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ABSTRACT: Aqueous acetone organosolv fractionation of the  Batchwise Woob  SRAW omss sels  Semi-continuous

S

lignocellulosic biomass using a batchwise operation is a robust Processing
technology option to produce cellulose, sugars, and lignin. Such

. @ processing

fractionation is typically characterized by fast solubilization of most /' 0% 5 sugor yield - 20mn ) Pip
of the lignin and hemicellulose sugars in the early stages of the 8% Delignification s ) " Q
process, gradually followed by slower removal of the remaining, o 14 lignin B-0-4 linkages * v 20 N/
more recalcitrant part at later stages. As a result, most of the wash 29%  Lignin condensed units g (2™ (ew ) wash
solubilized sugars and lignin experience a relatively long residence 23%  Products inwash-liquor v 4%\

time in the hot liquor, leading to undesired sugar degradation and ™ No  Integration options wash steps v Ves 20 min @
lignin depolymerization-condensation reactions. A lab-scale, semi- * Per 100 romaic unis (5+G) T

continuous countercurrent flow fractionation design is presented
here as a solution to this issue and studied as an intermediate step
toward an envisioned scaled-up design involving a series of
percolation reactors coupled for liquid exchange. Counter-current semicontinuous processing (SCP) reduces the overall residence
time of the solubilized sugars and lignin. While even slightly improving on fractionation performance, ie., sugar and lignin
solubilization, most importantly, SCP resulted in less sugar degradation and more hemicellulose oligomers compared to the simple
batch process. SCP lignin proved to be of higher quality with increased $-O-4 content and, consequently, a higher abundance of
lignin aliphatic hydroxyl groups, less formation of Hibbert ketones, and reduced condensation. The more native nature of the lignin
is reflected in its improved reactivity in reductive partial depolymerization to lower molar mass and dispersity lignin building blocks.
Overall, SCP thus provides a powerful and scalable strategy for improving the efficiency and effectiveness of aqueous acetone
organosolv fractionation.

Semi-continuous processing improves overall process efficiency and product quality

KEYWORDS: biomass organosolv pretreatment, semicontinuous processing, hemicellulose sugar yield, lignin quality, process intensification

B INTRODUCTION loadings and subsequent lignin concentrations in the liquor

Biorefineries that enable efficient fractionation of sustainable Witlh Pinjrrﬁal ligniln errecipitatio; ontoﬁhe lcelluloiet-jnrighed
lignocellulosic biomass feeds to its main constituents are pulp. e technology proved excellently scalable from

central to most biobased value chains and a key technology le.xboratory to. the p ﬂOt—sc?Ie’AWith th.e latter usin.g industrial-
option for the transition to a circular and biobased society.' ™ size wood chips and low liquid-to-solid (L/S) ratios of 3.3 kg

Over the past decades, organosolv has shown to be an effective 50% aqueous acetone/kg ) dry WOOd'lf ) qumd, ﬂc'>ws .we.re
treatment for the isolation of cellulose-enriched fibers, further reduced by replacing the traditional dilutive lignin
hemicellulose sugars and their derivatives (HMF, furfural), p'rec'ipitatio.n .app.roach with the .LigniSep Process, a continuous
and a high purity lignin."~” However, a complex operation and hgr.nn precipitation process dr1v§1'1 by direct solvent evapo-
relatively high costs and energy demand for solvent recovery ratlo'n. Taken together, the VOI?tlhty of the ac§tone soh.fent.,

have hampered upscaling and market implementation of such application of low L/S§ ratios, and continuous lignin

processes.”* '

Aqueous acetone organosolv pulping under acidic con- Received: January 11, 2024 §§%J?H‘§,‘E!E
ditions (the so-called Fabiola process) offers improved Revised:  February 7, 2024 ;
performance characteristics in multiple key areas (detailed Accepted:  February 20, 2024
below), providing a balance between process performance, Published: March 1, 2024
economics, and sustainability impact.11 Aqueous acetone is an

excellent solvent for lignin,12 allowing for high biomass
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precipitation lead to significantly improved process economics
and sustainability performance.

The technology also proved highly feedstock tolerant, which
helps to mitigate biomass supply risks and to provide an
optimal connection to sustainable and economically feasible
feedstock supply chains."*™'® To allow multifeedstock
processing, aqueous acetone pre-extraction of complex and
mixed biomass streams was introduced as a pretreatment step
prior to fractionation to remove organic extractives and
minerals. Pre-extraction creates a lignocellulose-enriched
stream for improved organosolv processing with high sugar
yields and lignin purity as well as valorization potential for the
extracted compounds.'” Such tandem pre-extraction and
fractionation does introduce additional processing costs, liquid
flows, and energy use, which have to be partly compensated
through process intensification as well as optimization of
process efficiency (i.e., yield, quality, and value of the biomass
fractions).

