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Lignocellulose saccharification: historical insights
and recent industrial advancements towards 2nd
generation sugarst

Jorge Bueno Moron,?® Gerard P. M. van Klink® and Gert-Jan M. Gruter (2 *@°

This study explores the initial industrial development of saccharification technologies, with a primary focus
on hydrochloric acid (HCl) saccharification of biomass, particularly wood chips. It traces the historical
progress from early 20th-century research to modern advancements, emphasizing the challenges,
failures and successes in scaling up these processes. The work details the structural composition of
wood, i.e. cellulose, hemicellulose, and lignin, and explains the mechanisms of their hydrolysis.
Additionally, it reviews various methods for hydrolyzing wood chips into saccharides, including besides
HCl-based methods also sulfuric acid hydrolysis, as well as other methods such as enzymatic hydrolysis
and more recent technologies. This review highlights the industrial attempts to bring these technologies
to scale, providing insights into the technological advancements and hurdles faced. As developers of
Avantium's DAWN Technology, we introduce our optimized hydrochloric acid saccharification process,
which enhances efficiency and addresses historical challenges. This comprehensive overview not only
documents the historical and technical aspects of biomass saccharification but also underscores the
importance of continued innovation in this field.

The plastic production volume has seen huge growth, from 15 million ton in 1964 to 400 million ton in 2021 and is expected to pass the 1 Gigaton per year mark
(1000 million ton) before 2050. The total global CO, footprint of this 400 million ton of plastics is approximately 1000 million ton (climate action; SDG 13). Only

in a situation that by 2030 most of the volume growth will come from renewable plastics, the transition can be significant by 2050. This will ofcourse require
sugar production on an extremely large scale. If on the other hand we will not make a transition to renewable polymers in 2050, the total plastics CO, footprint

for plastics will be approaching 3 Gt (3000 million tons) by 2050, which will be incompatible with the Paris climate agreement targets. For a transition of fossil
feedstock to biomass for our plastics, access to high quality, low cost non-food sugars (Zero hunger; SDG 2) will be extremely important. Today, second

generation (2G) sugars are not yet commercially available for large scale polymer production. Our review summarizes 100 years of lignocellulosic sugar bio-
refinery development and discusses recent developments towards lower cost options. It emphasizes the importance of the following UN sustainable develop-

ment goals: zero hunger (SDG2), industry, innovation, and infrastructure (SDG 9), responsible (production and consumption; SDG 12) and climate action (SDG

13).

1. Introduction

conversion of lignocellulosic materials into fermentable

sugars."

The journey of biomass saccharification from conceptualization
to industrial application spans over two centuries, with signif-
icant milestones that have shaped its current state in the
chemical industry. Saccharification, defined as the hydrolysis of
carbohydrate-containing polymeric materials into monomeric
carbohydrates or units with low degrees of polymerization, has
its roots in early 20th-century efforts to industrialize the
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The initial foray into biomass saccharification involved acid
hydrolysis, leveraging the straightforward approach and avail-
ability of acids. Early researchers recognized the potential of
converting wood and other lignocellulosic materials into valu-
able sugars through hydrolysis.> Nature itself provided a blue-
print for this process, as the decomposition of trees often occurs
under mild acidic conditions through a process known as
autohydrolysis. Organic acids within the hemicellulose and
lignin structures of wood catalyze its gradual hydrolysis,
a mechanism that was mimicked in early industrial processes.™*

