N

N

Chemical degradation, yields, and interactions of
lignocellulosic compounds of poplar wood during dilute
acid pretreatment assessed from a comprehensive data

set

Julien du Pasquier, Gabriel Paés, Patrick Perré

» To cite this version:

Julien du Pasquier, Gabriel Paés, Patrick Perré. Chemical degradation, yields, and interactions of
lignocellulosic compounds of poplar wood during dilute acid pretreatment assessed from a comprehen-
sive data set. Industrial Crops and Products, 2024, 215, pp.118643. 10.1016/j.indcrop.2024.118643 .
hal-04645330

HAL Id: hal-04645330
https://hal.inrae.fr /hal-04645330v1

Submitted on 26 Sep 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.inrae.fr/hal-04645330v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Industrial Crops & Products 215 (2024) 118643

INDUSTRIAL

CROPS

Contents lists available at ScienceDirect

Industrial Crops & Products

journal homepage: www.elsevier.com/locate/indcrop

ELSEVIER

n
Chemical degradation, yields, and interactions of lignocellulosic el
compounds of poplar wood during dilute acid pretreatment assessed from a

comprehensive data set

Julien du Pasquier »”, Gabriel Paés® ", Patrick Perré"

& Université de Reims Champagne-Ardenne, INRAE, FARE, UMR A 614, Reims 51100, France
Y Université Paris-Saclay, CentraleSupélec, Laboratoire de Génie des Procédés et Matériaux, Centre Européen de Biotechnologie et de Bioéconomie (CEBB), Pomacle
51110, France

ARTICLE INFO ABSTRACT

To optimize and guide future valorization of lignocellulosic biomass (LB) in biorefinery into different platform
molecules, this work analyses a broad data set to provide a comprehensive overview of the chemical evolution
sequences and interactions between different biomass compounds during pretreatment. For this purpose, a
comprehensive dataset with a wide range of dilute acid pretreatment (DAP) conditions (2-60 min, 120-190°C,
0-4%wt H2SO4) and severity (Combined Severity Factor (CSF) 0-4) was used. This dataset gathers the chemical
composition of 38 DAP-treated samples for 12 compounds (sugars, inhibitors, and lignin) in the solid residue and

Original content: Chemical composition of
solid and liquid phases resulting from dilute
acid pretreatment of poplar wood under
different conditions (Original data)

I]jegyz)(lz‘ﬁ;ﬂosic biomass the liquid phase. All these data were related to the CSF value, so that kinetics are proposed to describe the
Biorefinery evolution and quantify the degradation pathways of the C5 and C6-related compounds. All mathematical
Optimization equations derived from this analysis are provided to the scientific community as supplementary material. The
Regression resulting comprehensive reaction scheme can thus be considered as a relevant guide to define the most appro-

Chemical reaction priate DAP conditions depending on the expected objective of the pretreatment. In the case of enzymatic hy-

drolysis to release monosaccharides, CSFs from 2.0 to 2.5 reveal to be the most appropriate pretreatment
conditions, while to produce furfural, a CSF slightly lower than 3 is more adapted. CSFs above 3 should be
avoided since they lead to massive losses of polysaccharides.

1. Introduction

To face global warming, the emerging bioeconomy seeks to develop
sustainable energy sources. Among them, this work focuses on the use of
lignocellulosic biomass (LB) as a renewable carbon source, via the
fermentation of its major constituent, cellulose, into biofuels such as
bioethanol and other biochemicals (Yoo et al., 2020). Despite account-
ing for only 0.6% of the global energy mix for a total of 124 billion liters
of bioethanol produced in 2021, LB could be much more developed with
an estimate of 442 billion liters and 2.1% of the global energy mix (Chen
et al., 2021; RFA, 2023; Ritchie et al., 2022). This development would
also make it possible to move from edible resources based on starch and
sugar which compete with the food industry, to LB-based resources
based on industrial and forest wastes and co-products (Chen et al.,
2021).