Fractionation process conditions require one to balance
between the high process severity needed to obtain good yields
(i.e., solubilized hemicellulose sugars and lignin in the liquor
and cellulose enrichment in the pulp) and the mild conditions
needed to prevent extensive degradation of these products.'®
In this light, hemicellulose sugar yields still leave room for
improvement (currently at ~76%). Improvements in sugar and
lignin yield should not come at the expense of lignin quality,
though, as a high quality li§nin stream is essential for
application in, e.g, batteries,'”*® as an antioxidant®' or as a
polyol for polymer formulations”*~>* and is as such crucial for
the biorefinery viability.”>~>” We recently showed that the
Fabiola lignins can be further tailored for specific applications
by so-called Partial Depolymerization by Reduction (PDR), a
strategy that cleaves residual $-O-4 linkages to reduce the
lignin’s molar mass and dispersity to yield oligomers better
suited for downstream application.”®”” PDR efficiency was
shown to be directly related to lignin quality, i.e., better results
were obtained with less condensed, more B-O-4 ether-rich
lignins.”® Sufficient feedstock delignification is needed not only
to maximize the isolated lignin yield, but also to yield cellulose
pulp of the best quality for material applications®*~** or,
alternatively, to ensure efficient enzymatic saccharification of
the pulp to fermentable monomeric sugars.”'” Besides process
conditions, delignification is partly dependent on biomass type
and the amount of hard-to-extract lignin therein'”"®** and was
found to vary considerably (72—86%) from feedstock to
feedstock.'""”

In recent years, application development is expanding
toward combined use of cellulose fibers, sugar derivatives
and/or lignin in composite materials for tailored character-
istics, enhanced performance and improved circularity.**>°
This further demonstrates the need for biorefineries that
enable the isolation of all biomass constituents in high quality.

Improving acetone organosolv fractionation is challengin
due to the trade-off between yields and product quality.”””
Notably, as most hemicellulose and lignin solubilization takes
place in the early stages of fractionation,”*' batchwise
processing results in long residence times of solubilized
hemicellulose sugars and lignin in the hot liquor, leading to
increased degradation of these products.

Karlsson et al. reported a cyclic extraction process consisting
of multiple fractionation and pulp washing cycles, thereby
reducing the residence time of solubilized lignin at process
temperature to less than 5 min, yielding a very high quality
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lignin.*** A potential drawback, however, may be the
increased cost and energy use of processing diluted streams
at the biorefinery scale. The advance in lignin quality and color
opens opportunities for a high-end application, such as
cosmetics, which may compensate for the increased cost and
energy use. Zijlstra et al. and Zhou et al. both reported on a
flow-through setup for mild organosolv extraction which
resulted in improved lignin yield as well as lignin quality as
compared to batchwise processing.**™*’ In addition, both
studies used lignin stabilization strategies involving alkoxyla-
tion and formylation, respectively, to trap reactive benzylic
cations, preserving the lignin $-O-4 bonds and limiting further
lignin condensation reactions.

These studies provide support for what may arguably be
considered an optimal reactor design for biomass pretreat-
ment: a continuous (screw) reactor with counter-current flow.
Indeed, such a process has the potential to improve biorefinery
output as well as achieve process intensification through the
use of relatively low fractionation L/S ratios and the
integration/omission of pulp washing steps. However, the
robustness and operational safety of continuous processing
may be challenged by continuous transport of (large size) solid
biomass particles and a flammable solvent in a pressurized
reactor, especially with regard to the abrasion of seals and
moving parts. Contrarily, batchwise processing in a percolation
reactor has proven to be a robust technology option, as
recently reported for acetone organosolv.'' The envisioned
scale-up of this particular process design then consists of an
array of such percolation batch reactors, providing a near
constant feed for downstream processing.

In this light, we here present a comparison between
batchwise processing (Figure 1) and a newly developed
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Figure 1. Schematic representation of batchwise processing.

semicontinuous process (SCP) design (Figure 2) based on
multistage countercurrent batch extractions reported for, e.g.,
biomass extraction, mining, and food processing.48_>3 The
SCP process is based on coupling of percolation reactors,
allowing for liquor exchange in a stepwise counter-current flow
while the biomass solids remain in the reactor. As most of the
hemicellulose and lignin are solubilized during the first stages
of fractionation, counter-current flow reduces its residence
time in the hot liquor, limiting product degradation. We show
the potential for improved product yield as well as quality and
minimized pulp washing requirements while maintaining the

https://doi.org/10.1021/acssuschemeng.4c00303
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Figure 2. Schematic representation of semicontinuous processing (top), using (eventually, after an initial startup phase) six percolating reactors
with fixed solid bed positions and liquid exchange between reactors during the transfer cycle (bottom). See Experimental Section for a detailed

process description.

robustness of batchwise operation. The process is explored
using beech wood, wheat straw, roadside grass, and almond
shells to allow a first assessment of the effects of feedstock type,
biomass acid neutralizing capacity, and treated biomass
moisture absorbance capacity on process performance.

