 + 0.6% glucan
loss after 4 h. At higher oven temperatures, the saccharifica-
tion yield was limited by cellulose recovery after only
30-40 min. These results are consistent with research carried
out using other pretreatment technologies which show that
cellulose degradation is significantly enhanced at high temp-
eratures.’® It has been proposed that this behaviour can be
explained by a “breaking temperature” for the disruption of
crystalline cellulose.*® It has been recognised that amorphous
cellulose is easier to hydrolyse as water and protons can more
easily penetrate into amorphous cellulose regions, causing the
cleavage of the p-1,4-glycosidic bonds.>

Hemicellulose removal proceeded rapidly at all four temp-
eratures and was complete within the first 60 min at 170 and
180 °C. For comparison, in our previous study at 120 °C, 80%
of hemicelluloses were extracted over the first 8 h of
pretreatment.*®

Delignification of the pulp reached a maximum followed by
a decrease in the observed lignin removal at longer pretreat-
ment times. This has been attributed to the formation of con-
densed higher molecular weight lignins as well as pseudo-
lignin (humins), which can deposit onto the pulp surface.*®
Pseudo-lignin has been shown to negatively impact enzymatic
saccharification of isolated pulps,® so such ‘overtreatment’ is
undesirable.

The lignin yield also peaked, albeit later than saccharifica-
tion yield and lignin removal, also consistent with previous
observations.’® At all studied temperatures, lignin recovery
eventually exceeded delignification, further confirming that
non-lignin components can become incorporated into lignin
during fractionation with acidic ionic liquid solutions. These
non-lignin components are likely to originate from hemi-
cellulose, which dissolves and hydrolyses in the acidic IL and
can then undergo dehydration reactions to 5-HMF and furfural
as well as participate in condensation reactions. Evidence for
this has been discussed in our previous study.*® It is a draw-
back of the employed compositional analysis protocol that it is
impossible to distinguish between acid insoluble lignin and
other acid insoluble organic matter, such as pseudo-lignin.

Fig. 4 plots the time course trends for the removal of each
main biomass component rather than each temperature.
Using the compositional data, we calculated the mass fraction
of hemicellulose [H,/H,], cellulose [C,/Co], and lignin [L,/Lo]
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Fig. 4 The mass fraction of (a) hemicellulose [H,/Hol, (b) cellulose
[C,/Col, and (c) lignin [L,/Lol remaining in the pulp after pretreatment as a
function of time at four temperatures. Dotted lines were added to guide
the reader's eye and are not a kinetic fit. Miscanthus was pretreated at a
1:5 g/g biomass to solvent ratio in 80% [TEA][HSO,4] with 20% water.

remaining in the pulp after pretreatment as a function of time
for different temperatures.

Fig. 4a shows that the amount of hemicellulose in the
biomass decreased rapidly during the heating period (i.e. first
30 min) at all investigated temperatures. Above 150 °C, hemi-
cellulose removal was complete within 90 min. Removal was
pretreatment temperature

accelerated as increased. For

Green Chem., 2018, 20, 3486-3498 | 3489


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8gc00837j

Open Access Article. Published on 29 June 2018. Downloaded on 5/6/2026 9:20:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

example, 90 + 2% of the hemicellulose was solubilised at
170 °C/30 min, compared with 97.1 + 0.3% at 180 °C/30 min.

Although cellulose stability (Fig. 4b) was increasingly com-
promised at higher pretreatment temperatures, the glucan
appeared to be more stable than expected, especially when
comparing with acidic aqueous pretreatments. For example,
Yan et al. reported that at 180 °C, the cellulose recovery from
switchgrass (a feedstock that is similar to Miscanthus) was only
12.1% after 60 min of dilute sulfuric acid pre-treatment (equi-
valent to a C,/C, of 0.12),>" while 41.4% of the cellulose
(C//Cy = 0.41) could be recovered after ionoSolv pretreatment
under the same conditions. As we have noted above, in our
experimental set-up the reaction temperature is only reached
after 30 min inside the oven. However, even for the 30 min pre-
treatment time, Yan et al. found that the recovery of cellulose
from switchgrass was only 25% (C,/C, = 0.25), so even when
discounting the heating-up time, at least 60% more cellulose
was recovered after ionoSolv pretreatment than after dilute
acid pretreatment. This suggests that cellulose is more stable
under ionoSolv pretreatment conditions than in dilute acid
(1 wt% H,S0,). In summary, Fig. 4 shows that cellulose degra-
dation was significantly slower than hemicellulose or lignin
removal, and significantly lower than cellulose degradation in
acidic aqueous solvents.

