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Abstract

The production of biofuels and biochemicals requires a pretreatment to cleave the composite-like structure of lignocellulosic
biomass and thus facilitate further conversion. In the case of liquid-based pretreatment, it is important to know which
pretreatment liquids allow for an effective conversion of biomass. For the development of effective pretreatment strategies,
simple criteria for a fast evaluation of pretreatment results are advantageous. In this study, we use the example of acetosolv
pretreatment of beech wood to explore the influence of composition of the employed acetosolv liquids. To this end, we
investigate pretreatment phenomena on different scales including macroscopic disintegration, overall mass balances and
compositional changes of beech wood. We relate the investigated phenomena with the type and amount of catalyst acid as
well as water content of the employed acetosolv liquids. The results show that disintegration increases with both a higher
concentration and acidity of the catalyst acid, while excessive disintegration can be balanced by an increased water content
up to equimolar ratios of water and acetic acid. Furthermore, an increasing disintegration correlates with an increasing
non-recovered fraction up to a maximum of 40 wt%. The non-recovered fraction in turn linearly depends on the amount
of removed hemicellulose and lignin. Overall, a low lignin content together with complete disintegration after pretreatment
in acetosolv liquids with a high water content allows for increased sugar yields in subsequent enzymatic hydrolysis. Thus,
disintegration and non-recovered fraction serve as a simple indicator for a first assessment of pretreatment effectiveness.
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1 Introduction

One option for the production of fuels and chemicals in a
biorefinery is the conversion of sugars from lignocellulosic
biomass [1-4]. To make these sugars available, a pretreat-
ment is required to cleave the composite-like structure of
cellulose, hemicellulose and lignin in combination with acid
or enzymatic hydrolysis of the polysaccharides cellulose
and hemicellulose [5, 6]. A high sugar yield after enzy-
matic hydrolysis resulting from an effective pretreatment is
important to render a biorefinery economically feasible [7,
8].

Effective biomass pretreatment is associated with a
number of changes in morphology and composition of
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the biomass. In particular, to enhance accessibility of the
pretreated biomass for enzymes, an increase in surface area
is beneficial. In many cases, this relates to a macroscopic
disintegration of biomass after pretreatment [9-11]. With
regard to biomass composition, a higher fraction of removed
lignin mostly correlates with higher sugar yields after
enzymatic hydrolysis [12, 13], because lignin not only
physically prevents access to cellulose but also inhibits
enzymes [14]. Furthermore, decrystallization of cellulose
is beneficial for good hydrolyzability [15], although the
effect of decrystallization can be balanced by longer
hydrolysis times [13]. In many cases, a reduced number
of acetyl groups (which are attached to hemicellulose in
untreated biomass) after pretreatment positively influences
sugar yields [12, 16-18]. Nonetheless, the influence of
acetyl content on enzymatic digestibility is rated small in
comparison to the removal of lignin and decrystallization of
cellulose [13].

The above-mentioned phenomena of effective pretreat-
ment (i.e., increased accessible surface area, removal of
lignin, decrystallization of cellulose, reduction of acetyl
content) are to different extents characteristic for a
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variety of pretreatment concepts relying on biological, phys-
ical or chemical principles [6, 19, 20]. Chemical pretreat-
ment concepts apply electrolytic pretreatment liquids, such
as dilute aqueous systems [16], concentrated ionic liquids
and deep eutectic solvents [21, 22] or organic solvent-based
systems [23, 24]. The organic solvent-based organosolv pro-
cess enables usage and recovery of both the lignin and the
hemicellulose fraction besides the cellulose pulp as a poten-
tial pretreatment concept for biorefineries [24, 25]. So far,
several variants have been tested including organosolv pre-
treatment relying on acetic acid as main solvent with the
addition of a further catalyst acid, the so-called acetosolv
process [26-29].

The advantage of acetic acid-based pretreatment liquids
is an increased solubility for lignin in comparison to
alcohols, allowing for pretreatment at mild conditions (i.e.,
temperatures below 100 °C and atmospheric pressure) [28—
30]. Nevertheless, process conditions such as temperature,
duration of the pretreatment and liquid-to-wood ratio appear
less important for pulp yield and delignification than the
composition of the pretreatment liquid [31-33]. In this
context, a high concentration of acetic acid is beneficial
for an effective removal of lignin [31, 33, 34], while the
presence of a catalyst facilitates the removal of lignin in
the first place [32, 33]. Nevertheless, the influence of water
content on the removal of lignin remains unclear [35].
With regard to biorefinery applications, the influence of
varying catalyst types and concentrations and their relation
to pretreatment phenomena has not yet been systematically
analyzed.

We examine correlations between pretreatment phenom-
ena observed on different length scales with regard to the
properties of pretreatment liquids aiming at the identifica-
tion of simple criteria for the evaluation of pretreatment
effectiveness. To this end, beech wood pretreated with a
number of acetosolv liquids (i.e., acetic acid with differ-
ent catalyst acids and varying water contents) serves as an
example pretreatment concept. Regarding the composition
of pretreatment liquids, we focus on the variation of type
and concentration of catalyst acid, while selected additional
experiments serve to get a first impression of the effect of
a changing water content. The macroscopic separation of
wood fibers after acetosolv pretreatment is classified into
five newly defined degrees of disintegration as a potential
criterion to assess the outcome of pretreatment experiments
and overall mass balances are analyzed. Evaluation of the
compositional changes in terms of cellulose, hemicellulose
and lignin content after pretreatment identifies components
which are solubilized during pretreatment in relation to the
observed disintegration. Furthermore, we measure changes
of acetyl content resulting from acetosolv pretreatment of
beech wood for selected samples. Lastly, we evaluate the
performed pretreatment experiments based on sugar yields
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of enzymatic hydrolysis in view of a potential application of
acetosolv pretreatment in biorefineries.