B EXPERIMENTAL SECTION

Feedstocks. Beech wood (BW) with a particle size of 0.75—2 mm
was used as received. Wheat straw (WS), roadside grass (RG) were
cut to a smaller particle size using a Retsch SM300 cutter mill
equipped with a 4 mm sieve. WS, RG, and crushed almond shells (AS,
particle size <5 mm) were pre-extracted with water and acetone in a
14 L custom built pre-extraction unit as described for the WA-
sequence in previous work.'” Biochemical composition analysis was
conducted on BW, and the dried pre-extracted RG, WS, and AS are
detailed in the Supporting Information, Figure S1 and Table S1.

Semicontinuous Processing Setup. The semicontinuous
process design detailed in this study is based on reactor coupling,
allowing for liquor exchange between percolation reactors. This way, a
stepwise counter-current flow can be achieved while maintaining the
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robustness of batchwise operation. The process design is shown in
Figure 2 where, in each step, one reactor is emptied and filled with
biomass, while the other reactors conduct fractionation and washing
steps. Liquid is then transferred counterclockwise after each cycle.
Starting from the fresh wash liquid, the individual steps are as follows:

W2. Water is used to remove acetone from the organosolv pulp.
The obtained wash liquid contains acetone and is partly transferred to
W1 in the following cycle. The remainder is processed for acetone
recovery or can be used in the aqueous acetone biomass pre-
extraction process.

W1. Solvent wash of the fractionated pulp using W2 liquid with
added acetone (from the solvent recovery) to make a 50% acetone
wash liquid.

F2. Wash liquid W1 is acidified to pH 1.8 for the final fractionation
step of N1/F1 pretreated biomass.

F1. Fractionation of N1 pretreated biomass using transferred F2
liquor.

N1. Fresh prewetted or pre-extracted biomass is contacted with F1
liquor. The aim for N1 is to conduct a mild fractionation (pH 2.1) of
the biomass, thereby solubilizing the most labile part of the

https://doi.org/10.1021/acssuschemeng.4c00303
ACS Sustainable Chem. Eng. 2024, 12, 4731-4742
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Table 1. Experimental Details

acid added (mM H,SO,)

code feedstock process autoclave  time (min)  L/S ratio (L/kg feed) ~ B/BR  SCP-F1 ~ SCP-F2  SCP cycles
BW-B beech wood batch 20 L 1 %90 S 40
BW-BR batch-reference 2L 3 %30 6 40
BW-SCP semicontinuous 2L 3 %30 6 20 20 2
BW-SCP+ semicontinuous 2L 3 %30 6 20 20 4
WS-B wheat straw batch 20 L 1% 60 6 56
WS-BR batch-reference 2L 3 %20 10 60
WS-SCP semicontinuous 2L 3 %20 10 30 20 2
RG-B roadside grass batch 20 L 1% 60 6 N
RG-BR batch-reference 2L 3 %20 10 50
RG-SCP semicontinuous 2L 3 %20 10 30 20 3
AS-B almond shells batch 20 L 1% 60 [ 28
AS-BR batch-reference 2L 3 %20 10 30
AS-SCP semicontinuous 2L 3 %20 10 10 20 3

hemicellulose and lignin. After N1, the liquor is drained and processed
for lignin and sugar recovery.

After each fractionation cycle, the liquid is drained and transferred
while the solids remain in the reactor. Note that part of the liquid is
absorbed in the solids and is thus not transferrable. As a result, the
liquid in each fractionation and washing step consists of both the
transferred liquid and the absorbed liquid from the previous cycle. In
Figure 2 the fractionation cycles and liquor transfer scheme is
presented where fractionation stages move one position counter-
clockwise in each cycle. For example, the bottom left reactor in the
cycling scheme of Figure 2 is loaded with biomass, which then
undergoes 3 fractionation cycles (N1, F1, and F2) followed by 2
washing cycles (W1 and W2). The solids remain the bottom left
reactor during these cycles and are removed during the sixth cycle.
While the fractionation and wash steps move one position
counterclockwise after each cycle, the transferrable liquid moves
two positions counterclockwise (e.g., F1 liquor to the fresh biomass to
start the N1 step in the next cycle). Note that despite the apparent
complexity, the system is not very different from the series of parallel
percolation reactors anticipated for a larger-scale biorefinery
operation.

Small Scale Screening Experiments. A series of screening
experiments were conducted to determine the correlation between
liquor acidity and fractionation performance, furfural formation, and
stability, as well as the effect of biomass acid neutralizing capacity
(ANC) on liquor pH and fractionation performance. Methodology
and results are available in the Supporting Information. Additional
experiments were conducted to obtain lignins with varying quality. In
an ASE350, beech wood was fractionated at 140 °C using 50%
acetone (S L/kg dry wood) and 40 mM H,SO,. After 1S min of
fractionation time, the liquor was replaced with fresh reaction liquid
and the fractionation continued for another 15 min. In total, the
beech wood was fractionated six times for 15 min to a total reaction
time of 90 min. Lignin was isolated from the combined liquors,
yielding the B1S lignin sample. Similarly, the experiment was repeated
using fresh beech wood and three fractionation runs of 30 min, two
runs of 60 min, and one run of 120 min, yielding the B30, B60, and
B120 lignins. Note that lignin concentrations in the liquor vary per
experiment and concentration effects on, for example, condensation
reactions are not accounted for.