Indeed, cellulose, a polysaccharide composed of glucose units (linear
B-1,4-glucan chains) (Chundawat et al., 2011), is present in the wall of
support tissues of plants. Its crystalline structure forms micro-fibrils and
fibrils, which are themselves embedded in a matrix composed of hemi-
celluloses, a mixture of branched pentose and hexose units, and lignin, a
complex polyphenol heteropolymers (Becker and Wittmann, 2019;
Chundawat et al., 2011; Pu et al., 2013). These two molecules, which are
also of interest in the fields of chemicals, materials, fuels, and healthcare
products (Acosta et al., 2021; Becker and Wittmann, 2019), physically
prevent the enzymes from accessing the cellulose, and must therefore be
degraded or removed to improve its accessibility. All these properties
are part of a phenomenon called recalcitrance (Chundawat et al., 2011;
Pu et al., 2013), which brings together all the physical and chemical
properties of LB preventing the access and action of the enzyme on the
cellulose (Beig et al., 2021). This makes its depolymerization into

Abbreviations: LB, Lignocellulosic biomass; DAP, Dilute acid pretreatment; HMF, Hydroxymethylfurfural; DMi, Initial dry matter; DMf, Final dry matter.
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glucose monomers by enzymatic hydrolysis very complicated.

To increase the efficiency of hydrolysis, a pretreatment of the LB is
necessary (Tan et al., 2021). There are several types of pretreatments
(physical, physico-chemical, chemical, and biological (Beig et al., 2021)
but this article will focus mainly on a physico-chemical, dilute acid
pretreatment (DAP). It consists in bringing the LB into contact with an
acidic liquid medium (<10% wt), at high temperatures (120-210°C) and
for variable times (from a few minutes to several hours) in a reactor
under pressure (Beig et al., 2021; du Pasquier et al., 2023a). This pre-
treatment has already shown its potential in terms of chemical and
economic efficiency, but it must be also improved to reduce the pro-
duction of inhibitors limiting the action of enzymes, as well as its cost
(du Pasquier et al., 2023a). But most of the articles published on DAP
present reduced fields of study, changing only one or two factors at a
time and analyzing only a few compounds (du Pasquier et al., 2023a).
This prevents the emergence of a global interpretation of the effect of
DAP and is a real obstacle to significant advances in quantifying the
mechanisms involved in LB degradation by DAP.

The purpose of this article is therefore to increase the knowledge of
the DAP thanks to the exploitation of a unique dataset representing an
unprecedented large range of tested conditions (2-60 min, 120-190°C,
0-6.8%wt HySO4). This dataset, generated in a previous article and fully
accessible (du Pasquier, 2022; du Pasquier et al., 2023b), has been used
to study the effect of the combined severity factor (CSF) on the kinetics
of several poplar (Populus tremula x Populus alba hybrid) wood com-
pounds. Regressions have been carried out on all the data and made it
possible to visualize the kinetics of production and degradation of 12
different chemical species. Thanks to the aggregation of all these data,
this article provides a comprehensive overview of the evolution of the
chemical kinetics and mass balance of poplar wood compounds exposed
to DAP, which to our knowledge is unprecedented in terms of the range
of severities covered and the number of chemical species measured.
These results will help in the choice of DAP conditions and the severity
to be applied to the LB for various processes, whether to directly produce
a specific platform molecules or to reduce the recalcitrance of the
biomass prior to enzymatic hydrolysis for glucose production.

2. Materials and methods
2.1. Dataset generation

The data used in this work come from a dataset established in an
earlier work and accessible online (du Pasquier, 2022). The sampling,
sample processing and chemical analysis of the samples that made it
possible to obtain these data were precisely described in a corresponding
publication and will not be presented here (du Pasquier et al., 2023b).

2.2. Chemical analysis

The methods used to carry out the chemical analyzes have been
described in a previous publication (du Pasquier et al., 2023b; Kim et al.,
2021). This made it possible to obtain data on the evolution of solid
poplar residues (solid fraction) and on the evolution of compounds
solubilized in the acid solution used for pretreatment (liquid fraction).
The solid fraction was analyzed for its composition in hemicelluloses,
cellulose, and lignin, while the liquid fraction was analyzed for the
amount of xylose, glucose, furfural, HMF, acetic acid, formic acid, lev-
ulinic acid and succinic acid. All compound contents are expressed as a
percentage per 100 g of initial dry matter before pretreatment (%DMIi).