Fig. 4c highlights that the lignin content in the Miscanthus
pulp first decreased, reached a minimum, and then increased
for all investigated pretreatment temperatures, as mentioned
earlier. In our previous study at 120 °C, an increase of the
residual lignin content as a result of lignin and hemicellulose
condensation was negligible compared to delignification for
most conditions.*® Indeed, it took more than 10 h before the
measured lignin content in the pulp started to rise. For higher
temperatures, the minimum lignin content was shifted to
much shorter times. The minimum lignin content in the pulp
as a percentage of initial lignin content was 18 + 1% after
30 min pretreatment at 180 °C oven temperature. As observed
previously, lignin removal did not lead to complete deligni-
fication. The lowest lignin content in the pulp, as a percentage
of initial lignin content, was 18 + 1% after 30 min pretreat-
ment at 180 °C oven temperature. We speculate that the slight
improvement in lignin removal at higher temperatures is a
consequence of surpassing the glass transition temperature
(Tg) of lignin, which has been reported to be at around
150 °C.”” Indeed, Li et al. report much accelerated dissolution
of bagasse and pine into the IL 1-ethyl-3-methylimidazolum
acetate when the suspension was heated above 170 °C com-
pared to 110 °C.>> It appears that higher temperatures facili-
tate extraction of lignin more than they accelerate lignin con-
densation reactions.

We note that the complexity of lignin extraction makes
modelling very difficult, as it involves removal of lignin, the
deposition of condensed lignin and the deposition of carbo-
hydrate derived humins, which cannot be studied indepen-
dently at present. Indeed, the deposition rate should be a func-
tion of the lignin and hemicellulose concentration in solution.
This makes kinetic modelling of the lignin extraction challen-
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ging and further chemical and mathematical analysis is
required. It is noteworthy that during the washing of the pulp
with ethanol, lignin can precipitate from solution; therefore
data regarding lignin content in the pulp shown in this and
previous studies include lignin precipitated during the
washing steps which also contributes to the residual lignin
content. Modification of the washing protocols may lead to
different lignin contents in the pulp in the future.

Regarding the kinetic models for cellulose/hemicellulose
hydrolysis in biomass pre-treatment, two main approaches are
discussed in the literature: pseudo-homogeneous kinetics and
time-dependent rates (fractal kinetics).>>™> Due to the non-iso-
thermal nature of the experiments, further mathematical analysis
is needed to establish the best kinetic model to explain the experi-
mental observations for cellulose and hemicellulose degradation
in [TEAJ[HSO,4] and 20 wt% water. This is outside the scope of
this work and will be presented in a dedicated future paper.

In summary, the compositional and saccharification data
show that increasing the temperature from 120 °C to 150 °C or
above can shorten pretreatment times by at least 90% without
adverse outcomes for glucose release and fractionation at opti-
mised pretreatment times.

Lignin characterisation

Since saccharification yields were shown to be closely linked to
delignification, we set out to understand the characteristics of
the isolated lignin, which then allowed us to better understand
the mechanisms behind lignin removal in ionoSolv solutions.
Pretreatment conditions not only affect saccharification
yields'® but also suitability of the lignin for value-added appli-
cations. Lignins isolated around the optimal intensified pre-
treatment conditions were therefore analysed for their chemi-
cal properties. The lignins chosen for analysis were the ones
that accompanied saccharification yields exceeding 70%,
together with a number of lignins obtained under conditions
of under- or overtreatment, so that trends could be established.
*IP NMR and 2D HSQC NMR spectroscopy were applied to
characterise the functional groups present in the isolated
lignins. Gel Permeation Chromatography (GPC) was used to
determine molecular weights of the lignins and CHNS elemen-
tal analysis was used to assess ionic liquid incorporation into
the lignins at high pretreatment temperatures and to establish
trends in the higher heating value (HHV).

Subunit composition and linkages. HSQC NMR spec-
troscopy was used to estimate the subunit composition, the
degree of condensation as well as the presence of ether bonds
in the isolated lignins. Miscanthus lignin in its native state con-
tains the main phenolic subunits syringyl (S) and guaiacyl (G),
plus and smaller amounts of p-coumaric acid (PCA), ferulic
acid (FA) and p-hydroxyphenyl (H). It also contains the most
common inter-unit linkages. Fig. 5 depicts these subunits and
linkages, while numerical values for the volume integrals for
all analysed samples can be found in the ESL}

The general trends observed in this study (Fig. 6 and 7) are
in agreement with what was reported in the past,***® namely
that the signal intensities for ether linkages (p-0-4', -5/, p-p’),