2 Materials and methods
2.1 Pretreatment experiments

The employed acetosolv pretreatment liquids consisted of
acetic acid (VWR, 100%) with a variety of catalyst acids
of different pK, (the organic acids formic acid (Merck,
99%) and oxalic acid (Merck, dihydrate form) as well as
the inorganic acids phosphoric acid (Acros organics, 95%;
Applichem, 85%), sulfuric acid (Merck, 95%; Applichem,
72%; Carl Roth, 1molL™1), hydrochloric acid (Kruse,
30%; Merck, 1 molL~!; Carl Roth, 37%) and hydroiodic
acid (VWR, 57%)). All employed catalyst acids are stronger
acids than acetic acid (i.e., lower pK,). The pretreatment
liquids were prepared by weight and the water content was
not further adjusted but resulted from the purity of the
employed catalyst acids (i.e., the water content increased
with increasing catalyst molarity). All chemicals were used
as received without further purification.

Two main sets of acetosolv pretreatment liquids were
investigated. For the first set, pretreatment liquids of
all above-mentioned catalysts were prepared at similar
molalities to evaluate the influence of the acid strength
of the catalyst. These acetosolv experiments were carried
out at an approximate ratio of catalyst to acetic acid of
0.25 mmol 4 g;}x. The second set consisted of acetic acid
in combination with hydrochloric, sulfuric or phosphoric
acid as three representative catalyst acids to evaluate the
influence of varying catalyst molarities (i.e., one type of
catalyst at different molar concentrations). The mineral
acids sulfuric and hydrochloric acid were chosen because
both have been employed for acetosolv pretreatment
(cf. [32, 36]). Regarding less strong catalyst acids, the
applicability of oxalic acid as a catalyst acid is limited
by solubility of oxalic acid in acetic acid—water mixtures
[37]. Formic acid is similar to acetic acid and often applied
as solvent [29]. Hence, neither formic nor oxalic acid
were selected for the experiments with varying catalyst
molarities. Regarding strong catalyst acids, hydroiodic acid
was also not included in the second set of experiments due
to observed light-induced degradation. Hence, we chose
phosphoric acid as the third catalyst acid complementing the
other two mineral acids.

Additionally, a few experiments with a higher water con-
tent of up to 50 mol% were carried out by adding deionized
water (inhouse, conductivity approximately 0.8 uS cm™!)
to adjust the water content. Pure acetic acid was used as a
reference pretreatment liquid without catalyst to distinguish
between the influence of acetic acid as main solvent and
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catalyst acids. Furthermore, reference experiments contain-
ing only water with catalyst acids were carried out to
evaluate the interplay of acetic acid and catalyst acid.

Five hundred milligrams of beech veneer chips
(10 mmx2 mm, stored at ambient temperature) at 5 wt%
biomass loading was used for all pretreatment experiments
(each experiment carried out in duplicate). The veneer had
an average moisture content of 4.5 wt%. Experiments were
conducted in 50-mL centrifuge tubes that were heated for
2h in an aluminum heating block at 115 °C and atmo-
spheric pressure (typical acetosolv pretreatment conditions;
cf. [31, 33, 38]). The samples were stirred at 250 rpm with a
magnetic stir bar (15 mm length, 9 mm diameter). Full sub-
mersion of the beech chips was checked periodically. After
pretreatment, the samples were cooled down with tap water
and centrifuged at 10,000 rpm for 10 min. The supernatant
was separated for the analysis of the dissolved fraction with
low-field NMR. The remaining pretreated, wet biomass was
filtered by vacuum with filter crucible POR4 (pore size 10—
16 pum) and washed at least 3 times with deionized water.
The filter crucibles with the recovered biomass were dried
for at least 16h at 105 °C in a drying oven. The main
steps of the experiments performed are sketched in Fig. 1.
In the following, recovered fraction w; refers to the recov-
ered, dry mass after pretreatment m; as a fraction of the
initial amount of beech wood myoq taking into account the
moisture content wy, of the wood:

Wy = M/ (Myood(1 — Wm)). (D

The term non-recovered fraction wy, refers to the mass
fraction that was not recovered (i.e., solubilized in the
pretreatment liquid, not recovered in filter crucible due to
small particle size etc.) and is calculated from the closure
constraint of wood mass balance:

Wpr = 1 — wy. 2)

The recovered fraction was stored at ambient temperature
until further analysis (composition, acetylation, enzymatic
hydrolysis).

2.2 Analysis of recovered and dissolved fraction

Prior to component analysis and enzymatic hydrolysis, the
dried biomass samples were milled in a centrifugal grinding
mill (ZM 200 Fritsch, 0.5 mm mesh size).

Acid hydrolysis to determine the composition of native
and pretreated beech wood was carried out according to the
NREL protocol Determination of Structural Carbohydrates
and Lignin in Biomass [39]. Native beech had an average
composition of 41.8 wt% cellulose (measured as glucose),
26.2 wt% hemicellulose (measured as xylose and mannose)
and 17.3 wt% acid-insoluble lignin.

beech wood chips

=

pretreatment
115°C, 2h, 200 rpm

cooling
centrifugation

filtration
washing
drying

pretreatment liquid

sample of
supernatant for
| NMR analysis

i1

\ recovered fraction w,, for

compositional analysis
and enzymatic hydrolysis

Fig. 1 Scheme of experimental procedure for pretreatment of beech
wood. The focus is on the main steps where samples are taken. The
color and size of the sketched wood chips do not reflect the actual
changes during pretreatment

Enzymatic hydrolysis of pretreated wood samples was
carried out in an enzyme-buffer solution containing
14.05uL mL~! Celluclast and 0.1 molL~! sodium acetate
buffer at pH 4.8 with a biomass loading of 1wt% in
1.5-mL Eppendorf tubes. The samples were hydrolyzed
in a thermomixer at a stirring rate of 1000rpm and a
temperature of 50 °C for 72h. For the evaluation of
hydrolysis effectiveness, the amounts of cellobiose and
glucose released during hydrolysis were taken for the
calculation of sugar yield from the cellulose fraction.

