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Organosolv pulping performed in a high-pressure Soxhlet extrac-
tor using carbon dioxide as a mild and recyclable acid is described.
The system reached a liquid to wood ratio of 6.6 yielding 43 wt%
of dissolving grade quality pulp from Populus trichocarpa. The set-
up enabled to run reductive catalytic fractionation to yield a lipo-
philic lignin oil without affecting the performance nor the purity of
the final pulp.

The constant population growth is causing a higher consump-
tion rate of natural resources, demanding better exploitation
of the ones already in use. Globally, about 35.5 million hec-
tares of soil (2018) are cultivated for fibre production, of which
91% are currently planted with cotton. One hectare of cotton
field is estimated to produce 2.1 tons of product per year of
which 30 wt% would be fibre (0.7 tons), where the same
amount of land could produce up to 4.0 tons of cereals."
Moreover, more than 9000 tons of water are required for the
manufacturing of 1 ton of cotton fabric.” Therefore, a more
efficient alternative to cotton for fibre fabrication is desired to
liberate soil and thus enable an increase in food production.
Synthetic fibres based on fossil-derived polymers have been
used to fulfil the demand for textiles. However, due to the
recent environmental concerns, e.g. climate change and micro-
plastic pollution, fossil-based products will have to be syn-
thesised from renewable feedstocks or replaced by green
alternatives. Dissolving pulp originated from lignocellulose is
widely considered as a valid alternative to cotton for fibre
production.®* Short rotation forestry can provide the required
amount of lignocellulose, greatly reducing the quantity of soil
and resources needed.””’ As a representative, the genotype
23.4 of Populus trichocarpa was selected. This particular clone
of poplar has been recently developed to grow in regions with
cold climates such as the Baltic Sea Region, showing a dry
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yield of 9.9 t of biomass per hectare per year.® To obtain pulp
as the final product, it needs to be liberated from the
biomass.” Nevertheless, the dissolving grade pulp consists of
the glucan fraction of the lignocellulose where hemicellulose
and lignin are considered impurities.”* Different pulping pro-
cesses are industrially exploited, all of them utilise a large
amount of chemicals, e.g. Kraft and sulphite pulping."’ To
simplify the process, reduce the cost and the environmental
impact of pulping, a technique only using solvents has been
developed. This procedure, which is based on solvolysis and
benign organic solvents, has been named Organosolv.'>™?
Organosolv pulping can be achieved by using two different
reaction technologies: batch autoclaves or flow-through reac-
tors. A batch reactor has the advantage of requiring a relatively
small amount of solvent. The current operating systems work
averagely with a liquid to wood ratio of 10-20,"® where very
rare scientific reports describing lower ratios can be found.'”
However, solvent and substrate have to be mechanically stirred
and the resulting liquors washed away from the pulp after the
reaction, reducing the purity of the product and increasing the
operational costs as well as the overall solvent consumption.
Typically, an additional 3.3 of solvent to wood is required in
this washing.'® However, a batch process could potentially
reach optimal solvent to wood ratio if full solvent recycling and
recirculation of washing liquids were developed. On the other
hand, flow systems keep the substrate separated from the
liquors by enclosing them into porous cartridges and letting
the solvent flow through. Still, a major drawback is the large
amount of solvent required to complete the reaction. These
issues have been recently addressed by Deuss and coworkers."’
Other short-comings are non-homogeneous flows and difficul-
ties in scaling-up. To overcome these issues we herein present
an alternative type of pulping system based on Organosolv
pulping performed in a Soxhlet extractor operated under high
pressure. We studied its application in the production of dis-
solving grade pulp from short rotation forestry derived hard-
wood. In addition, the design of the reactor allowed us to
involve a heterogeneous catalyst to achieve reductive catalytic
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fractionation on the lignin oil without contaminating the final
product with the catalyst nor reducing the performance. The