In the chemical industry, saccharification emerged as a crit-
ical process for extracting inherent sugars from biomass
structures, essential for transforming materials like wood chips
into fermentable sugars.* This conversion is pivotal for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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producing biofuels and valuable biochemicals. Historically, the
industrialization of biomass saccharification began in the early
20th century.® Researchers focused on acid hydrolysis due to its
simplicity and the availability of acids, but the process faced
significant challenges. Equipment corrosion, low sugar yields,
and the formation of inhibitors were major obstacles that
hindered the large-scale adoption of acid hydrolysis. These
inhibitors, generated during the acid hydrolysis process, pose
significant challenges for subsequent enzymatic conversions by
interfering with enzyme efficiency, thereby reducing the overall
yield of fermentable sugars.”® Despite these issues, early
developments in acid hydrolysis laid the groundwork for future
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advancements in the field. The mid-20th century saw significant
progress with the advent of enzymatic hydrolysis."”® The
discovery of efficient cellulases and advancements in recombi-
nant DNA technology allowed for the production of tailored
enzyme cocktails, enhancing hydrolysis efficiency. However, the
cost of some enzymes and their chemical stability remain
a considerable barrier for certain processes. To address this,
recent developments have integrated pretreatment processes
such as steam explosion, alkaline pretreatment, and ammonia
fiber explosion. These methods disrupt the lignin-carbohydrate
complex and increase the porosity of biomass and the acces-
sible surface area of the polysaccharides, thereby improving
saccharification efficiency.”™

The utilization of biomass as a renewable energy source is
crucial for addressing global energy needs and environmental
challenges. Biomass, including agricultural residues, forestry
waste, and dedicated energy crops, offers a sustainable alterna-
tive to fossil fuels, reducing greenhouse gas emissions and reli-
ance on non-renewable resources while promoting rural
economic development.’> Among biomass resources, wood is
particularly significant due to its abundance, relative stability and
established supply chains. Forests cover approximately 30% of
the Earth's land area, providing a continuous supply of raw
material for various applications.”® A sustainable management
could ensure a reliable wood feedstock for biomass conversion
processes, and wood processing by-products and residues, such
as sawdust, chipped branches and bark, to be utilized effectively,
minimizing waste and enhancing overall efficiency.

Wood, as a primary source of lignocellulosic biomass, is
composed mainly of cellulose, hemicellulose, and lignin. Cellu-
lose forms the structural backbone of plant cell walls with long
chains of glucose units. Hemicellulose, a heterogeneous group of
polysaccharides, surrounds cellulose microfibrils, adding flexi-
bility and strength. Lignin, a complex aromatic polymer, fills the
spaces between these components, providing rigidity and resis-
tance to microbial attack.**'® The hydrolysis of lignocellulosic
biomass to produce 2nd generation glucose involves several
stages. Initially, the less crystalline and thus less recalcitrant
hemicellulose is hydrolyzed, releasing mono- and oligosaccha-
rides and acetic acid. As the process progresses, cellulose becomes
more accessible, and its hydrolysis produces glucose oligosac-
charides. Over time, these oligosaccharides are further broken
down into monomeric sugars. Lignin, being the most resistant
component, undergoes significant changes only under severe
acidic or basic conditions, producing phenolic compounds.”

As the developers of Avantium's DAWN technology, we have
made significant advancements in biomass saccharification,
specifically building upon the historical use of concentrated
hydrochloric acid for the hydrolysis of wood chips.’*** As the
authors of this review and the driving force behind the devel-
opment of Avantium's biorefinery technology, we aim to reflect
a commitment to advancing the chemical industry by providing
historical insights and showcasing the progress made by the
scientific community in optimizing biomass conversion
processes to obtain 2nd generation glucose.

The following sections delve into the structure and compo-
sition of wood, the various hydrolysis methods, and the
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historical efforts that have driven the industrialization of
saccharification technologies. These insights highlight the
critical role of saccharification in unlocking the full potential of
lignocellulosic biomass and its implications for the chemical
industry.