For the determination of acetyl content, 200 mg of dry
wood were added to 10g of 1 molL™! sodium hydroxide
solution and heated at 80 °C for 1h. After heating, the
samples were centrifuged at 10,000rpm for 10min. A
sample of the supernatant was taken for NMR analysis
to determine the concentration of acetic acid and further
calculate the acetyl content. The solid fraction after
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deacetylation was filtered and dried in the same manner as
the recovered fraction of the pretreated samples.

'H NMR spectra for the analysis of supernatants of
pretreatment and deacetylation liquids were recorded on
a Magritek Spinsolve Carbon benchtop NMR (42.5 MHz).
For each spectrum, 64 scans were collected (6.4 s acquisi-
tion time, 15 s repetition time, 90° excitation pulse). Phase
and baseline correction as well as referencing of peak posi-
tions was done with MestReNova software (version 9.1.0
Mestrelab Research S.L.). Peak areas for the quantitative
evaluation of components were integrated with PEAXACT
(version 4.5 S-PACT GmbH).

3 Results and discussion

For the analysis of acetosolv pretreatment of beech wood,
we divide this section according to the scales of the
investigated pretreatment phenomena. The first subsection
focuses on the macroscopic phenomenon of disintegration
and overall mass balances. The second subsection deals
with compositional changes after pretreatment, that is, the
quantitative analysis of cellulose, hemicellulose and lignin
content in the recovered fraction, the qualitative analysis of
components that are solubilized during pretreatment and the
evaluation of acetyl content of pretreated samples. In the
third subsection, pretreatment effectiveness is evaluated by
sugar yields of enzymatic hydrolysis.

3.1 Disintegration and mass balances

For a systematic analysis of disintegration, we visually
classify the separation of wood fibers after acetosolv
pretreatment into five degrees of disintegration (DoD) as
shown in Fig. 2. For the allocation of a DoD to a sample,
we consider changes in shape of the pretreated wood
chips only and do not focus on changes in color. DoD
0 shows no signs of disintegration. It is indistinguishable
from untreated wood except for a slight change in color
towards a darker brown after pretreatment in some cases.
DoD 1 refers to a moderate disintegration. The wood chips
are slightly frayed after pretreatment but their original
shape is still clearly visible. Furthermore, the amount of
disintegrated wood is rather small in comparison to the
amount of wood, which is still in original shape. DoD
2 exhibits strong disintegration with largely disintegrated
wood. Nevertheless, the form of the original chips is still
visible. DoD 3 refers to complete disintegration of the wood.
The original shape of the wood chips is no longer visible
because fibers have been completely disintegrated from
each other. DoD 4 is reached when the fibers are degraded
after pretreatment and the wood is charred. In the following,
we refer to disintegration or disintegrated wood when a
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native beech DoD 2

DoD 4

/

Fig. 2 Classification of degrees of disintegration (DoD) after
pretreatment by visual inspection in comparison to the native
wood chips (10mmx2mm): DoD 0 (no disintegration), DoD
1 (moderate disintegration, slightly frayed wood chips), DoD 2
(strong disintegration, largely disintegrated wood), DoD 3 (complete
disintegration) and DoD 4 (charred)

sample reaches DoD 2 or 3 after pretreatment (i.e., DoD
1 is not sufficiently disintegrated, while DoD 4 refers to
disintegrated but degraded wood samples).

For a first assessment of disintegration after acetosolv
pretreatment, experiments with mineral acid catalysts are
evaluated, because mineral acids are often employed as
catalyst acids in organosolv pretreatment liquids [28].
Figure 3 depicts (a) samples of beech wood pretreated
with hydrochloric, sulfuric and phosphoric acid in acetic
acid as well as (b) samples of beech wood pretreated with
the same mineral acid catalysts in water. With increasing
catalyst concentration in acetic acid-based pretreatment
liquids, all DoDs are reached with all three mineral acid
catalysts. Furthermore, samples of a specific DoD have
a similar visual appearance when pretreated with either
one of the mineral acid catalysts. Hence, the type of
catalyst does not influence the macroscopically visible
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Fig. 3 Beech wood pretreated with mineral acid catalysts a in acetic
acid and b in water. Samples are selected to cover the range from no
disintegration (DoD 0) to charred samples (DoD 4) after pretreatment
in acetic acid-based pretreatment liquids. From top down, catalyst

disintegration. Nevertheless, it is noteworthy that the
amounts of catalyst acid required to achieve a certain
DoD differ by an order of magnitude from H>SO, to HCI
and from HCl to H3PO,4 (see Table 1 for exact values
of catalyst acid concentration in acetic acid and water,
respectively). Furthermore, with increasing DoD and hence,

acids are sorted according to increasing pK,. Concentrations of cat-
alyst acids increase from left to right (see Table 1 for values). The
position of the vials does not indicate the relative ratios of increasing
concentration but results from the size of the vials

with increasing catalyst concentration, the samples become
darker (cf. [36]).

While for the acetosolv experiments an increasing DoD
up to charred wood is achieved with an increasing catalyst
concentration, beech wood does not disintegrate in aqueous
pretreatment liquids (i.e., DoD 0). Even at high catalyst
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Table 1 Concentration of catalyst acids (mol L™ 1) in acetic acid-based
experiments (see Fig. 3 a, DoD 0-DoD 4) as well as in water-based
experiments (see Fig. 3 b, left and right sample) Samples are selected
to cover the range from no disintegration (DoD 0) to charred samples
(DoD 4) after pretreatment in acetic acid-based pretreatment liquids

Catalyst DoDO DoD1 DoD2 DoD3 DoD4 Left Right

HCl 0.0156 0.0314 0.0591 0.1416 0.2826 0.1687 0.2937
H,SO4 0.0008 0.0056 0.006 0.0228 0.2354 0.0052 0.2348
H3PO4 0.0256 0.6425 1.752 3.168 8.151 1.893 4.792

concentrations that lead to charring of wood in acetic acid-
based liquids (see Table 1), only the edges of the wood
chips are charred in aqueous liquids, especially for sulfuric
and phosphoric acid catalyst (right samples in Fig. 3b).
This absence of disintegration after pretreatment in aqueous
liquids shows that acetic acid plays a major role in achieving
disintegration of beech wood during acetosolv pretreatment.
Supposedly, all DoDs can be reached irrespective of the
type of catalyst acid added to the acetosolv liquids but DoD
seems to depend on the acidity (i.e., proton concentration) of
the respective pretreatment liquid. For the most part, acids
added to glacial acetic acid as solvent remain undissociated,
whereas the addition of even small amounts of water can
lead to significant increases in the fraction of dissociated
acid species [40]. Nevertheless, the relative order of acid
dissociation constants in acetic acid appears proportional to
the order of these constants in water [41]. Hence, it is of
interest to know how the acid strength of a catalyst acid
influences the extent of disintegration.