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Lignin substructures found in Miscanthus lignin.

syringyl (S,,), guaiacyl (G, and Ge) and p-coumaric acid
(PCA,6) subunits decreased with longer pretreatment time,
while the signal intensity of condensed syringyl (Scond.), con-
densed guaiacyl (G,cona) and for p-hydroxyphenyl (H,g)
increased. This shows that ether bonds were cleaved, conden-
sation reactions occured on the S and G units and PCA was
converted into an H-type polymer as pretreatment progressed.
Fig. 6 shows annotated HSQC spectra for two 180 °C lignins
(15 min and 30 min). We note that these lignins were gener-
ated around the optimum time point for this temperature
(76% and 71% glucose release from the pulp, respectively). It
can be seen that the isolated lignins significantly differed in
structural characteristics, despite both being associated with
high saccharification yields. The signals for ether linkages, S, ¢
and G reduced drastically in strength between 15 and 30 min,
and the G, signal shifted towards the G,cona area. The
changes in the S and G subunit signals indicate alterations of
the substitution pattern on the aromatic rings, initiated by
lignin condensation. Similar to findings in our previous
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studies, the PCA signal reduced while the H signal increased,
indicating that decarboxylation/polymerisation of PCA takes
place in the IL solution, further suggesting that the two
optimum lignins have distinct compositions and hence
material properties.**

Fig. 7 compares the size of the volume integrals for the
major side chain and subunit signals for the two optimum
lignins, plus two lignins that were isolated under non-optimal
conditions, 15 min and 45 min at 170 °C, and gave rise to sac-
charification yields of 45.5 and 55.5%, respectively. The data
confirm that there was no clear link between the structure of
the isolated lignin and the saccharification yield. We note that
the difference in functionality content between lignins
obtained at conditions resulting in a high saccharification
yield could be larger than the difference between a lignin from
an optimised condition and a lignin from a non-optimised
condition. For example, the lignins obtained at 15 min/180 °C
and 30 min/180 °C exhibited an 80% difference in $-O-4' ether
linkage abundance, while only a 30% difference was observed
for the 15 min/180 °C and 15 min/170 °C condition pair.
Similarly, the uncondensed syringyl signal exhibited a differ-
ence of 50% for the 15 min/180 °C and 30 min/180 °C con-
ditions compared to only a 10% difference for the 15 min/180 °C
and 15 min/170 °C condition pair. This indicates that there is
potential to adapt pretreatment conditions so that high sacchar-
ification yields are maintained while tuning the degree of ether
cleavage and condensation of the lignin, presenting scope for
co-optimising the pretreatment for sugar and lignin valorisation.
We note that there appears to be a link between lignin yield and
lignin connectivity, with lower lignin yields being associated with
less condensed lignin and more ether bonds.

Hydroxyl group content in isolated lignins. The abundance
of hydroxyl groups in isolated lignins can be probed by modify-
ing the lignin with a phosphytilating agent followed by quanti-
tative *'P NMR spectroscopic analysis. As mentioned, the
abundance of phenolic OH groups is important for various
applications of lignin, for example as a replacement of phenol
in phenol formaldehyde resins.*® The numerical values for the
hydroxyl group analysis can be found in the ESLf

Similar to previous findings,** we observed a decrease in ali-
phatic OH groups when pretreatment, progressed followed by a
slight increase at longer pretreatment times. The abundance of
all other OH groups increased over time, namely the phenolic S,
G and H hydroxyl groups and the carboxylic acid groups (Fig. 8).
Aromatic OH groups become available upon hydrolysis of -O-4’
bonds as well as the phenylcoumaran linkage.>®

The initial decrease in aliphatic OH groups was likely a
result of the dominance of $-O-4' bond hydrolysis, resulting in
the loss of aliphatic OH groups due to dehydration at the a
position and the elimination of formaldehyde at the y-position
of the side chain."* It has further been suggested that a
decrease in aliphatic OH content is linked to the degradation
of carbohydrate residues and the transformation of the a- and
y-OH groups to ketones, aldehydes and alkene structures.’®
During later stages, formation of novel aliphatic hydroxyl
groups became dominant, leading to the observed increase in
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Fig. 6 HSQC NMR spectra of two Miscanthus lignins isolated after extraction with [TEA][HSO,] with a biomass to solvent ratio 1:5 g/g and a final
water content of 20 wt%, aromatic region (top) and side chain region (bottom). The corresponding pulps result in comparable enzymatic saccharifi-