2.3. Spectral analysis

The initial chemical data was completed by spectral analyses, also
available in the du Pasquier (2022). The samples, reduced to powder
after acid neutralization and washing, were analyzed by colorimetry and
spectrofluorescence.
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2.3.1. Colorimetry

For colorimetry, 3 measurements were carried out for each pre-
treated sample and for 5 raw samples (Chromometer CR-400, Konica
Minolta, Japan). The 3 values obtained (L*, a* and b*) were averaged for
each sample, and an average of the 5 raw samples was also made. Color
distance AE from raw poplar wood was calculated by following Eq. 1,
where AL*, Aa* and Ab* are the differences obtained by subtraction
between raw and pretreated samples.

AE = VAL? + Aa” + Ab? (€9)]

2.3.2. Spectrofiluorescence

For spectrofluorescence, the samples were excited between 250 and
450 nm, and the emitted autofluorescence was measured between 350
and 550 nm (Spectrofluorometer FP-8300, Jasco, France). Over the
entire spectral area studied, the maximum intensity of emitted auto-
fluorescence obtained was noted.

2.4. Data modeling

2.4.1. Combined severity factor

Regressions were created for all chemical, mass loss and spectral data
as a function of the severity of the pretreatment, expressed as a com-
bined severity factor (CSF, Eq. 2), commonly used for thermo-chemical
pretreatment in industry (Auxenfans et al., 2017). Consequently, data
from non-acidic samples were not used in this study, as CSF calculations
are not interpretable for pH 7.

CSF = log,, (r x e%) —pH 2

where t is the reaction time (min), T the operating temperature (°C), Tr
the reference temperature (100°C) and pH is that of the acid liquid phase
used to soak biomass.

2.4.2. Regressions

The graphical representations were obtained with SigmaPlot 14.5,
which also allowed to plot the regressions of the data. The choice of the
appropriate regression equation was made according to the shape of the
data, with the objective of maximizing the value of the r* coefficients
while keeping the equations as simple as possible. For each regression
the full dataset was used, and no outliers were formally identified. For
the regressions concerning mass loss and colorimetry, the use of linear
equations made it possible to plot the confidence and prediction in-
tervals. All the regressions, equations and coefficients associated are
available online (see supplementary materials).

3. Results and discussion
3.1. Raw materials

Based on the analysis of the five raw samples, the average compo-
sition of dry untreated poplar was 46% cellulose, 22% hemicelluloses
(including 17% xylose) and 20% lignin, which explains almost 90% of
the total weight.

3.2. Sample mass losses

Mass loss follows a linear evolution with severity (r? = 0.99): from
0 for the lowest severity to 66.20% for the highest severity (Fig. 1D).
This supports the good consistency of the pretreatments and the distri-
bution of the data according to their severity, even if this indicator is not
perfect (Ziegler-Devin et al., 2021). The evolution of the colorimetry
also follows a linear variation (Fig. 1E), which might indicate that this
parameter, easy to measure, could be a good synthetic indicator of the
treatment intensity. As already suggested for estimating the energy
quality of pellets (Lam et al., 2012; Pegoretti et al., 2019), the literature
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Fig. 1. Evolution of poplar wood composition subjected to DAP of increasing severity. A: Xylose in Hemicelluloses; B: Cellulose; C: Lignin; D: Mass loss; E: Color
distance from raw poplar wood; F: Maximum intensity of emitted autofluorescence. Black dot: Data at conditions greater than 120°C and 2 min; Red dot: Data at
120°C conditions; Yellow dot: Data at 2 min conditions; Black line: Regression on all data; Blue dotted line: Confidence interval; Red dotted line: Prediction interval.

(2-column fitting image, the color must be used for printing).

also supports good correlations between AE and lignin and xylan con-
tent of giant reed subjected to DAP, so that colorimetry could be used as
a rapid measure of saccharification efficiency (Chen et al., 2023).

3.3. Chemical kinetics

3.3.1. Degradation of main wood compounds

A degradation of the main wood compounds is observed from low
severities for hemicelluloses but requires a CSF value above 3 to obtain a
significant degradation of cellulose, which is more resilient to pre-
treatment thanks to its crystalline and fibrils structures (Chundawat
etal, 2011; Puetal.,, 2013) (Fig. 1A, 1B). Like cellulose, the third main
component of biomass, lignin, does not undergo any quantitative
degradation before a CSF of 3 (Fig. 1C). Beyond this value, the amount of
lignin increases to 150% yield, which denotes an artifact: the formation
of pseudo-lignin. Actually, lignin can polymerize with the degradation
products from HMF and furfural, and the whole is recognized as lignin
by the Klason analysis (Rasmussen et al., 2014; Wan et al., 2019). Even if
the quantity of lignin does not evolve until CSF 3, the intensity of
autofluorescence (Fig. 1F), mainly influenced by aromatic groups pre-
sent in lignin, decreases sharply with increasing CSF. This means that
while the amount of lignin remains stable, its structure is easily and
strongly modified at a low severity due to its redistribution in a more
condensed form, even at 110°C (Assor et al., 2009; Pu et al., 2013).