To evaluate the influence of acid strength of catalyst
acids in acetosolv liquids on the extent of disintegration,
we carried out pretreatment experiments with a variety of
catalyst acids. Usually, the acidity of an aqueous solution
is indicated by pH. However, a measurement of pH in
concentrated, nonaqueous solutions such as the acetosolv
liquids requires activity corrections to estimate the amount
of dissociated acid species. Because the development of
models that account for these influences is not within
the scope of this publication, we take the pK, difference
between acetic acid and the catalyst acid as an indicator
for the acid strength of the catalyst acid in acetosolv
pretreatment liquids. This approach has successfully been
applied in one study on organosolv pretreatment of Japanese
cedar, where sugar yield after pretreatment and enzymatic
hydrolysis could be correlated with the pK, of a range of
catalyst acids [42].

Figure 4 shows the water content of the pretreatment
liquids versus the difference of pK, between acetic acid
and the tested catalyst acids for the experiments at constant
ratio of catalyst acid to acetic acid. For concentrated
acetosolv liquids (filled symbols) below a pK, difference
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Fig. 4 Water content of pretreatment liquids versus pK, difference
between acetic acid and catalyst acid. All catalyst acids are
stronger acids than acetic acid. Acetosolv liquids contain approx.
0.25 mmolcatalyst g;/L. The filled symbols refer to concentrated
acetosolv liquids (i.e., only acetic acid and catalyst acid), where
the water content slightly varies due to the different purities of
the employed catalyst acids. The striped symbols refer to acetosolv
experiments where additional water was added to increase the water
content and the checked symbols refer to reference experiments with
only water and catalyst acid. The shape of the symbols indicates the
DoD (see legend)

of 5, beech wood does not disintegrate (DoD 0). For an
increased pK, difference of 7.76 and 10.76 with sulfuric
acid and hydrochloric acid, respectively, the samples are
either charred after pretreatment in concentrated acetosolv
liquids (filled symbols) or completely disintegrated with
added water (striped symbols). Similarly, pretreatment
with hydroiodic acid catalyst in acetic acid—water-based
pretreatment liquids leads to complete disintegration of
beech wood. As stated above, no disintegration is observed
for the reference experiments with water and catalyst
(checked symbols, see Fig. 3). Hence, the presence of acetic
acid is essential to achieve disintegration, while with an
increasing water content, the DoD decreases. In addition to
acetic acid, a catalyst acid is required to disintegrate the
wood because in the experiment with no catalyst (i.e., pure
acetic acid as pretreatment liquid) no disintegration was
observed.
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Taking the influence of water content into consideration,
an evaluation of pK, only does not seem sufficient as
a single evaluation criterion for the acid strength of
the catalyst acids with regard to disintegration effects.
Furthermore, it is unclear how the concentration of the
catalyst acids influences pretreatment results. Thus, in the
following, three catalyst acids are examined in more detail
by studying the influence of their concentration on mass
balances and component analysis.

The relation between the non-recovered fraction after
pretreatment and the concentration of catalyst acids (a)
hydrochloric acid, (b) sulfuric acid and (c) phosphoric acid
is sketched in Fig. 5. For all three catalyst acids, the non-
recovered fraction of acetic acid-based experiments (filled
symbols) increases with increasing concentration. Likewise,
a positive correlation between non-recovered fraction and
the concentration of hydrochloric acid catalyst has been
observed in the literature for acetosolv pretreatment of
eucalyptus and beech [33, 38]. Towards higher catalyst acid
concentrations, the non-recovered fraction appears limited
and remains rather constant.

With increasing concentration of catalyst acid and hence,
increasing non-recovered fraction, the DoD increases suc-
cessively. Thus, disintegration and non-recovered fraction
seem to be interconnected independent of the type of cat-
alyst acid. More specifically, DoD 0 to DoD 2 relate to a
non-recovered fraction increasing from slightly more than
0wt% to approximately 40 wt%, whereas DoD 3 is con-
nected to the maximum recovered fraction in all observed
cases. For DoD 4, on the other hand, the non-recovered
fraction can decrease due to recondensation of solubilized
components. This is visible for sulfuric acid and especially
for phosphoric acid.

Furthermore, our experiments show that the range of
increasing non-recovered fraction (i.e., the transition from
DoD 0 to DoD 2) in relation to catalyst concentration is
specific for each catalyst acid. In case of sulfuric acid, a
minimum concentration of 1.5-2.9 mmol L™ is required to
initiate the removal of a significant fraction of wood (i.e.,
10 wt% non-recovered fraction). In this concentration range,
the pretreated samples show no signs of disintegration
(DoD 0). This lower threshold for removal of biomass
components is not visible for the other two acids, possibly
not resolved due to few data points in the respective
concentration ranges. For hydrochloric and phosphoric acid,
the lowest tested concentrations with significant removal
of biomass components are 0.008 and 0.47 mol L,
respectively. Similarly, the transition from increasing non-
recovered fraction to the maximum non-recovered fraction
is around 0.004-0.0045 molL~"!, 0.06-0.142molL~! and
0.9-1.75mol L™! for sulfuric, hydrochloric and phosphoric
acid, respectively. However, this order of concentration
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Fig. 5 Non-recovered fraction of beech wood versus concentration of
a hydrochloric acid, b sulfuric acid and ¢ phosphoric acid as catalyst
acid. Filled symbols refer to liquids with only acetic acid and catalyst
acid, striped symbols refer to liquids with water added to acetic acid
and catalyst acid and checked symbols refer to reference experiments
with only water and catalyst acids. The shape of the symbols indicates
the DoD (see legend). Error bars are shown only for measurements
with standard deviation above symbol size

values does not correlate with the order of pK,, which is
PKaucl < PKaH,50, < PKaH;P0,-