cation yields.
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Fig. 7 Abundance of lignin functionalities according to HSQC NMR
spectroscopy for lignins isolated at different pretreatment conditions
(intensity of G, signal set to 100%). Data ordered according to pretreat-
ment severity (less severe on the left). Blue bars indicate less condensed
lignins and brown bars indicate more condensed lignins while the sac-
charification yields were high for the solid bars and sub-optimal for the
striped bars. Lignin and saccharification yields shown for reference on
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aliphatic OH group content. An increase in aliphatic hydroxyl
group content is thought to be caused by cleavage of the other
two ether bond types. Cleavage of the ether (a-O-4") in the
phenylcoumaran linkage is expected to give rise to one new ali-
phatic OH group, while cleavage of the two ether bonds in the
resinol structure should result in four new aliphatic OH
groups.”®

We note that the OH group content increased substantially
when the optimal pretreatment times were exceeded (Fig. 9).
The lignin isolated at over-treatment conditions (170 °C/
45 min) had a much higher OH group content than the lignins
isolated at optimal or under-treatment conditions (170 °C/
15 min, 180 °C/15 min, 180 °C/30 min). This is due to the
faster increase in phenolic group content when the optimal
pretreatment condition is passed (Fig. 8).

In summary, similar to the results obtained with HSQC
NMR spectroscopy, we could not find a straightforward corre-
lation between hydroxyl group content and saccharification
yield. As an exception, a high phenolic hydroxyl group content
seems to be a strong indicator for over-treatment, which
results in sub-optimal sugar release from the pulp.

Molar mass. We further measured the average molar mass
and the distribution of the isolated lignins using gel per-
meation chromatography (GPC), with results presented in
Table 1. For all studied temperatures, we observed a decrease
for the number average molar mass (M,,) to around 1000 Da as
the pretreatment progressed, while the weight average molar
mass (M,) reached a minimum of 3200-3500 Da and then
increased again. For 150 °C (Fig. 10a), the M,, remained above
3500 Da for up to 60 min of pretreatment, while the M,
decreased to 1000 Da during that time. The M,, then decreased
to around 3200 Da and rose again to over 3700 Da after
120 min. Due to the different trends for M,, and M,,, the PDI
first increased, decreased temporarily and then rose again,
similar to findings in our 120 °C study.*® At 170 °C, a decrease
in M,, and M, could be observed, accompanied by an increase
in the PDI. A temporary decrease in PDI was not evident at this
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Fig. 9 Hydroxyl group content in selected isolated ionoSolv lignins.
Data ordered according to pretreatment severity (less severe on the left).
Blue bars indicate less condensed lignins and brown bars indicate more
condensed lignins. Solid bars indicate conditions with high saccharifica-
tion yields and striped bars indicate sub-optimal saccharification yields
either due to under- or overtreatment.
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Table 1 Molar mass of lignins isolated at intensified process conditions

using GPC. Miscanthus was pretreated at a 1:5 g/g biomass to solvent
ratio in 80% [TEA][HSO,4] with 20% water

¢ (min) T (°C) M, M, PDI
30 150 1375 3870 2.8
45 150 1233 3550 2.9
60 150 1011 3614 3.6
90 150 999 3239 3.2
120 150 1015 3187 3.1
180 150 996 3780 3.8
15 170 1666 4889 2.9
30 170 1059 3486 3.3
45 170 1018 3533 3.5
60 170 1019 3453 3.4
15 180 1292 4179 3.2
30 180 1028 3314 3.2
45 180 999 3582 3.6
60 180 993 3765 3.8

M,,: weight average molar mass (Da); M,: number average molar mass
(Da); PDI: polydispersity index.
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Fig. 10 (a) Average molar mass and polydispersity of lignins isolated at
150 °C. Labels I-1V indicate the four stages of lignin extraction; (b)
weight-average molar mass of isolated lignins and residual lignin
content in the pulps. Miscanthus was pretreated at a 1: 5 g/g biomass to
solvent ratio in 80% [TEAI[HSO4] with 20% water added.

temperature, which could be due to the window of observation
being too short. At 180 °C, a decrease in M,, followed by its
increase could be observed, but no temporary maximum in the
PDI, which we attribute to our data and time resolution not
being high enough.
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Table 2 Results from GPC analysis of lignin recovered after pretreat-
ment at 170 °C [TEA][HSO,] ILs. Miscanthus was pretreated at a solid to
solvent ratio of 1: 5 g/g. 7-day saccharification yield shown for reference

t (min) T (°C) M, M, PDI Saccharification yield
30 170 1059 3486 3.3 75.7%
60 170 1019 3453 3.4 21.3%

M,: number average molar mass (Da); M,,: weight average molar mass
(Da); PDI: polydispersity index.