3.3.2. Evolution of degradation products

Hemicelluloses and cellulose break down into xylose and glucose,
respectively, and are released in the liquid phase (Fig. 2A, 2B). A
maximum content is reached at CSF 2.2 and 3.4, before a complete
degradation of sugars in furfural and HMF, respectively (Fig. 2C, 2D).
These two compounds also display a maximum content, respectively at
CSF 3.1 and 3.5. But the evolution of HMF shows very low levels, with a
maximum of less than 1% DMi, while furfural reaches almost 5% DMi,
for comparable xylose and glucose levels. These degradation pathways,
as well as those of furfural, produce many different compounds, some of
which have been identified and quantified: formic and succinic acid for
furfural, levulinic and formic acid for HMF (Almhofer et al., 2023; Dulie
et al., 2021; Dussan et al., 2013; Palmqvist and Hahn-Hagerdal, 2000;
Rasmussen et al., 2014) (see supplementary materials).

3.4. Data accuracy

The study of the data according to their CSF made it possible to
observe limits of precision for some data points corresponding to pre-
treatment conditions of 2 min and 120°C (Figs. 1 and 2 and supple-
mentary materials, respectively yellow and red dot).

3.4.1. Pretreatment times too short
Indeed, the data at 2 min, corresponding to a CSF of 2.1, is positioned
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Fig. 2. Evolution of poplar wood degradation products dissolved in liquid phases subjected to DAP of increasing severity. A: Xylose solubilized; B: Glucose solu-
bilized; C: Furfural; D: HMF. Black dot: Data at conditions greater than 120°C and 2 min; Red dot: Data at 120°C conditions; Yellow dot: Data at 2 min conditions;
Black line: Regression on all data. (2-column fitting image, the color must be used for printing).

recurrently far from the regressions (Figs. 1B, 2B, 2C). Given their po-
sition, it seems that the severity of these points is underestimated since it
would be on the regression plot if the CSF value was shifted from 2.1 to
around CSF 2.8, whatever the considered parameter. Indeed, in this
reactor, the heating time to reach the target temperature is about
15 min, which can certainly not be neglected, especially for very short
pretreatment durations. This effect is not considered in the calculation of
the CSF, but it can be estimated on these points: maintaining the same
acid and temperature conditions, changing the CSF from 2.1 to 2.8 re-
quires an increase of the residence time from 2 to 9 min. Considering the
start-up and temperature stabilization phases of the reactor, this corre-
sponds to the heating time of 15 min.

3.4.2. Pretreatment temperatures too low

The data obtained at 120°C present an opposite problem, meaning
the severity is slightly overestimated (Figs. 1A, 2C). This can be observed
mainly on the colorimetry and autofluorescence intensity plots, with
points very far from the data clouds (Figs. 1E, 1F). Given that these two
measurements are strongly impacted by the properties of the lignin
(they confer color and fluorescence to the sample), it would mean that
120°C is close to a threshold temperature (probably situated between
120°C and 140°C) where some important modifications of lignin can
occur, regardless of the other conditions involved in the pretreatment.
Keeping in mind that lignin modifications occur as early as 110°C (Assor
et al., 2009), this threshold temperature is quite conceivable, and may
even be overestimated. Despite these observations, all the points were
kept for the calculation of the regressions.

3.5. Degradation pathways

To analyze these kinetics in greater detail, they were grouped into
two main degradation pathways based on the number of carbon atoms of
the chemical products involved. The first one is the C5 hemicellulosic
degradation pathway, in which hemicelluloses are first depolymerized
into xylose, then degraded into furfural, and two molecules resulting
from its further degradation are measured, formic and succinic acids

20

% DMi

8 - Hemicelluloses
—— Xylose
Furfural
Formic acid from Furfural
Succinic acid
4{— C5 in Pseudo Lignin
===+ Sum of C5
0 4
0 1 2 3 4

CSF

Fig. 3. Kinetics of formation and degradation of C5 compounds from poplar
wood subjected to DAP with increasing severity. (2-column fitting image, the
color must be used for printing).