reactor discussed in this study consists of a 600 mL autoclave
equipped with a gas valve, a thermowell and a cooling coil. A
collecting cup (CC) and above this, an extraction cup (EC)
equipped with a syphon which unloads directly into the CC
are placed inside the autoclave (Fig. 1). Wood meal sawdust
was chosen for the initial runs. Pulping attempts were per-
formed by loading 5 g of biomass in the EC and filling the CC
with 200 mL of EtOH : H,O mixture 1:1,>° % setting the temp-
erature at 220 °C and the cooling flow rate of 1 L min~" which
was the maximum allowed by our equipment. When running
the OrganoSoxhlet under these conditions, carbonisation of
both biomass and cotton containers was observed in the EC.
Also, the liquors produced coke in approx. 5 wt%. The carbon-
isation of the substrate was confirmed after visual inspection
of the residues associated with an abnormal mass loss of both
wood and cotton bags (ESI, Fig. S6 and S77), while the coke
formation was evaluated by filtrating the liquors and weighing
the solid residues. We assessed whether the carbonisation
could be prevented by loading the liquors through the EC to
soak the substrate already before the extraction. Carbonisation
in the EC was avoided, however, coke formation was still
observed in the CC. We argued that this was due to the com-
plete evaporation of the liquors at the operating conditions,
i.e. 13-15 barg at 220 °C. By adding 8 barg of inert nitrogen
gas at room temperature, the system reached an operating
pressure of approximately 25-30 barg at 220 °C. Under these
conditions, water is just below its boiling point, resulting in
more controlled evaporation of the solvent mixture. Therefore,
when avoiding the complete evaporation of the liquors only
negligible carbonisation in both EC and CC was observed
(<1 wt%). However, pulping efficiency measured by loss of
weight resulted in a poor 37.3 wt% from the aimed ~50 wt%,
which corresponds to the calculated weight of product from
pulping considering 90% delignification, even after 4 hours.
The analysis of the generated pulp showed that 15% of lignin
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and 10% hemicellulose were still present, disclosing an incom-
plete pulping. In common Organosolv procedures, an acid is
used to promote the hydrolysis of hemicellulose and the
release of lignin. The design of the OrganoSoxhlet reactor
enabled us to use benign and easily recoverable carbon
dioxide as the acid source. Therefore, we changed the atmo-
sphere into CO, aiming at a lower pH of the liquors by adding
8 barg at room temperature.” A slightly acidic pH was found
beneficial for lignocellulose delignification in our previous
study.>® In the present system this effect is provided by the
CO, dissolved in the extracting liquors generating carbonic
acid. By that, 54 wt% mass loss and high purity of the reacted
wood were observed. Comparison of the results under N, and
CO, atmospheres shows that CO, has a beneficial impact on
both delignification and removal of hemicellulose from the
solid residues. This confirms that the lower pH obtained by
the dissolution of CO, into the liquors enhances the lignin
carbohydrate complexes (LCCs) cleavage performance.>” >°
The chemical analysis of the product obtained under the opti-
mized conditions showed a high purity pulp containing
94 wt% of glucose and traces of lignin (3 wt%) and xylose
(3 wt%), confirming the high selectivity of our system for clea-
vage of LCCs while preserving the glucan fraction of the
biomass. The water content was screened and the optimal
solvent composition was found to be 25 v/v% of EtOH in H,O
(ESL, Fig. S47). The low amount of alcohol needed, 50 mL, is
due to the fact that the EC can only accommodate approxi-
mately 100 mL of solvent when the substrate is present in the
containers. Therefore, the liquor composition in the extraction
cup, before being unloaded, is highly enriched in the solvent
with the lower boiling point, which is EtOH. The reaction gave
optimal results after 4 hours (ESI, Fig. S57). Prolonged reaction
time resulted in initial sugar degradation as the mass loss of
the fabric cloth was found to be 14 wt%. Lower cooling flow
rates were investigated. When setting the rate at 0.5 L min™,
the observed mass loss was 31 wt%, a sign of a slower conden-
sation rate of the liquors and a consequent reduced pulping
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Wood recirculation DA | Reacted
liquors wood
Heating
mantle
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1:3