Batchwise Processing Experiments. The results of previously
published work were used as basis for comparison between batchwise
processing and SCP; beech wood (here BW-B, previously L-BEC),""
pre-extracted wheat straw (here WS-B, previously WA-WS),"” pre-
extracted roadside grass (here RG-B, previously WA-RG),"” and pre-
extracted almond shells (here AS-B, previously WA-AS)"” were
processed in a 20 L reactor using the process conditions, as shown in
Table 1.

Semicontinuous Processing Experiments. The experiments
were conducted using a single 2 L reactor, where the reaction mixture
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was heated to 140 °C and kept isothermal for the defined reaction
time. After the reactor was cooled, the reaction liquid was obtained by
pumping liquor out of the reactor. The obtained solids and liquids
were then used for the next SCP cycle. In total, 12—18 fractionation
runs were conducted to simulate a single SCP experiment (Figures S6
and S7). The initial experimental design aimed to fractionate all
feedstocks using a L/S ratio of 6 L/kg dry feedstock, mostly in line
with the published results from batchwise processing. However, the
high liquid absorption capacity of WS and RG prevented reasonable
liquid transfer at this L/S ratio, and therefore, WS and RG, as well as
AS, experiments were done using a higher L/S ratio of 10 L/kg dry
feedstock.

Active pH control was not available for the experiments. Therefore,
20 mM H,SO, was used for the acidification of the F2 liquid.
Additional acid was used to lower the pH for the F1 fractionation step
to maximize fractionation and to better cope with the ANC of the
fresh biomass during the N1 step in the next cycle. Except for wheat
straw, the overall acid concentrations in the F1 step were kept
identical to the batch reference experiments.

The washing steps W1 and W2 were not included in the SCP liquid
transfer, but were conducted and analyzed separately to limit the
experimental complexity. An additional test was conducted for BW-
SCP, where improved liquid transfer (BW-SCP+) was tested by
incorporation of the W1 wash liquid in the liquid transfer scheme
(Figure S7). Fully detailed experimental procedures and methodology
are available in the SI.

Batchwise Reference Processing Experiments. To enable a
more accurate comparison between batchwise processing and SCP, an
additional reference experiment (-BR) was conducted for each

BEECHWOOD WHEAT STRAW
100 100
80 80
5 60 S 60
F=] =]
= 8
3 3
E] 2
S 40 g 40
§ -O-Xylan § ~O—Xylan
N ~O-Lignin ® ~O-—Lignin
= 20 g 20 8
—O—Glucan ~O—Glucan
0 0
0 30 60 90 120 0 30 60 90 120

Fractionation time (min) Fractionation time (min)

Figure 3. Development of beech wood and wheat straw fractionation
at 140 °C over time using 50% aqueous acetone and 20 mM H,SO,.
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Figure 4. Batchwise (B, open circles), batchwise reference (BR, gray circles), and semicontinuous processing (SCP, green circles) of beech wood,
wheat straw, roadside grass, and almond shells. Correlation between feedstock polymeric CS sugar solubilization and delignification (A), conversion
of feedstock CS sugars to oligo and monomeric sugars (B) and conversion of feedstock CS sugars to furfural (C). The table at the bottom shows
the average yields (BW, WS, RG, AS) of oligomers, oligomers + monomers, and furfural.

feedstock using identical scale, heating/cooling cycles, and L/S ratios
as applied for SCP. The 2 L and 20 L reactor heating curves and
definitions of the reaction times are available in the SI, Figure S9.

B RESULTS AND DISCUSSION

Batchwise vs Semicontinuous Fractionation: Fate of
the Hemicellulose. BW and WS were fractionated batchwise
using liquor replacement by fresh reaction liquid (50%
acetone, 20 mM H,SO,) at selected times, as shown in Figure
3. As expected, fractionation proceeds fast in the early stages of
the process, with the initial WS fractionation being slightly
slower than BW, as the higher ANC of the straw must be
overcome first. Depending on the acid concentration, most
hemicellulose sugars (xylan, arabinan, galactan, mannan, and
rhamnan) are solubilized in the first 20—30 min of
fractionation (Figures S2 and S3). Solubilization of glucan is
limited and likely originates from hydrolysis of the amorphous
cellulose regions. The early release of (oligomeric) sugars
during batchwise processing results in a relatively long
residence time of these sugars in the acidic liquor, leading to
increased sugar degradation (Figure S4). Overall, the rapid
solubilization of the hemicellulose sugars (and lignin, see
below) in Figure 3 indeed suggests that a process design with
counter-current flow is warranted to minimize the average
residence time of these solubilized products in the hot liquor.