(Fig. 3) (Dulie et al., 2021; Palmqvist and Hahn-Hagerdal, 2000; Ras-
mussen et al., 2014). The second pathway is the C6 cellulosic degrada-
tion pathway, in which cellulose is depolymerized into glucose, then
degraded into HMF which itself produces equimolarly formic and lev-
ulinic acid (Fig. 4) (Dussan et al., 2013; Kim et al., 2021). Since lignin
does not consist of sugars, it is not directly involved in these degradation
pathways. However, the formation of pseudo-lignin implies the reaction
of lignin with sugars and justifies the integration of lignin into the C5
and C6 pathways resulting from the degradation of HMF and furfural. As
it is not possible to differentiate the C5 or C6 origin of the compounds
included in the pseudo-lignin, and in order to simplify the visualization
of these degradation pathways, the hypothesis was made that they come
exclusively from the degradation of C5. This assumption is supported by
two facts: i) the quantities of pseudo-lignin created are very close to the
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C5 losses observed (Fig. 3), and ii) C5 are only slightly involved in the
formation of humin, the other most abundant degradation product
(Rasmussen et al., 2014; Wan et al., 2019). Knowing the initial lignin
content (20% DMi), the content of C5 included in the pseudo-lignin is
obtained by subtraction. In the same way, to determine the C5 or C6
source of formic acid, the level of levulinic acid was considered: its
formation from HMF leads to an equimolar formation of formic acid, and
the remaining formic acid level is attributed to furfural (Dussan et al.,
2013).

3.5.1. C5 degradation pathway

The C5 degradation pathway is quite complete, with a high confi-
dence level regarding the evolution of compounds. The degradation of
hemicelluloses begins for the early severities and is almost perfectly
offset by the appearance of xylose in the liquid fraction (Fig. 3). The
slight delay, observable by the dip of the sum of C5 at around CSF 1.1, is
certainly due to the progressive conversion of hemicelluloses into xylo-
oligosaccharides before becoming xylose monomers. A certain time
delay is also required for these soluble sugars to be transferred into the
liquid fraction. These oligosaccharides were not assayed in this study but
could be estimated to represent up to 6% DMi, based on the decrease in
the sum of C5 at CSF 1.1 compared with the initial amount of C5. The
formation of xylose oligo-oligosaccharides is also described in the
literature for DAP, where comparable maximum xylo-oligosaccharide
levels of around 4.5% DMi are obtained for CSFs between 1 and 2
(Cuevas et al., 2015). Therefore, a CSF below 1.5 does not seem to be
sufficient to completely degrade hemicelluloses into xylose. Maximum
xylose content is reached close to CSF 2.2, which corresponds to the
ranges observed in the literature: CSF 2.0-2.3 (Cuevas et al., 2015) or
CSF 2.4-2.6 (Swiatek et al., 2020). For comparable biomass and pre-
treatment methods, the maximum rate of xylose obtained is also close to
the initial rate in the raw biomass (Cuevas et al., 2015). Beyond these
CSFs, xylose starts to degrade into furfural as well as into negligible
amounts of succinic and formic acids. Finally, the massive loss of C5 in
the formation of pseudo-lignin completes this degradation pathway
above CSF 3.5 (Fig. 3).

A second significant drop in the sum of C5 is observed at CSF 3.2,
which can be attributed to the large variety of compounds that can be
produced from the degradation of biomass, in addition to levulinic,
succinic and formic acids. For instance, corn stover subjected to DAP at
CSF 3.1 shows more than 100 degradation compounds from different
families: sugars, aromatics, carboxylic acids, furans, alcohols and alde-
hydes (Jiang et al., 2016). The C5 degradation products include many
acids at trace levels (phthalic, lactic, caproic and furoic), the sum of
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which represents around 8% DMi (Jiang et al., 2016). This roughly
corresponds to the missing 5% DMi observed in this study, based on the
decrease in the sum of C5 at CSF 3.2 compared with the initial amount of
C5 (Fig. 3).