Fig. 1 Schematic summary of the OrganoSoxhlet reactor over time.
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degree. When no cooling was involved the substrate and the
containers were found partially carbonised after the treatment.
Thus, 1 L min™" was used as the cooling flow rate. The pulping
degree was found to be independent of the loading of the sub-
strate. This can be explained by the fact that the pulping
liquors, which get in contact with the substrate, are always
freshly distilled and therefore the substrate gets in contact
with pure solvent at the beginning of every extraction cycle.
The design of the extracting cup allowed us to increase the
biomass loading to reach a maximum of 18.7 g of sawdust in
one batch, still operating with 200 mL of solvent. The scale-up
gave comparable results in terms of pulping performance with
54.8 wt% mass loss and high purity of the residual pulp,
glucose 94 wt%, lignin 4 wt% and xylose 3 wt%. Preliminary
trials in the production of dissolving grade pulp with sawdust
resulted in a too low viscosity material. To increase the quality
of the final product, wood sticks were investigated as the sub-
strate, which also have a more commercial relevance. Poplar
wood sticks (approx. 35 x 2 x 2 mm) were treated under the
same conditions optimized for sawdust and yielded 51.7 wt%
of dry substance. (Table S17 entry 1). The lower mass loss com-
pared to the sawdust-based reactions is probably because
fewer small particles are produced during the treatment and
passed through the cartridges since the purity of the reacted
sticks is comparable to the reacted sawdust (glucose =
94 wt%). This was also confirmed by a lower coke formation
observed in the collecting cup when using wood sticks. Due to
the lower density of the sticks compared to the sawdust, the
maximum loading of the reactor had to be lowered to 9.7 g per
run. Nevertheless, we assessed the reduction in the amount of
processable biomass by reducing solvent consumption.
Recycling of the spent liquids was performed by running a
series of subsequent reactions where the liquors were reused
and the containers with treated sticks exchanged for ones car-
rying fresh substrate. The solvent system was recycled up to
three times with a small refill to compensate for the loss due
to the removal of the wet reacted wood bags (approx. 20 mL),
always maintaining the operational volume of 200 mL
(Table S17f). The yields in terms of delignification and hemi-
cellulose removal were slightly lower but consistent with the
previous runs. Thus, the treated solid material obtained from
those three runs was collected together to be used in the next
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step. Therefore 30.1 g of poplar wood were treated with a mere
200 mL of solvent (50 mL of EtOH and 150 mL of water) reach-
ing a liquid to wood ratio of 6.6 and an organic solvent to
wood ratio of 1.66. To achieve the final product, the fibres con-
tained in the delignified wood (Fig. 2B) needed to be released
from each other. This was obtained by using an automatic dis-
integrator. The procedure yielded unbleached pulp (Fig. 2C) in
44 wt% yield compared to initial wood, 85 wt% yield from the
previous step. During this step, the purity of the pulp further
increased to reach the optimal 94 wt% of glucose (Fig. 2C).
Consequently, elemental chlorine-free (ECF) bleaching was
performed on the pulp by using a 1:1 ratio of sodium chlorite
and a NaOH/AcOH bulffer solution (see ESIT) to obtain 43 wt%
of bleached pulp (Fig. 2D), 98 wt% yield from the unbleached
pulp.®® A sheet made of bleached material was analysed by fol-
lowing the standard method ISO 2470-1 resulting in more than
91% of ISO-brightness. a-cellulose was quantified and a high
value (90.58%) was found. The bleached material was further
tested for viscosity (442 mL g~') and DP (610) complying with
the requirement for lyocell production.>™** After the reaction,
the liquors were collected, filtrated, and evaporated under
vacuum to remove the solvents yielding an oil containing
lignin as the product. In the attempt to valorise the lignin frac-
tion, which is produced in the EC as a by-product of the solvo-
lysis and constantly unloaded in low concentration in the CC,
we considered involving a heterogeneous catalyst. The pro-
cedure of combining pulping with reductive catalysis is com-
monly known as reductive catalytic fractionation (RFC).>* The
unique design of our pulping reactor allowed us to add a
heterogeneous catalyst to the CC without contaminating the
pulp which remains always confined in the EC. Indeed, this
is a crucial achievement since in most of the lignin first
approaches it is extremely challenging to obtain a final
product with proper ISO brightness when the heterogeneous
catalyst gets in contact with the pulp. The goal was to use the
CC as a catalytic reactor in parallel with the pulping run in the
EC while exploiting the same heat source. The organosolv
liquor contains mono- and oligomeric fractions of lignin,
which are highly reactive compounds prone to re-condensate.
The heterogeneous catalyst under reducing conditions can
transform these fragments into stable and valuable com-
pounds through hydrodeoxygenation/reduction conditions.?”