In another study on acetosolv pretreatment of beech
wood, sulfuric acid was less effective as catalyst acid than
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hydrochloric acid, which matches the order of pK, [36]. In
comparison, the pretreatment liquids applied by [36] were
not composed of concentrated acetic acid, but contained
an increased water content of 20wt% for both catalysts,
while the acetosolv liquids in this study contain only trace
amounts of water due to the purity of the acid added as
catalyst. Therefore, the water content for hydrochloric acid
is slightly higher than for sulfuric acid due to the higher
purity of the latter. This comparison to literature implies
that the water content in acetosolv liquids, even in trace
amounts, influences the overall acidity of the pretreatment
liquid and especially the relative order of the strength of
catalyst acids. Therefore, a follow-up study with a defined
water content would help to resolve the exact relation
between disintegration and water content as well as catalyst
concentration.

As a first step towards the quantification of the influence
of catalyst concentration, the non-recovered fraction is fitted
as a function of the catalyst concentration (the dashed
lines in Fig. 5 a—c). Often, the solubilization of biomass
components during pretreatment is modeled as a first-
order reaction [24, 38, 43, 44]. However, biomass is a
heterogeneous raw material that shows nonuniform kinetic
behavior in many cases (i.e., the assumption of a first-
order reaction is not applicable due to changes in reaction
parameters during pretreatment or changing reactivities for
different fractions of the individual components). To model
this varying kinetic behavior, xylan and lignin solubilization
during formic acid pretreatment of wheat straw could be
related to an extended severity factor in combination with a
logistic function [45]. Similarly, a logistic function reflects
bulk and residual solubilization of biomass components
during formic acid-based pretreatment of sugarcane bagasse
[46]. Hence, we chose a logistic function to model
the relation between catalyst concentration and non-
recovered fraction. Further details on the function and fitted
parameters are given in the Supplementary Information.
Mainly, the fit supports the observation that the maximum
non-recovered fraction is independent of the type of catalyst
acid but is specific for beech or for acetosolv-pretreated
beech.

As observed above, the presence of water reduces the
degree of disintegration. This is also revealed in the
analysis of the non-recovered fraction for all three catalyst
acids. In aqueous liquids (checked symbols), catalyst acid
concentrations that lead to charring of wood in concentrated
acetosolv liquids (i.e., DoD 4) only lead to DoD 0 with
slightly charred edges (see also Fig. 3). Moreover, for these
reference experiments, the non-recovered fraction amounts
to approximately 20 wt%, which is lower than the maximum
non-recovered fraction for disintegrated samples but higher
than the non-recovered fraction for DoD 0 observed with
acetic acid-based pretreatment liquids. Similarly, a limited
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non-recovered fraction of up to 20 wt% was observed for
pretreatment of beech wood in aqueous oxalic acid [47].

In experiments with an acetic acid—water mixture
as solvent (striped symbols), the non-recovered fraction
reaches the upper limit of approximately 40 wt% but with
DoD 3 at catalyst concentrations that lead to charring
of wood (i.e., DoD 4) in concentrated acetosolv liquids.
Hence, besides enabling disintegration, the presence of
acetic acid in the pretreatment liquid allows for increased
solubilization of removed components. As a result, a
rather high maximum non-recovered fraction of 40 wt% is
achieved due to disintegration in combination with high
solubility for biomass components.

Figure 6 shows the average non-recovered fraction of
all experiments with mineral acid catalysts for DoDs 0 to
3 of beech wood after pretreatment (i.e., the average of
all experiments with filled symbols shown in Fig. 5). It is
visible that also for the average points, the non-recovered
fraction increases with increasing DoD (i.e., the recovered
fraction is reduced with increasing disintegration). On
average, a removed fraction of approximately 30wt%
seems to be the threshold to even slight disintegration
(DoD 1). Hence, this limit appears independent of the
type of catalyst acid, but similarly to the maximum
non-recovered fraction it is unclear, whether this limit
is specific for acetosolv-pretreated beech or valid for
pretreated beech in general. As another example, in
hydrothermal pretreatment of beech wood, a removed
fraction of more than 30 wt% resulted from pretreatment

05 r
04

03

01 F

X

0 1 2 3
degree of disintegration

average non-recovered fraction (g g-')

Fig. 6 Non-recovered fraction versus degree of disintegration after
acetosolv pretreatment. Points are average values for all above shown
experiments with sulfuric, hydrochloric and phosphoric acid catalysts.
The shape of the symbols corresponds to the DoD
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severities that also lead to an increased formation of
degradation products [48]. These observations indicate that
for beech wood, a removal of approximately 30 wt% relates
to either formation of degradation products or disintegration
for acetosolv and hydrothermal pretreatment, respectively.
Therefore, it is of interest to know which factors exactly
lead to the disintegration of beech wood. A first step
is the component analysis of the recovered fraction to
determine whether the removal of certain components
correlates with disintegration. Hence, in the next section,
we analyze changes in the composition of the samples after
pretreatment with the different catalyst acids.

3.2 Compositional changes after pretreatment

First, we quantitatively analyze the pretreated beech wood
samples in terms of cellulose, hemicellulose and lignin
removed during pretreatment in relation to the overall non-
recovered fraction. Second, we qualitatively analyze the
components that are dissolved during pretreatment and
can thus be determined via NMR spectroscopy of the
pretreatment liquids after pretreatment. Third, changes in
acetyl content of selected samples after pretreatment are
discussed with regard to the influence of the pretreatment
liquid composition.

3.2.1 Analysis of recovered material

The fraction of removed components is calculated from
the composition and amount of the recovered fraction in
comparison to the composition and initial amount of native
beech wood.