The hemicellulose mass balances for batch (-B), batch-
reference (-BR), and semicontinuous processing (-SCP) in this
study are restricted to the CS sugars component (xylan and
arabinan) only as these sugars represent on average 93% of the
hemicellulose sugars in the selected feedstocks, and both xylose
and arabinose degrade to furfural. Oligomeric and monomeric
CS sugar yield and degradation, as well as lignin characteristics,
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are affected not only by process design (batch vs semi-
continuous), but also by variations in liquor acidity. In the
absence of an inline pH control system, estimation of the
required acid dose to reach the defined target pH is
complicated by the combined effect of the applied L/S ratio,
variations in biomass ANC and, in the case of SCP, the
efficiency of liquid transfer. As a result, the liquor pH shows
some variation (Figure 9F) that will impact fractionation
performance. Therefore, the fractionation results in Figure 4
are plotted as a function of C5 sugar solubilization, which is
taken as a measure for process severity, allowing for more
accurate comparison between the experiments.

In Figure 4A, the extent of feedstock C5 sugar solubilization
correlates well with feedstock delignification. Batchwise
fractionations with high delignification and sugar solubilization
(e.g, BW-B, pulping liquor pH 1.6) furthermore showed
increased CS sugar degradation to furfural (Figure 4C).
Conversely, the milder fractionations with less delignification
and sugar solubilization (e.g, AS-B, pulping liquor pH 1.8)
lead to less furfural formation. Note that, besides liquor acidity,
feedstock type and characteristics may also determine
fractionation performance as shown by the herbaceous biomass
types WS-B and RG-B, which perform better than AS-B at
identical pulping liquor acidity.

Overall, slightly improved fractionation performance is
observed for the BR experiments compared to B, indicating
some effect of the repeated heating/cooling cycles applied in a
2 L reactor for BR as compared to the single fractionation run
in a 20 L reactor for the B run. Here, BW-BR and AS-BR have
more similar pulping liquor acidities (i.e, 1.8 and 1.7,
respectively) resulting in a comparable fractionation perform-
ance.
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Figure S. Fractionation time series (yellow triangles) of beech wood and batchwise (B, open circles), batchwise reference (BR, gray circles), and
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SCP further improved C$ sugar and lignin removal from the
feedstock as compared to the B and BR experiments. Besides
enhanced fractionation, the counter-current flow may provide
better separation of the solubilized products from the cellulose
enriched pulp, limiting lignin reprecipitation onto the pulp
fibers during the W2 water wash.""** Excitingly and contrary
to batchwise processing, the enhanced fractionation observed
for SCP is combined with reduced furfural formation, showing
an important decoupling of applied process severity (i.e., sugar
solubilization) and sugar degradation. In addition, the presence
of oligomeric CS sugars in the SCP liquors increased 4-fold
(on average 20% of feedstock polymeric CS sugars) as
compared to the B and BR runs. As expected, the oligomers
mostly originated from the N1 fractionation step (Figures S11
and S16). The oligomers may still contain acetyl groups, as the
total acetic acid yield is lower for the SCP as compared to the
B and BW experiments (Figure S15). The more complex BW-
SCP+ experiment, which aimed at reduction of the amount of
liquor absorbed in the biomass solids after draining and thus
improved counter-current flow (see Figure S8 for the
methodology), resulted in a minor improvement in sugar
yield as compared to BW-SCP.
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Batchwise vs Semicontinuous Fractionation: Fate of
the Lignin. Contrary to sugar chemistry, lignin structural
changes during fractionation are complex. Lignin solubilization
occurs via (acid-catalyzed) cleavage of lignin -O-4 linkages
which starts with elimination of the a-hydroxyl group of the
linkage generating a reactive carbenium ion and, depending on
the pathway, a Hibbert ketone end group.” Both of which are
involved in lignin repolymerization/condensation reactions
and formation of stabile C—C bonds.*

To provide better insight into the gradual changes that occur
in the (solvated) lignin structures during fractionation,
additional experiments with varying fractionation times were
conducted using beech wood. For the B1S experiment, the
solvent was replaced with fresh reaction liquid every 15 min to
a total reaction time of 90 min, after which the lignin was
isolated from the combined liquor from the 6 cycles. Similarly,
the experiment was repeated using fresh beech wood and three
fractionation runs of 30 min, two runs of 60 min, and one run
of 120 min, yielding the B30, B60, and B120 lignins. This way,
lignin samples were obtained with varying residence times in
the hot liquor, but keeping the total processing time constant.
As a result, beech wood delignification was constant at ~80—
84%, the same as that for batchwise processing. The p-O-4
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Figure 6. Fractionation time series (yellow triangles) of beech wood and batchwise (B, open circles), batchwise reference (BR, gray circles), and
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content and isolated lignin aliphatic hydroxyl groups (A, D), phenolic hydroxyl groups (B, E), and carboxylic groups (C, F). The table at the
bottom shows the average abundance (BW, WS, RG, AS) of lignin hydroxyl groups.

content of the native lignin in the BW and WS feedstocks were
previously quantified to be 53 and 41 per 100 aromatic units,
respectively.'**

All isolated lignins were characterized using 2D-HSQC
NMR analysis to assess the extent of lignin $-O-4 bond
cleavage, depolymerization (formation of Hibbert ketone end
groups), and repolymerization (condensation). 2D-HSQC
NMR spectra and quantification of major structures and
linkages are available in the Supporting Information (Figures
$20—S25 and Tables S6 and S7). Figure SA—C shows the
beech wood lignins only to provide support for assessment of
the B, BR, and SCP lignin characteristics in Figure SD—F. In
Figure SA, the lignin -O-4 content, plotted as a function of
reaction time, shows a linear decrease. The f-O-4 content of
the BW-B and BW-BR lignins (10.3 and 12.7, respectively)
does not correlate exactly with the B15—120 lignins, possibly
due to differences in equipment, reactor volume, heating rates,
etc. Excitingly, BW-SCP and BW-SCP+ show a marked
improvement in lignin $-O-4 content compared to the B and
BR experiments in similar experimental equipment (with equal
heating/cooling rate) with 18.7 and 20.8 linkages per 100
aromatic units, respectively.