Similar to the findings for the HSQC NMR and for the
hydroxyl group content analysis, there was no obvious charac-
teristic in the molar mass that reliably indicated high sacchari-
fication yields. For example, the lignin isolated after 30 and
60 min at 170 °C had very similar M, and M, values but
differed significantly in their saccharification yields (Table 2).

Stages of lignin extraction during ionoSolv pretreatment.
The observations made for isolated lignin are consistent with
a proposed 4-stage behaviour which is illustrated in Fig. 11.

Phase I: Early extraction and precipitation phase. The M,
and M,, are lower than that for Miscanthus lignin isolated by
ball-milling.”” This indicates that lignin macromolecules must
undergo a certain amount of cleavage inside the lignocellulose
matrix before they can escape, although the dissolved fragments
still contain a significant number of cleavable ether linkages,
resulting in a recovered lignin with high M,,, and M,, compared
to later phase lignins, and also a low PDI. Lignin isolated at this
stage is mostly uncondensed and the lignin yield is low, since a
substantial proportion of lignin has not been extracted.

Phase II: continued extraction of lignin fragments from the
biomass overlaps with further hydrolysis of the already
extracted lignin fragments, resulting in a decrease in the M,
while the M,, remains largely unchanged, resulting in a higher

Lignocellulosic
biomass

Cellulose
microfibers

Hemicelluloses

O Pentose sugar
@ Furfural

@ Humin

@ Lignin fragment
@ Condensed lignin
@ Pseudolignin

Phase |
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Low PDI

O

Phase Il
High M, Low M,
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H|gh PDI

%o.

Fig. 11 The proposed 4-stage model for lignin extraction during
ionoSolv pretreatment.
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PDI. The lignin yield is fairly low compared to the advanced
delignification due to the prevalence of small fragments that
do not precipitate.

Phase III: lignin extraction from the biomass has ceased and
most extracted lignin fragments have broken down to smaller
fragments, as evidenced by a decrease in both M, and M,, and
as a result also a lower PDI. The lignin yield peaks in phase III
and content of condensed structures increases rapidly.

Phase IV: Lignin hydrolysis has ceased and condensation of
lignin chains with soluble lignin fragments and possibly hemi-
cellulose derived molecules is dominant, forming a subpopu-
lation of new, long chains. These co-exist with small, unreac-
tive lignin fragments, contributing to an increasing M, while
the M, barely changes, resulting in a high PDI. The lignin
yield is reduced, due to the newly formed polymers re-precipi-
tating onto the pulp.

We note that there was a remarkable decrease in M,, between
15 and 30 min at 170 °C (29% drop) and between 15 and 30 min
at 180 °C (21% drop), which we attribute to the lignin extraction
having finished around this time. It also appears that the sharp
decrease in M, coincided with the minimum lignin content in
the pulp (Fig. 10b), providing further evidence for a staged lignin
extraction.

Effect of elevated pretreatment temperature on residual IL
content. A previous study conducted at 120 °C found that
some nitrogen and sulfur were present in the lignin isolated
after pretreatment of Miscanthus with the ionic liquid 1-butyl-
imidazolium hydrogen sulfate.** This was attributed to
residual ionic liquid in the lignin, which was confirmed by
detecting cations with NMR spectroscopic and Py-GC-MS ana-
lysis. The sulfur content can hence be used as a measure of
anion incorporation, and nitrogen as a measure of the residual
cation content. In the present study, no significant amount of
IL cation was detected by HSQC NMR spectroscopy. It is,
however, possible that ionic liquid anions reacted with and
became incorporated into the lignin. Elemental analysis of the
obtained lignins was therefore carried out in order to assess
ionic liquid incorporation into the lignin structure. We were
particularly interested in observing whether elevated pretreat-
ment temperatures had led to increased reactivity between
biomass components and the ionic liquid. The results are
summarised in Table S5.1 In all cases, the sulfur content was
below 1% which is close to the detection limit (+0.3%). A
maximum of 0.8% sulfur (corresponding to 2.4 wt% HSO,")
was incorporated into the lignin (45 min at 150 °C). Where
more than one lignin was analysed for a given temperature,
the sulfur content remained the same or decreased slightly
over time, indicating that the level of sulfur in the lignin did
not rise with increasing pretreatment severity. In all cases, the
nitrogen content was below the detection limit, which tallies
with the lack of signal for ethylamine groups in the HSQC
NMR spectra, confirming that the ammonium cation was not
incorporated into the lignin.