2. The structure and composition of
wood
2.1 Wood formation in trees

Wood formation supports the growth and structural develop-
ment of trees, contributing to the expansion of the crown, bole,
and root system. The crown, consisting of leaves, twigs, and
branches, aids photosynthesis and nutrient production. The
bole (trunk) provides mechanical stability and serves as the
conduit for water and nutrients between roots and crown. The
roots, often as extensive as the crown, anchor the tree and
absorb water and minerals, sometimes enhancing nutrition

Sapwood

Vascular
cambium

Secondary phloem
Bark

Cork cambium
Cork J

Fig. 1 Transversal cut of the trunk, reproduced from ref. 25 with
permission from the USDA, © 2025.
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through symbiosis with mycorrhizae, which improve their
phosphorus uptake.”*>*

Internally, the trunk features sapwood, which actively
transports water and nutrients, and heartwood, which becomes
decay-resistant through the deposition of substances during its
transformation (Fig. 1). The vascular tissue, consisting of xylem
(water transport) and phloem (sugar transport), is critical to tree
function. Growth occurs in the cambium layer, which generates
new cells for repair and development.*®

2.2 Wood classification

Wood is classified into softwoods and hardwoods, distin-
guished by their cellular structure (Fig. 2):*

e Softwoods are primarily composed of tracheids, which
serve both structural support and water conduction functions.
They also contain ray parenchyma cells, which are involved in
the storage and lateral transport of nutrients. Softwoods lack
vessels, resulting in a more uniform and simpler structure
compared to hardwoods. This composition makes softwoods
suitable for structural applications like construction and paper
production. They generally have a higher lignin content,
contributing to their strength and durability.

e Hardwoods have a more complex structure, containing
a variety of cell types, including vessels (pores) for water
conduction, fibers for structural support, and both axial and ray
parenchyma cells for storage and transport. The presence of
vessels allows for efficient water conduction, while the fibers
provide mechanical strength. This diverse cellular structure
makes hardwoods less uniform but adds versatility. Hardwoods
are particularly valued for furniture and fine paper production
due to their aesthetic and functional properties.

The tissue composition and structure of wood vary signifi-
cantly across species and environmental conditions, influ-
encing its suitability for specific industrial applications. This
variability makes softwoods preferable for strength and
uniformity, while hardwoods are favored for applications that
require aesthetic uses like fine woodwork.*”

2.3 Chemical composition of wood

Wood comprises approximately 50% carbon, 44% oxygen, and
6% hydrogen, with trace amounts of nitrogen and inor-
ganics."®'>?* The three primary biopolymers in wood (Fig. 3) are:

Fig. 2 Transverse and tangential-longitudinal faces of softwood (left) and hardwood (right), reproduced from ref. 27 with permission from

Springer, © 2006.
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Fig. 3 Wood chemical composition.

e Cellulose (40-50%): a highly crystalline polymer forming
the backbone of cell walls. Its degree of polymerization (DP) and
crystallinity index (CI) vary across species, influencing its
mechanical properties and resistance to hydrolysis.>~**

e Hemicellulose (20-30%): a more amorphous polymer that
bridges cellulose and lignin, enhancing flexibility and strength.
Its composition varies by species, with mannose-rich hemi-
cellulose in softwoods and xylose-rich variants in hardwoods.**>*

e Lignin (18-35%): an aromatic polymer that binds cellulose
and hemicellulose, providing rigidity and microbial resistance.
Softwoods generally have higher lignin content than
hardwoods.?*=’

Extractives (4-13%) and ash (less than 1%) are minor
components. Extractives, often phenolic or aliphatic
compounds, protect trees from environmental stress, while ash
contains minerals such as calcium and potassium. These
components vary based on species and environmental condi-
tions, with tropical woods typically containing more ash.**** A
more detailed account of the chemical composition of wood,
including a compilation of literature on the structure of hemi-
cellulose, cellulose, and lignin, can be found in the ESIL{

3. The mechanism of acid hydrolysis

The acid hydrolysis of wood has been investigated for various
tree species, including aspen, birch, paper birch, willow, pine,

© 2025 The Author(s). Published by the Royal Society of Chemistry

spruce, eucalyptus, loblolly pine, poplar, yellow poplar, oak, and
red oak. Among these, aspen wood has shown the highest
conversion to sugars.** Rasmussen et al."” reviewed the hydro-
lysis of lignocellulosic materials and the mechanism of sugar
dehydration under acidic conditions. During the hydrolysis of
lignocellulosic biomass, the primary products from the break-
down of its sugar-bearing polymers are xylose, mannose, arab-
inose, galactose, and glucose.