In Figure 5D, the f-O-4 content of all B, BR, and SCP
lignins are related to the feedstock delignification to include a
measure for process severity. Despite some (feedstock-related)
variation, the SCP clearly shows improved delignification, and
the isolated lignins have a higher -O-4 content as well as a
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lighter color (Figure 9) as compared to the B and BR lignins.
The stepwise counter-current flow approach thus combines an
improved C5 sugar mass balance with an improved lignin
product yield and quality.

Another way of relating process design and severity to lignin
characteristics is to correlate structural characteristics with the
lignin $-O-4 content. Figure 5B, for example, shows the extent
of lignin condensation as a function of 5-O-4 content (see also
Figure S17 for methodology). As expected, the B15—120 series
show an increased presence of condensed syringyl and guaiacyl
units in the lignins with lower $-O-4 content. The B, BR, and
SCP lignins of BW show a similar trend, although being less
condensed than the B15—120 lignins.

The compiled data of all feedstock lignins in Figure SD—F
further follow the BW correlations, with the SCP lignins
showing more f3-O-4 bonds, less condensation, and less
Hibbert ketone end groups. These results are in line with those
reported in studies using flow reactors.*”*”

Typically, lignin $-O-4 bond cleavage leads to the loss of
primary aliphatic OH groups and the liberation of phenolic
OH groups.”® Figure 6 A and B clearly show the expected
correlation for the B15—120 lignins in terms of higher aliphatic
OH retention at higher $-O-4 bond content. Notably, the
aliphatic OH content of BW-SCP and BW-SCP+ lignins is
relatively high. Interference from sugar signals in the assigned
region for aliphatic hydroxyl in the *'P NMR spectra does not
seem to be a major contributor as the sugar content of the
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isolated lignins is relatively low (Figure $18).>” In addition, a
range of lignin carbohydrate assignments® (benzyl ethers,
phenyl glycosides, and y-esters) in the 2D-HSQC NMR
spectra of the isolated lignin did not reveal significant presence
of Lignin Carbohydrate Complexes (LCC). Note that LCC
may be present in the hemicellulose hydrolysate (obtained
after lignin isolation), as reported by Narron et al’" In our
study, lignin precipitation yield is generally below 100%,
indicating the presence of LCC in the hemicellulose hydro-
lysates. However, some (feedstock related) variation hampers
correlation between treatments, and a more in depth study is
needed for quantification, characterization, and isolation of
LCC.

Feedstock origin strongly determines the hydroxyl group
content of the isolated organosolv lignins,62 and indeed, a
significant variation in aliphatic, phenolic, and carboxylic
hydroxyl group content is observed, Figure 6D—F. However,
each specific feedstock shows similar trends with more
aliphatic OH and less phenolic and carboxylic OH groups
for the SCP lignins, as compared to the B and BR lignins.

The molar mass of lignin is affected by depolymerization and
recondensation reactions, generally depending on temperature,
time and liquor acidity.’® As detailed in previous work, lignin
aggregates can cause an overestimation of lignin molar mass
when alkaline Size Exclusion Chromatography is used for the
analysis. Therefore, the weight average molecular weight (M,,)
in Figure 7 shows the lignin M,, analyzed after a deaggregation
treatment at 150 °C in methanol (see also Figure S19 and
Tables S6 and S7). The B15—120 lignin M,, in Figure 7A
shows a significant increase in molar mass over a decreasing
lignin $-O-4 bond content. More extensive cleavage of lignin
P-O-4 bonds may initially yield smaller lignin fragments but
this is likely more than offset by increased condensation
reactions, as shown in Figure SB. As seen previously,” the
effectiveness of the lignin PDR process in producing a lower
molar mass lignin again correlates strongly with the presence of
cleavable -O-4 linkages vs noncleavable C—C bonds that form
upon lignin condensation. The B15—120 lignins were
subjected to PDR (10 g/L lignin in methanol, 120 min, 0.5
g Ru/C per g lignin, 20 bar H,) and the resulting lignin M, is
shown in Figure 7B. The PDR process aims to depolymerize
the large lignin fragments, which are relatively rich in f-O-4
bonds, to enrich the sample in lignin oligomers with lower
molar mass and dispersity. As done previously,28 we arbitrarily
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set the cutoff for large lignin fragments at to >2500 g/mol and
expressed these as a percent of the total lignin SEC signal. The
large lignin fragments in the B1S lignin contributed to 15% of
the total SEC signal which decreased to 3% after PDR,
showing effective depolymerization. The more condensed
B120 lignin contained more large lignin fragments before and
after PDR with 23% and 9%, respectively. The percent
decrease in lignin >2500 g/mol after PDR is presented in
Figure 7C showing more effective depolymerization for the
less-condensed lignins. Significant variation in M,, is observed
for all B and SCP lignins, with a relatively large spread between
feedstock types. PDR treatment, however, significantly reduces
both the M, dispersity, and feedstock related molar mass
variation with the SCP lignins showing slightly improved
depolymerization, in line with the B15—120 trend. Similarly,