Other changes that occurred when pretreatment time and
oven temperature increased were an increase in carbon and a
decrease in hydrogen content. This is well in line with the find-
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Table 3 Calculated HHV of lignins isolated at elevated pretreatment
temperatures. Miscanthus was pretreated at a 1:5 g/g biomass to
solvent ratio in 80% [TEA][HSO,4] with 20% water

t(min) T(°C) HHV*MJkg™)  HHV’ MJkg™")  Dif° [%]
45 150 23.9 25.0 4
60 150 24.1 25.4 5
90 150 24.2 25.7 6
15 170 23.0 24.4 6
30 170 24.0 25.5 6
45 170 24.5 26.1 6
15 180 23.3 24.7 6
30 180 24.2 25.9 7

“By Dulong’s formula. ?By Jablonsky formula. ¢Difference between
HHYV values calculated with Dulong’s and Jablonsky formula.

ings discussed above, which indicate the dehydration of inter-
unit linkages and formation of new C-C bonds during conden-
sation, both resulting in a reduction in the lignin’s hydrogen
and oxygen content, and hence a higher carbon content.

A main use of lignin will be its use as energy source for the
lignocellulose-based biorefinery, its combustion providing
process heat. In order to estimate the heating value of lignin
obtained at intensified ionoSolv pretreatment conditions, we
calculated the Higher Heating Value (HHV). The HHV is
directly proportional to the carbon, sulfur and hydrogen
content of a fuel. We calculated the lignins’ HHV using two
different methods. One was a method commonly used for coal
combustion (Dulong’s formula),® taking into account the
carbon, hydrogen, sulfur and oxygen content, and one method
that is specific to lignin, proposed by Jablonsky et al.,>® which
only takes into account the carbon content. The HHVs pre-
dicted by both methods are listed in Table 3.

It can be seen that the HHVs predicted by both methods are
in the same order of magnitude and show similar behaviour:
the HHV of the lignin increased slightly with the severity of the
pretreatment, ie. it increased with temperature and/or time. As
Jablonsky’s formula was developed for lignin, it is expected that
the actual HHV values will be closer to the ones predicted by
this method. This shows that the heating value of lignin is
largely independent of pretreatment conditions, although con-
densed lignins tend to have a slightly higher HHV.
Fractionation of ionoSolv lignin in more and less condensed
parts may be used to obtain a fraction with further increased
heating value, while the less condensed lignin may be a more
attractive feedstock for materials or chemical applications.

Experimental
Materials

Starting materials for ionic liquid synthesis were purchased
from Sigma Aldrich and, unless stated otherwise, used as
received. "H NMR was recorded on a Bruker 400 MHz spectro-
meter. Chemical shifts (§) are reported in ppm, the DMSO
signal at 2.500 (‘H dimension) and 39.520 (**C dimension).
Mass spectrometry was measured by Dr Lisa Haigh (Imperial

This journal is © The Royal Society of Chemistry 2018
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College London, Chemistry Department) on a Micromass
Premier spectrometer. Elemental analysis was carried out by
Stephen Atkin from Sheffield University, UK. The Karl-Fisher
titrator used in this work was a V20 volumetric Titrator
(Mettler-Toledo) and the analytical balance a Sartorius CPA
1003 S balance (+0.001 g).

Synthesis of triethylammonium hydrogen sulfate [TEA][HSO,]

Triethylamine (75.9 g, 750 mmol) was cooled with an ice bath
in a round-bottom flask. Under stirring, 150 mL of 5 M H,SO,
(750 mmol) were added dropwise. The water was removed
using a rotary evaporator and the product dried using the
Schlenk line at 40 °C overnight. The ionic liquid was recovered
as a white, hygroscopic solid.

'H NMR: 6H (400 MHz, DMSO-d®)/ppm: 3.39 (s (br), HSO, ",
N-H"), 3.10 (q, J = 7.3 Hz, 6H, N-CH,), 1.20 (t, J = 7.3 Hz, 9H,
N-CH,-CH;). >C NMR: §C (101 MHz, DMSO-d°)/ppm: 46.21
(N-CH,), 9.15 (N-CH,~CHj).

MS (Magnet FB") m/z: 102 ([TEA]', 100%), (Magnet FB)
m/z: 79 ([HSO4]~, 100%).

Feedstock

Miscanthus x giganteus was obtained from Silwood Park campus
(Imperial College London, UK). It was air-dried, chopped and
sieved (180-850 um, 20 + 80 US mesh scale) prior to use and
stored in plastic bags at room temperature in the dark.