For pretreatment concepts relying on enzymatic hydrol-
ysis for the release of sugars, it is desirable that a large
fraction of cellulose remains in the pretreated sample. This
means that glucose is not removed or degraded during
pretreatment. For many of our experiments, the standard
deviation of removed glucose is high (see Supplementary
Information Fig. S1) and therefore, it is unclear how much
cellulose actually remains in the pretreated samples. These
fluctuations could be caused by an inhomogeneous distri-
bution of sugars in disintegrated samples or by a wrong
weight of the recovered fraction due to acetic acid or cat-
alyst acid still being attached to the wood. Furthermore,
an underestimation of the glucose content of native beech
could lead to negative values of removed glucose. Some
experiments show a rather high fraction of glucose removed
during pretreatment in combination with a high DoD. Here,
aggressive catalyst acids at high concentrations (see Sup-
plementary Information Tab. S2) probably hydrolyze and/or
degrade sugars as has been observed for spruce, which
was extensively disintegrated after organosolv pretreatment
[49]. Nevertheless, it seems that for most experimental

conditions, glucose (i.e., cellulose) stays in the recovered
fraction.

The sum of removed xylose and mannose as mostly
detected sugars of the hemicellulose fraction versus the
non-recovered fraction is depicted in Fig. 7a. In most
cases, the standard deviation is low and the graph
shows a clear linear correlation between the fraction
of hemicellulose sugars removed and the non-recovered
fraction. Furthermore, both the samples with concentrated
acetic acid-based pretreatment liquids (filled symbols)
and the samples with an increased water content in
the pretreatment liquids (striped symbols) apparently
follow the same correlation. For each catalyst acid,
the fraction of removed hemicellulose sugars increases
with increasing acid concentration (see Supplementary
Information Tab. S2). For the presented experiments,
hemicellulose sugars amount to the highest share of
the removed components. Nevertheless, especially for the
experiments with a high quantity of removed hemicellulose
sugars (i.e., complete disintegration with a high non-
recovered fraction), other components are removed as well.
Moreover, for all (but one) of the disintegrated samples, at
least half of the hemicellulose sugars are removed during
pretreatment. Thus, the removal of a major fraction of
hemicellulose is a prerequisite for disintegration, though
this is rather a necessary condition and not sufficient to
achieve disintegration.

Figure 7 b shows the fraction of (acid-insoluble) lignin
removed during acetosolv pretreatment versus the non-
recovered fraction. Generally, lignin has the lowest standard
deviations among the quantified components. Similar to
hemicellulose, lignin shows a mostly linear correlation
between the fraction of lignin removed and the non-
recovered fraction, which is in agreement with other
studies on organosolv and acetosolv pretreatment [9, 31].
Unlike the removal of hemicellulose sugars, the removal
of lignin shows an offset and is only initiated between
a non-recovered fraction of 10 to 20 wt%. This means
that first a part of hemicelluloses is removed before the
lignin content is significantly reduced during pretreatment
(i.e., hemicellulose and lignin are removed successively).
Similarly, for acetosolv pretreatment of eucalyptus wood, a
high delignification of samples is reached when at the same
time the pentose concentration in pulping liquors is high
(i.e., a large fraction of hemicellulose removed) [38].

For disintegrated samples (DoD 2 and 3), the extent
of disintegration in relation to the lignin content is partly
ambiguous. More specifically, the visual classification of
strong and complete disintegration includes samples with
both a high and low fraction of lignin removed. This refers
to the samples with an increased water content in the
pretreatment liquid (striped symbols) and those that show a
rather high amount of glucose removed after pretreatment

@ Springer



11696 Biomass Conv. Bioref. (2023) 13:11687-11701
(@ 1.0 the same time inhibit an effective removal of lignin. On the
»—F‘ other hand, acetic acid—water-based pretreatment allows for
‘g 08 | =] an effective removal of lignin with the majority of lignin
£ =g being removed irrespective of the type of catalyst acid.
> Thus, in this study, a rather high water content seems to
o 06 | . . . .. .
Py F% % be beneficial to achieve removal of lignin due to a higher
3 solubility for lignin fragments and/or due to a more effective
X 04 é cleavage of lignin in comparison to pretreatment liquids
> @ composed of concentrated acetic acid and high catalyst acid
§ 02 | T concentrations.
& Often, estimates for solubility of (bio)polymers in a
.E 0.0 solvent rely on Hildebrand parameters. According to Hilde-
% @) brand, solvents allow for solubility of a solute, if their
£ o2 | parameters are similar. The Hildebrand parameter value for
= § lignin ranges between 23 and 26 MPa!/? [50-52], while
B the values for acetic acid and water are determined to
0.4 ' * ' ' 20.7 and 47.9 MPa!/? (25 °C), respectively [53] (note
(b) 1.0 the differently higher reported value for acetic acid in
the compilation of [29]). Hence, lignin solubility should
be higher in liquids containing a high volume fraction of
08 T acetic acid as a result of the volume-based mixing rule
- to estimate Hildebrand parameters of a mixture (cf. [53]).
‘T.g 0.6 f Correspondingly, solubility of sugarcane bagasse lignin
s is highest in mixtures containing around 80vol% acetic
204t acid [34]. Neglecting the rather small density change in
§ acetic acid—water solutions, a volume fraction of around
2 02 | 80vol% corresponds to a mole fraction of approximately
§ ' 55mol%. This is in line with our observation of facil-
g ) @ itated lignin removal in pretreatment liquids containing
g 00 ) 50mol% acetic acid in comparison to nearly pure acetic
acid.
02 r To conclude, several aspects of the magnitude of
recovered material and its composition are linked to
0.4 L . . L disintegration of beech wood after acetosolv pretreatment.
0 0.1 0.2 0.3 04 0.5  For disintegrated samples, the non-recovered fraction
non-recovered fraction (9 yiomass ™) exceeds 25wt%. This corresponds to the removal of
oDoDO ADoD1 oDoD2 ©DoD 3 appro.xirTlately Qne half anq one third of. the hérpicellul(.)se
®no catalyst @H,PO, @HCI ~ H,SO, ®@HI and lignin fraction, respectively. To achieve disintegration