3.5.2. C6 degradation pathway

The description of the C6 degradation pathway is easier for low and
medium CSFs because the cellulose does not degrade yet (Fig. 4). Only
C6 hemicelluloses were solubilized in the early stages of severity (CSF
0-2), but their content in the liquid fraction was not measured, resulting
in a slight decrease in the sum of C6. After CSF 2.5, cellulose degrades
very quickly. However, the amount of glucose measured in the liquid
phase begins to increase earlier, at CSF 2. Even at its maximum, its
content remains much lower than the initial amount of cellulose (Fig. 4).
These observations are also validated by the literature, which shows
glucose increase at CSF 2.25 and major cellulose degradation at CSF 2.54
(Cuevas et al., 2015), or a maximum glucose level attained for CSFs
between 3.54 and 3.72 (Swiatek et al., 2020). The structure of cellulose,
which includes a resistant crystalline structure (around 65%) and an
amorphous phase more sensitive to DAP, may explain this phenomenon
(Foston et al., 2009). The most exposed amorphous starts to degrade
earlier around CSF 2, causing only a small variation in cellulose content
(0-5% DM, based on the amount of glucose produced between CSF 2
and 2.5). The remaining amorphous fraction and the crystalline parts
require more drastic conditions at CSFs above 2.5, causing a drop in
cellulose content as they degrade into glucose. These high CSFs are
similar to those required for the degradation of glucose to HMF, which
are also around CSF 2.5 (He et al., 2021). Glucose degradation therefore
occurs very rapidly when the CSF is above 2.5, thus preventing its
accumulation. However, despite the significant sources of cellulosic and
hemicellulosic C6 (Palmqvist and Hahn-Hagerdal, 2000; Rasmussen
et al., 2014), no HMF accumulation was observed at CSF above 2.5: it is
only present as trace amounts below 1% DMi (Fig. 4). Higher yields of
HMF have been obtained in the literature at comparable CSFs (Cuevas
et al., 2015; Swiatek et al., 2020), but the acid levels in these works
(0.25-0.5%wt) were much lower than those used in the present study for
CSF > 2.8 (1.5-6.8%wt). Since HMF is unstable in water under acidic
conditions (Xue et al., 2016), it is immediately degraded into levulinic
and formic acids, limiting its accumulation (Kim et al., 2021) in high CSF
conditions.

Yet, it is important to note that levulinic and formic acid levels
remain very low compared with the initial amount of cellulose (Fig. 4). It
is likely that cellulose and glucose degrade directly into one or more
non-analyzed compounds representing up to 30% DMi. These unknown
products could be created for severe pretreatments where the formation
of a blackish compound clogging the reactor is observed. First consid-
ered as being lignin, literature describes this compound as humin, a
molecule resulting from the polymerization of glucose and HMF (Ras-
mussen et al., 2014). The small amount of glucose measured in high CSF
conditions above 3 might therefore be explained by its direct degrada-
tion into humin. This also impacts the amount of HMF, because the re-
action involved for its formation competes with that of humin.

3.6. Cascade of reactions pathway

Summarizing all the data, kinetics and hypotheses described in
Figs. 3 and 4, a global mass balance scheme has been devised. In this
scheme, the cascade of reactions pathway of the different compounds is
related to the threshold CSF values at which the reactions occur (Fig. 5).
The contents of each compound, indicated by the colored values, are
taken from the maximum values obtained experimentally (Fig. 1 and 2).
For humins and xylo-oligosaccharides, the values are estimations (pur-
ple compounds). For “other” compounds, contents are rated by the
difference between the initial C5 or C6 values and the sum of the com-
pounds at the corresponding CSF. For “Other C6”, the rate is based on
the C6 content of the hemicelluloses. The cascade reactions start with
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Fig. 5. Reaction diagram and mass balance of the degradation of poplar wood subjected to DAP. Thick arrows: Major pathway; Thin arrows: Minor pathway; Arrow
color scale: Minimum CSF required for the reaction to occur; Blue percentage: Composition of initial dry mass; Other colored percentages: Maximum rate obtained in
the liquid phase (%DMi) and corresponding optimal CSF; Purple compounds: Non-measured compounds. (2-column fitting image, the color must be used for printing).