Fractionation of biomass

Pretreatments, determination of oven dried weight and ionic
liquid water content measurements were conducted according
to the standard operating procedure from our laboratory.”” 8 g
of triethylammonium hydrogen sulfate and 2 g of water were
used as the solvent and 2 g of Miscanthus (on an oven-dried
weight basis) was used as the biomass, corresponding to a
biomass to solvent ratio of 1:5 g/g.

Feedstock and pulp characterisation

Moisture content. For both native biomass and recovered
pulp the moisture content was determined according to the
NREL protocol ‘Determination of Total Solids in Biomass and
Total Dissolved Solids in Liquid Process Samples’® by weigh-
ing out approximately 100 mg of biomass/pulp onto a pre-
weighed piece of aluminium foil and recording the weight
using the analytical balance. The foil with the biomass/pulp
was folded and oven dried (T = 105 °C) overnight. The hot
packets were placed in a desiccator to allow cooling to room
temperature. The weight was recorded immediately and the
moisture content calculated. This was performed in triplicate
for untreated biomass and once per sample for recovered
pulp.

Compositional analysis. Compositional analysis was carried
out according to the published procedure Determination of
Structural Carbohydrates and Lignin in Biomass by the
NREL.®" Details of how the procedure was carried out in our
labs can be found in the ESIL.}
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Delignification and hemicellulose removal. The delignifica-
tion was calculated using the following equation:

Lignin,, cated — (Ligninpulp x Yieldpyip) ()

Delign. = —
Lignin

untreated

where-by Ligninunereatea 1S the lignin content in untreated
Miscanthus, Ligning, is the lignin content in the pulp and
Yield,yp, is the oven-dried yield of pulp.

Hemicellulose removal was calculated using the following
equation:

Hemuyntreated — (Hempulp X Yieldpulp)
Hemyntreated

Hem. removal =

(2)

where-by Hemynereatea 1S the hemicellulose sugar content in
untreated Miscanthus, Hemy,, is the hemicellulose content in
the pulp and Yield,, is the oven-dried yield of pulp.

Saccharification assay. The saccharification assay was
carried out according to the Low Solids Enzymatic
Saccharification of Lignocellulosic Biomass protocol published
by the NREL.®® Details of how the procedure was carried out in
our labs can be found in the ESL{ All reagents and enzymes
were purchased from Sigma Aldrich.

Biomass solubilisation. The biomass solubilisation was
expressed as the fraction of the mass remaining in the pulp
after pre-treatment relative to the total mass content in the
untreated biomass, calculated as follow:

C:  (Cellulosepyp x Yieldpup)

_ 3
Co Celluloseyntreated ( )
H;  (Hempyp x Yieldpup) (4)
H, Hemuynreated
L, (Lignin,,, x Yieldpup) 5)

Lo Lignin

untreated

Where-by Celluosenreated i the cellulose content in untreated
Miscanthus and Cellulosey,,, is the cellulose content in the pulp.

The letters C, H, and L stand for cellulose, hemicellulose
and lignin respectively. The subscripts “r” stands for the mass
remaining in the pulp after pre-treatment and “0” for the mass
in the raw biomass before pretreatment. The other terms have
the same meaning as explained in the previous section.

Lignin characterisation

HSQC NMR spectroscopy. For HSQC NMR experiments of
precipitated lignin, ca. 20 mg of lignin was dissolved in
0.25 mL of DMSO-ds and the solution transferred to a Shigemi
tube. HSQC NMRs were recorded on a Bruker 600 MHz
spectrometer (pulse sequence hsqcetgpsi2, spectral width of
10 ppm in F2 (*H) with 2048 data points and 160 ppm in F1
(**C) with 256 data points, 16 scans and 1 s interscan delay).

Spectra were analysed using MestReNova (Version 8.0.0,
Mestrelab Research 2012). All spectra were referenced to the
DMSO peak at 2.500 ppm (*H) and 39.520 ppm (**C). Integral
areas were the same for all spectra. This was ensured by
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copying all relevant spectra into one file and selecting all of
them while drawing the oval integration area. The position of
the integration areas were selected according to literature.**
For ether linkages, the C-H,-signals were integrated and for
PCA and H, the 2,6-signals were integrated. Integrals are
reported with respect to 100 (G, + Gz cona) Signals. All spectra
can be found in the ESL{