Fig. 7 Fraction of a mannose and xylose, and b lignin removed
during pretreatment with acetic acid-based liquids (filled symbols)
and acetic acid—water-based liquids (striped symbols) versus non-
recovered fraction. The content of hemicellulose as xylose + mannose
and the content of lignin in native beech is 26.2 wt% and 17.3 wt%,
respectively. The area delineated by the dashed curve highlights
experiments with an extraordinary high fraction of lignin remaining in
the pretreated material and at the same time a high amount of glucose
removed during pretreatment. The shape and color of the symbols
indicate the DoD and the employed catalyst acid, respectively (see
legend). Error bars are shown only for measurements with standard
deviation above symbol size

(highlighted by the dashed curve as in Fig. S1). On the
one hand, the strongly acidic conditions which lead to
degradation of the cellulose fraction during pretreatment at

@ Springer

in concentrated acetic acid pretreatment liquids, a minimum
concentration for each catalyst acid is required: HCI
> 0.04molL~!, HySO; > 0.005molL~!, H3PO; >
0.65mol L™! (see Fig. 5). Nevertheless, disintegration also
relates to the interplay of acid and water content and hence,
this specific threshold of catalyst concentration is probably

increased with the addition of water.
3.2.2 Analysis of dissolved components

With the aid of NMR spectroscopy, components that are dis-
solved in the pretreatment liquid after the experiments can
be detected. This analysis of removed components comple-
ments the above analysis of the recovered fraction. Sam-
ple spectra of aqueous and acetic acid-based pretreatment
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liquids after pretreatment are given in the Supplementary
Information Fig. S2.

Spectra of the reference experiments with water and
catalyst show only slight signals of sugars and acetic
acid. The latter is probably formed due to deacetylation
of beech wood during pretreatment. With the absence of
disintegration and hence a high recovered fraction in the
reference experiments, it seems plausible that only a few
components are dissolved in these pretreatment liquids after
pretreatment.

In the spectra of acetosolv pretreatment liquids relying
on concentrated acetic acid, dissolved wood components
(lignin, sugars) and degradation products (furfural, formic
acid) show clear peaks. Both furfural and formic acid
are probably formed due to degradation reactions mainly
of C5 sugars [43, 54]. Signals of solubilized components
and degradation products do not appear similarly for all
experiments (see Supplementary Information Tab. S3).
Nevertheless, lignin is visible for all experiments with
acetic acid-based pretreatment liquids indicating that a
certain fraction of the lignin is always extracted independent
of the type and concentration of catalyst acid. Besides
a very weak lignin signal, the spectra of the reference
experiment with only acetic acid and no catalyst acid show
no other components. Sugar signals are mostly observed
with sulfuric acid catalyst, corresponding to the hydrolysis
of cellulose in experiments with sulfuric acid discussed
above. In addition to sugar signals, the experiments with
sulfuric acid show the strongest signals of degradation
products followed by hydrochloric acid and phosphoric
acid. This order is in line with the observation that with
sulfuric acid, the lowest acid concentrations are required
to achieve a certain DoD, whereas for phosphoric acid,
the highest concentrations are required (i.e., not in line
with the order of pK,). For all three catalyst acids, the
furfural peaks are more pronounced the higher the employed
acid concentration and vice versa, the formic acid peak
is more pronounced the lower the employed catalyst acid
concentrations. Furthermore, the spectra of experiments
with acetic acid—water-based pretreatment liquids reveal
that the addition of water to acetic acid apparently reduces
the stability of furfural so that it is further degraded to
formic acid (cf. [54]).

3.2.3 Acetyl content

Figure 8 shows the water content of pretreatment liquids
versus the acetyl content of pretreated biomass samples.
For most experiments, pretreatment liquids contain approxi-
mately 0.25 mmolcagaryst g5 }“ (i.e., the same experiments that
were analyzed for the influence of catalyst acid strength in
Fig. 4). Since hydrochloric and sulfuric acid catalyst in pure
acetic acid lead to undesired charring of wood at this ratio,

0.6

]
@ no catalyst @»H,PO, @®HCI = H,SO, @H|

05 F H E@

oDoD 0 oDoD2 ODoD 3

04

03

02

water content (mol mol-')

01

untreated beech

Se ©

0.0
0.03 0.05 0.07 0.09

acetyl (g g)

Fig. 8 Water content of pretreatment liquids versus acetyl content of
pretreated biomass samples. Filled symbols refer to liquids with only
acetic acid and catalyst acid and striped symbols refer to liquids with
water added to acetic acid and catalyst acid. The shape and color of the
symbols indicate the DoD and the employed catalyst acid, respectively
(see legend). The dashed line indicates the acetyl content measured for
native beech wood

a lower ratio of 0.06 mmolcatalyst gX/L is chosen for the mea-
surement of acetyl content for these two acids (light and
dark blue filled symbols).

The acetyl content of native beech of 4.17wt% is in
accordance with values for beech wood mentioned in the
literature, which vary between 3.8 and 4.7 wt% [33, 48,
55]. Except for the hydroiodic acid experiment with a
slightly reduced acetyl content, all evaluated experiments
exhibit an increase in acetyl content compared to native
beech. This means that cellulose and/or lignin is acetylated
during pretreatment with the employed acetosolv liquids.
Similarly, in other studies, acetylation of either cellulose
or lignin has been observed after acetosolv pretreatment of
different types of biomass [30, 34, 56]. However, a low
acetyl content has been identified as being beneficial for
high sugar yields after enzymatic hydrolysis. Unlike low
delignification or partial decrystallization of cellulose, the
effect of a high acetyl group content cannot be compensated
for with increased hydrolysis times [13]. Therefore, a
reduction of acetyl content during pretreatment should be
aimed at.