BEECH WOOD WHEAT STRAW
85 85
BW-B .
o \N(S)B
80 80
BW:SCP Ws-BR  WS-SCP
3 ° 5 ° ?
3 75 2 75
2 2
8 3
270 2 70
2 2
2 g
8 8
$ 65 S 65
© BW-BR ©
o
60 60
55 55
76 78 80 8 8 8 76 78 8 8 8 86

Feedstock delignification (% w/w) Feedstock delignification (% w/w)

Figure 8. Enzymatic saccharification of pulps; correlation glucose
yield and feedstock delignification of BW and WS pulps.

the depolymerization of large lignin fragments is more effective
for the SCP lignins as compared to the B ones. Note that high
lignin concentrations during PDR and a lower PDR temper-
ature may reveal larger differences between lignins from B and
SCP. Overall, the results show there is still quite some upward
potential for SCP lignin quality and susceptibility to partial
depolymerization, as indicated by the B1S and B30 lignins.
Batchwise vs Semicontinuous Fractionation: Fate of
the Cellulose. Cellulose (glucan) enrichment in the obtained
pulps from SCP is slightly higher as compared to B and BR
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Figure 9. Bulk density of feedstocks (A), acid neutralizing capacity of feedstocks (B), applied liquid-to-solid ratio for biomass prewetting and
fractionation (C), liquor absorption capacity of feedstocks (D), average liquid transfer during SCP (E), pH of SCP and BR liquors with the applied
and added sulfuric acid concentration in mM (F), and distribution of the total recovered oligomeric and monomeric C$S sugars over BR and SCP
liquors (G). BW, WS, RG, and AS lignins isolated after batchwise (left) and the lighter colored lignin isolated after semicontinuous processing

(right) are shown at the bottom.

pulps as a result of improved hemicellulose and lignin removal
during SCP (Table S3 and Figure S13). However, pulp
composition is mostly determined by feedstock origin,
composition, content of fractionation-recalcitrant hemicellu-
lose/lignin, and applied process severity.

Optimization of SCP toward further improved delignifica-
tion by increasing process severity during the F2 fractionation
step may benefit both pulp material applications as well as the
enzymatic saccharification of pulp glucan to glucose for
subsequent fermentation to fuels and chemicals. Notably, a
strong correlation was found between BW delignification (i.e.,
pulp residual lignin content) and glucose yield after enzymatic
saccharification using enzyme solution MetZyme SUNO 036
from Metgen and an enzyme dose of 0.15 g enzyme mixture/g
pulp glucan (for yields see Figure 8). Surprisingly, the
correlation was not found for the WS pulp.

Process Considerations. Process severity is one of the
main factors controlling the fractionation performance as well
as the product yield and quality. Tuning of the process severity
for the aqueous acetone process is mostly achieved through
liquor acidification. As shown in Figure 9F, an acid
concentration of 20 mM H,SO, is sufficient to come close
to pH 1.8 in the F2 pulping liquor, regardless of feedstock type.
The liquor pH of the F1 step is affected by the solids and
absorbed liquor therein coming from N1, which has a target
pH of 2.1. Consecutively, the N1 step is affected by the acidity
of the transferred F1 liquor and biomass ANC (Figure 9B).
Feedstock flexibility and processing of complex and mixed
streams of lignocellulosic biomass are a priority for aqueous
acetone organosolv process development. To cope with the
inherent differences in biomass ANC, active pH control must
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be implemented in a scaled-up design. Besides stable
processing under predefined severities, pH control also allows
for optimization of each SCP step regarding product yield and
quality.

Further tuning of the N1 step and balancing product yield
and quality are important for further SCP development. In
addition, optimization of N1 enables the use of biomass ANC
to reduce process acid and lime requirements, adding
sustainability advancement to the process. Despite being
below the pH 2.1 target, the SCP liquors are less acidic than
the ones obtained from B and BR. As a result, the obtained
hydrolysates after acetone recovery and lignin precipitation
need on average 25% less Ca(OH), to neutralize to pH 7
(Table S8).