Hydroxyl group content. Quantitative *'P NMR spectra of
selected lignin preparations were obtained using a published
procedure.®® For each sample, 300 pl of a solvent solution
made from 1.6:1 (v/v) of pyridine and deuterated chloroform
was prepared. The solvent solution was used to prepare a
mixture solution containing around 20 mg ml~" of cyclohexa-
nol (as internal standard) and a second around 5 mg ml™*
solution of chromium(m) acetylacetonate solution (relaxation
reagent). Previously dried ionoSolv lignin (ca. 10 mg) was accu-
rately weighed and dissolved in 100 pl of anhydrous pyridine/
deuterated chloroform solvent solution (1.6:1, v/v). 50 pL of
the cyclohexanol solution, 50 pL of the chromium(m) solution
and 50 pL the phosphitylating agent 2-chloro-4,4,5,5-tetra-
methyl-1,3,2-dioxaphospholane (TMDP) were added to the
lignin and the sealed vial was mixed by vortex for several
minutes or until it was completely dissolved. The samples
were transferred into Shigemi NMR tubes for subsequent NMR
analysis. The NMR experiments were carried out at 298 K on a
Bruker Avance 500 MHz NMR spectrometer. To obtain quanti-
tative spectra a relaxation delay of 25 s was used between 30°
pulses, the number of scans was 127 and an inverse gated
decoupling pulse sequence was used. Chemical shifts were
calibrated relative to the internal standard, i.e. the cyclohexa-
nol peak signal centred at § 144.2 ppm. Peak areas were
obtained through integration with MestReNova (Version 8.0.0,
Mestrelab Research 2012) and converted to mmol of hydroxyl
groups using the signal of the internal standard. The original
spectra can be found in the ESLf

Gel permeation chromatography. GPC measurements were
performed using an Agilent 1260 Infinity instrument equipped
with a Viscotek column set (AGuard, A6000 M and A3000 M).
The Agilent 1260 Infinity RID detector was used for detection.
GPC grade DMSO containing LiBr (1 g L") was used as eluent at
a flow rate of 0.4 mL min~" at 60 °C. Samples were prepared by
dissolving 20 mg lignin in 1 ml eluent and filtering through a
0.2 pm syringe filter. Ten pullulan standards (Agilent calibration
kit, 180 < Mp < 780 000) were used to calibrate the instrument.

High heating value calculations. The HHV was calculated
with the following formulas.

Dulong:*®

HHV [Btu Ib~'] = 145.44C + 620.28H + 40.5S — 77.540  (6)

1Btulb™' =2326] kg™
Jablonsky:>°

HHV [M] kg '] = 0.40659C (7)

In the above equation, HHV is the higher heating value on
dry basis and C, H, S and O and are the respective contents of
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carbon, hydrogen, sulfur and oxygen in weight percent and on
dry basis.

Conclusions

We have demonstrated that a low-cost ionic liquid solution can
be used to achieve high saccharification yields from ligno-
cellulosic biomass at a solid loading of 1:5 g/g and at short
reaction times. The latter was achieved by raising the pretreat-
ment temperature from the previously used 120 °C to up to
180 °C. Glucose released by enzymatic saccharification was the
highest at 76% after pretreatment for 30 min at 170 °C and for
15 min at 180 °C, showing the process intensification does not
lead to a glucose yield penalty. Hemicellulose removal proceeded
fast at temperatures above 150 °C, and over 90% of the hemi-
cellulose was removed after 30 min (at 170 and 180 °C). A
maximum of 82% of lignin was removed after 30 min at 170 °C
and 180 °C. This is significantly faster than previously seen at
120 °C, where optimum conditions were around 8 h. We have
further demonstrated that raising the temperature not only accel-
erated lignin removal but also improved it at optimum conditions.

The two effects combined (increased temperature and
loading) will lead to a 64-times-smaller reactor compared to
the pre-treatment run at 120 °C, since a doubling of biomass
loading from 1:10 to 1:5 g/g would halve the required reactor
volume, and a reduction in pretreatment time from 8 h to
15 min would reduce the required reactor volume by a factor of
32, resulting in a significant reactor cost reduction, estimated
to be around 90-95% (based on power law economies of scale
for standard process vessels).

We further show that there are only weak links between the
characteristics of the isolated lignin and the obtained glucose
yields, which gives scope to optimise the pretreatment con-
ditions for both lignin and pulp quality. A high phenolic OH
content was shown to be generally indicative of a condensed
lignin and an over-treated cellulose pulp. Additionally, we
show that higher temperatures do not induce IL incorporation
in the lignin. We also use the data set on lignin characteris-
ation in combination with previously published characteris-
ations at 120 °C to propose a 4-stage model for the lignin
extraction during ionoSolv pretreatment.

The ability to intensify pretreatment and tune lignin pro-
perties independently of saccharification yield provide exciting
opportunities for larger-scale development of the ionoSolv
pretreatment.
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