For the investigated experiments, visual disintegration
does not correlate with acetyl content, because samples
with DoD 2 are spread over the range of measured acetyl
contents. Nevertheless, the sample with the lowest acetyl
content is the only one that is completely disintegrated after
pretreatment.
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Regarding the composition of the pretreatment liquid, the
water content as well as the strength of the catalyst acid
influence the acetyl content after pretreatment. It is notable
that the acetyl content decreases with decreasing acetic acid
content (i.e., increasing water content). Moreover, at similar
water contents and comparable catalyst concentration,
the application of a stronger catalyst acid (i.e., lower
pK,) results in a lower acetyl content of the pretreated
sample. Correspondingly, the lignin content in the recovered
fraction decreases with increasing water content and
catalyst acid concentration. Conversely, pretreatment in
concentrated acetosolv liquids with catalyst acids of low
concentration or low strength is associated with high
acetyl and lignin contents in the recovered fraction. Thus,
acetylation of lignin could hinder its removal despite the
above discussed high solubility that is expected in these
liquids.

3.3 Enzymatic hydrolysis

Generally, high sugar yields after enzymatic hydrolysis
are desirable for economic feasibility of lignocellulosic
biorefineries. For most experiments though, the sugar yield
after hydrolysis is rather low with approximately 5 wt%
yield referred to native beech (i.e., in the range of the
reference experiment without catalyst, see Supplementary
Information Tab. S2). The current set of experiments hence
does not suggest an optimal operating point for pretreatment
but gives indications for the intrinsic differences of
acetosolv pretreatment. Several effects could cause the
observed low sugar yields after hydrolysis: the absence
of disintegration (i.e., a low increase in surface area),
hydrolysis and/or degradation of the cellulose fraction in
case of sulfuric acid catalyst (i.e., lower amount of cellulose
left for enzymatic hydrolysis), redeposition of solubilized
lignin [33, 44, 57] or an increase in acetyl content in
comparison to native beech [30, 34, 56].

The two highest sugar yields of 20 to 25wt% (see
Tab. S2) are observed after pretreatment with approximately
equimolar acetic acid—water mixtures and hydroiodic or
hydrochloric acid catalyst. Both samples are disintegrated
after pretreatment. Furthermore, these are two of the three
experiments with the highest amount of lignin removed
(see Fig. 7) as well as an acetyl content in the range
of untreated beech (see Fig. 8). Hence, our findings are
in line with observations from the literature that both a
low lignin and acetyl content are beneficial for enzymatic
hydrolysis. As discussed above, the exact relation between
the composition of acetosolv pretreatment liquids (i.e.,
water content as well as type and concentration of catalyst
acid) and the investigated pretreatment phenomena is yet
unclear. This requires further research, especially to resolve
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the influence of a changing water content in the regime of
concentrated acetic acid with regard to lignin removal and
lignin solubility.

The sugar yields obtained with the above discussed
experiments correspond to a cellulose-to-glucose conver-
sion yield of approximately 50 wt%. This yield is clearly
higher than yields of acetosolv-pretreated pine and euca-
lyptus, which are in the range of 10 and 30 to 40 wt%,
respectively [56, 57]. However, in comparison to other pre-
treatment concepts such as alcohol-based organosolv pre-
treatment with cellulose conversion exceeding 50 wt% [29]
or ionic liquids with virtually complete cellulose conver-
sion [22], the researched acetosolv conditions lead to rather
low sugar yields and need improvement (e.g., deacetylation
step, testing of improved pretreatment liquids). Neverthe-
less, assuming that the removed hemicellulose sugars can
be completely recovered from the pretreatment liquids, the
two experiments with the highest glucose yield meet the cri-
terion of 400 g sugars per kg wood for viable biorefinery
processes [58].

4 Summary and conclusions

Beech wood was pretreated with a variety of acetosolv
liquids composed of acetic acid, different types of
catalyst acid and varying water contents as an exemplary
pretreatment concept to resolve correlations between
pretreatment phenomena and composition of pretreatment
liquids. Although, for the tested conditions, the highest
sugar yields after enzymatic hydrolysis exceed other
reported yields by 10 percentage points and more, the
sugar yields are rather at the border of economically
viable operation of a biorefinery. Hence, temperature and
residence time need improvement for a further increase
in sugar yields. More importantly, this study of varying
acid and solvent composition enables the analysis of
pretreatment phenomena on several scales directly related
to the composition of pretreatment liquids. To classify the
separation of wood fibers during acetosolv pretreatment, we
define five degrees of disintegration from no disintegration
to charring of wood. Our experiments show that the
degree of disintegration depends on the concentration of
catalyst acid and acetic acid. The comparison to aqueous
pretreatment liquids reveals that the presence of acetic acid
is required to achieve disintegration at all. This is due to
an increased catalytic activity of acetic acid in acetosolv
liquids containing at least equal amounts of acetic acid
and water. In all cases, an increasing concentration of
mineral acid catalysts increases the degree of disintegration.
Likewise, the non-recovered fraction after pretreatment
increases up to a threshold of approximately 40 wt%. This
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maximum of non-recovered fraction is independent of the
type of catalyst acid. Further analysis of the composition
reveals that the magnitude of the non-recovered fraction
linearly correlates with the amount of both removed
hemicellulose and removed lignin. The removal of half of
the hemicelluloses together with the removal of one third of
lignin is a prerequisite for the disintegration of acetosolv-
pretreated beech wood. With regard to the composition of
pretreatment liquids, an equimolar ratio of acetic acid and
water in combination with a strong catalyst acid allows for
a high delignification and prevents an increase in acetyl
content, which proves beneficial for enzymatic hydrolysis.
To further quantify the relation between composition of
pretreatment liquid and pretreatment results, experiments
with a defined water content covering the range from
concentrated acetosolv liquids with a low amount of water
to pretreatment liquids containing an equimolar amount of
acetic acid and water would be beneficial. The analysis
of pretreatment phenomena shows that disintegration in
combination with a non-recovered fraction of around
40wt% serves as a necessary condition for effective
pretreatment. Such a quick and robust analysis of DoD
complements a more laborious wet chemical analysis and
thus allows for easy screening of pretreatment conditions
with regard to a competitive application in biorefineries.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-021-02023-6.
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