Bleaching

Material Raw?ticks Treated sticks Pulp BleachDed pulp
Klason lignin [wt%)] 25 3 3 <1
Glucose [wt%)] 42 94 94 98
Xylose [wt%)] 12 3 3 2

Fig. 2 Poplar 23.4 composition over time, from sticks to bleached pulp.
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Fig. 3 Catalytic OrganoSoxhlet.

The ability of Pd to exploit sugars derived from the hemi-
cellulose as a hydride donor has been already reported by our
group.>® Therefore, commercially available Pd/C was selected
as the heterogeneous catalyst, and no external source of hydro-
gen was added. The reaction with 4 mol% of Pd gave 17 wt%
of upgraded lignin oil with respect to the initial biomass, in
accordance with our previous report on poplar.’*® The
upgraded lignin oil was further analysed by GC-MS/FID and
2 wt% of monophenolic compounds in respect to the biomass
were detected (ESI, Table S17) while in the lignin oil collected
in absence of the catalyst, in 27 wt% amount, no monomers
were detected. While running the reaction under the opti-
mized reaction conditions in a batch reactor, 4.4 wt% of mono-
phenols were produced (ESIT). However, the reacted wood gave
a mass loss of >66 wt% and severe contamination by the cata-
lyst hindering further transformation into a bleached pulp. In
this initial report, the RCF was not as efficient as other
studies,®” mainly because of the heating supply configuration
which led to condensation reactions. Further optimization
of the catalytic step in the OrganoSoxhlet is required.
Gratifyingly, the products that were originated from the reac-
tions in presence of the catalyst under otherwise optimized
conditions were not distinguishable from the ones reported
without catalyst (Fig. 3).

Conclusions

An organosolv pulping performed in a high-pressure Soxhlet
extractor has been developed. The reactor produced delignified
pulp overcoming the need for any mineral acid, dewaxing,
mechanical stirring, or late washing steps. Only a source of
heat and a cooling flow under the CO, atmosphere is required.
The reported system can process up to 32.1 g of wood with
only 200 mL of solvent (50 mL of which is ethanol) with a
liquid to wood ratio of 6.6, yielding 13.8 g of dissolving grade
quality pulp with an average delignification of 97% without
any acidic pre-treatment. CO, was found to have an active role
in the pulping performance, due to the influence on the pH
and consequently on the cleavage of LCCs. The resulting
material was treated to yield bleached pulp with chemical and
physical properties within the range of dissolving grade pulp,
with a final yield of 43 wt% in respect to the initial biomass
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weight which is 99% of the theoretical maximum yield. By
adding Pd/C to the reactor, reductive catalytic fractionation
was operated on the lignin achieving an oil without affecting
the quality of the final product nor the pulping performance
of the system.
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