three main compounds of lignocellulosic biomass, along with their
contents in poplar wood. Cellulose pathway is separated into two parts
because the amorphous fraction (35% of total cellulose) begins its
degradation at lower CSFs than the crystalline fraction (Foston et al.,
2009). Hemicelluloses are the first to undergo degradation, starting at
CSF 0 and extending up to 2.5, solubilizing into oligosaccharides and
then into simple monomers (xylose or a mixture of C6) from CSF 1.
Xylose degrades directly from CSF 1.5 into furfural, which in turn de-
grades to several molecules (formic acid, succinic acid and hundreds of
other trace molecules (Jiang et al., 2016) from CSF 2. But the most
important changes begin at CSF 3: all C5 monosaccharides likely start to
bind with lignin to form pseudo-lignin while cellulose solubilizes very
rapidly into glucose. A fraction of the glucose and hemicellulosic C6 are
degraded into levulinic and formic acids through HMF, while the rest of
the sugars complex with HMF to form humins or other unidentified
molecules, corresponding to the sum of hundreds of trace molecules not
analyzed in this study (Jiang et al., 2016). It is possible that the humin
contains a part of furfural, and pseudo-lignin is also made up of a frac-
tion of HMF (or products of their degradation). These two macromole-
cules are not very well characterized, and can’t even be completely
dissociated (Rasmussen et al., 2014; Wan et al., 2019). What is impor-
tant is that at very high CSFs, these two prevalent molecules represent
more than 65% of the initial dry mass. Beyond their inhibitory effect
(Rasmussen et al., 2014), they are responsible for significant yield losses:
up to 50% of C5 and 40% of C6 are lost at the severe conditions tested.
The use of CSF greater than 3 is therefore not recommended in the case
pretreatment of the biomass is considered prior to enzymatic hydrolysis
and/or fermentation. In view of the large number of chemical reactions
involved in these degradation pathways, it is obvious that the mass
balance cannot be complete. Indeed, water and some volatiles, including
COq, are also produced but were not assayed. However, these degra-
dations only happen at very high severity values, and preferentially in
the presence of catalyst (Kim et al., 2021), so the quantities involved are
certainly negligible.

This study provides the most comprehensive overview to date of the
degradation process of poplar wood compounds exposed to DAP. It
provides a research base for future academic or industrial scale-up

projects to optimize their pretreatment according to their production
goals by using these data as a guide for selecting the appropriate severity
of DAP. For example, the use of CSF greater than 3 does not seem to be of
any interest in the context of pretreatment of the biomass prior to
enzymatic hydrolysis and/or fermentation since it leads to massive
losses of C5 and C6. On the other side, pretreatment at CSF below 1 has
no interest, as even hemicelluloses are not completely degraded, and
remain as oligosaccharides. This leaves a CSF work range from 1 to 3,
with very interesting CSFs for enzymatic hydrolysis steps between 2 and
2.5: hemicelluloses are completely degraded, as well as an amorphous
fraction of the cellulose, but without formation of inhibitors, except a
small content of furfural. This leaves the crystalline part of the cellulose
available for hydrolysis and should therefore enable high glucose yields
to be obtained. By using CSFs just below 3, it is also possible to maximize
furfural production because its degradation has not yet begun. Its role as
an intermediate platform molecule for several reactions makes it very
interesting from an industrial point of view.

4. Conclusion

This study proposes the most comprehensive overview of the cascade
reactions and chemical interactions that occur within poplar wood
during pretreatment. This quantified severity-based yield analysis was
derived from the analysis of a broad dataset, covering an unprecedented
range of conditions and including numerous chemical and spectral an-
alyses. All these data were combined into a complete reaction scheme
that can be used as a decision-making tool to tune the treatment con-
ditions depending on the expected objective. For example, the produc-
tion of glucose after enzymatic hydrolysis, a major goal for the
valorization of LB, requires CSFs around 2-2.5 to allow almost complete
degradation of hemicelluloses into xylose without altering the cellulose
or producing inhibitors. The use of a CSF slightly lower than 3 can also
be interesting for furfural production. However, the use of a CSF greater
than 3 is not recommended as it results in a loss of 50% and 40% of C5
and C6 in pseudo-lignin and humins, respectively. As further works,
enzymatic hydrolysis analyses could be interesting to confirm these
results.
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