A more challenging aspect for further SCP development
pertains to liquid flows. Viable biorefinery economics require
low L/S ratios for fractionation and efficient pulp washing to
minimize liquid flows and the energy demand for solvent
recovery. At the lab-scale, previously reported batchwise
fractionations were conducted using a relatively low L/S
ratio of 5—6 L/kg of dry feedstock (excluding an additional L/
S ratio of 3 for pulp washing liquor), similar to the BW-SCP
fractionation reported here. However, it was found that the
high liquid absorption capacity of WS prevented reasonable
liquid transfer at L/S 6 and therefore WS as well as RG and AS
experiments were done using a higher L/S ratio of 10 L/kg dry
feedstock (Figure 9C,D). Overall, the sum of liquid needed for
batch fractionation and subsequent pulp washing is quite
similar to SCP where the washing liquid can be integrated into
the counter-current flow. For optimal alignment with a SCP
design including biomass pre-extraction where a wet extracted
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biomass is transferred to the fractionation step, all feeds were
prewetted using 50% aqueous acetone. This step was also
needed to ensure sufficient liquid transfer after N1. Prewetting
increased the fractionation L/S ratio to 7, 12, 13, and 11 L/kg
dry BW, WS, RG, and AS, respectively.

Efficient liquid transfer between SCP cycles is crucial to
minimizing sugar and lignin degradation and is largely
controlled by the biomass liquor absorption capacity.
Unfortunately, the absorption capacity does not decrease
significantly upon fractionation, and similar capacities were
found in the final cellulose-enriched pulps (except for RG, data
not shown). WS had the highest absorption capacity
throughout processing as evidenced by the liquid transfer of
69% w/w in Figure 9D. Contrarily, the high bulk density and
low liquor absorption capacity of AS resulted in the most
efficient liquid transfer of 88%. In Figure 9G the total amount
of isolated CS sugars (oligomers and monomers) from the
pulping liquor and W1 and W2 wash liquors is set to 100%,
showing the distribution of these sugars over the liquids. The
isolated lignin shows a similar distribution, except for W2
liquids, where the acetone content was too low for lignin
solubilization. Retention of sugars in the pulp after BR is in line
with the applied L/S ratios and feedstock liquor absorption
capacities (e.g,, highest retention for WS, lowest for AS). For
the SCP experiments in Figure 9G, the percentage of product
found in the N1 liquor comprises the total of the gray bars (N1
+ F1 + F2) with a further differentiation of sugars found in the
F2 and F1 liquors, showing how much of the sugars were
transferred in each step.

On average, stepwise counter-current flow during SCP
increased the product recovery in the liquor from 73% for BR
to 97% for SCP. Future integration of W1 pulp wash in the
SCP cycles will maximize product recovery in the pulping
liquor. Exploratory pulp water wash experiments show that
depending on feedstock particle size, a significant part of the
(first) water wash liquid can be used for transfer to the W1
step (Figure S26). Overall, this shows potential for minimizing
the use of washing liquids and dilution of pulping liquors with
W1 wash liquor.

B CONCLUSIONS

The robustness of batchwise processing with, for example,
percolation reactors is an important prerequisite for further
scale-up of the acetone organosolv process. Modification of an
array of parallel reactors to allow liquid transfer between
reactors in a stepwise counter-current operation is now shown
to combine this robustness with an opportunity for process
intensification and for improvements in yield and quality of the
biorefinery output.

A first exploration demonstrates that semicontinuous
processing indeed has the potential to improve fractionation
performance. More C5 sugars were solubilized from the
biomass, and less sugars degraded to furfural, leading to
improved CS (oligo or monomeric) sugar yields of 92% (up
from 82%). The increase in the production of (potentially
acetylated) oligomeric CS sugars in SCP requires careful
consideration as to how this may impact the biorefinery
output. Oligomer characteristics and the cost-effectiveness of
its isolation and purification will largely determine the
valorization potential of this product stream. Importantly,
SCP improved both feedstock delignification and lignin
quality. The isolated lignin is lighter in color and contains
more $-O-4 bonds and aliphatic hydroxyl groups. The more
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native nature of the lignin resulted in improved partial
depolymerization to more reactive lignin building blocks with
lower molar mass and dispersity. The depolymerized lignins
may be used in a range of biobased polymer applications with a
high lignin content and tunable characteristics.

Furthermore, SCP may provide an advantage in terms of
process intensification and improved process economy by
integrating the pulp washing (and optionally biomass pre-
extraction) steps. Further development and fine-tuning of SCP
may bring additional sustainability impact from reduced acid
and lime use as compared to batchwise processing.

This study clearly demonstrates the benefits of SCP for a
selection of different feedstocks. However, feedstock-specific
differences in performance are observed, which need careful
consideration. The first relates to active pH control using inline
pH measurement and an acid dosage system to ensure mild
fractionation conditions during the N1 step and more acidic
conditions in the following steps, despite differences in
biomass ANC. Such electrodes have now been tested at the
lab-scale, providing the potential for implementation into SCP.
The second aspect relates to conflicting needs regarding liquid
use. On the one hand, enough liquid is needed to ensure
efficient liquor transfer between SCP steps, especially for
feedstocks with a high liquor absorbance capacity. On the
other hand, low liquid usage is imperative for maintaining a
positive biorefinery economy and sustainability impact. After
this first proof-of-concept, further development is required by
using customized connected reactors. The main emphasis is
then on inline pH control and liquor transfer, as these aspects
directly impact process performance as well as product quality.
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