The hydrolysis of wood typically proceeds through three
distinct stages. Initially, hemicellulose, which encases the
cellulose, is more accessible and less crystalline, making it more
susceptible to hydrolysis. During this first stage, hemicellulose
dissolves, releasing its oligosaccharides into the acidic solution,
along with acetic acid produced from the hydrolysis of acetyl
ester groups in the hemicellulose structure. At this point, the
cellulose remains largely intact, but the acid begins to disrupt
its crystallinity and close packing, leading to a more amorphous
cellulose structure.

In the second stage, as most of the hemicellulose is removed,
the hydrolysis of cellulose commences, releasing glucose
oligosaccharides into the solution. Prolonged acid exposure in
the third stage results in the hydrolysis of these oligosaccha-
rides into monomeric sugars. If these monosaccharide hexoses
are not promptly removed, they can further dehydrate to form 5-
hydroxymethylfurfural (5-HMF). Additionally, furfural is
produced from the dehydration of pentose sugars, such as

RSC Sustainability, 2025, 3, N170-1211 | 1173
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Fig. 4 Classes of compounds obtained from the hydrolysis of wood under acidic conditions, reproduced from ref. 17 with permission from

Elsevier, © 2014.

xylose and arabinose, present in solution after the hydrolysis of
the hemicellulose wood structure.*?

Moreover, these furan compounds can undergo ring-
opening and polycondensation reactions in the presence of
acids, resulting in the formation of humins from both furfural
and HMF, or producing levulinic acid and formic acid from
HMF (Fig. 4). After hydrolysis, the remaining structure of the
wood is the lignin. It is the most recalcitrant structure from the
three biopolymers present in wood, but under severe acidic or
basic conditions its structure can be altered, producing
phenolic compounds or acetic acid.

In the chemical industry, well-established methods exist to
dissolve lignin and produce wood pulp, primarily using sulfite
and Kraft pulping technologies. The acid sulfite process, char-
acterized by slow heating, relatively long reaction times, and
moderate temperatures (around 130 °C), involves treating wood
chips with sulfite and bisulfite ions to convert lignin into
soluble lignosulfonates, which can then be separated from the
cellulose fibers. However, this method is not suitable for all
types of wood.*® In contrast, Kraft pulping is a more prevalent
form of chemical pulping, accounting for 80% of the current

M74 | RSC Sustainability, 2025, 3, 170-121

chemical pulping in the industry.** Kraft pulping involves the
digesting of wood chips at 150-180 °C under pressures ranging
from 690 kPa (100 psi) to 1380 kPa (200 psi) in ‘white liquor’,
a water solution of sodium sulfide and sodium hydroxide. The
lignin binding the cellulose fibers together in the wood is
chemically dissolved by this liquor, obtaining the correspond-
ing wood pulp.*

During the hydrolysis of wood the following factors limit the
conversion to sugars; the physical properties of the wood itself,
which vary across different tree families, the different reactivity
of the carbohydrates in the holocellulose, and the structure and
properties of the less reactive lignin material*® (Fig. 5). In terms
of reactivity, the biopolymers composing the holocellulose have
different degrees of crystallinity, with cellulose being the most
crystalline and therefore the most chemically resistant to
hydrolysis. Hemicellulose, which firmly attaches to cellulose
microfibrils, acts as a physical barrier, impeding the initial
hydrolysis of cellulose and delaying the release of glucose.*
Within cellulose, the accessibility of acid to different polymer
regions is crucial for determining hydrolysis efficiency. Areas
more covered by hemicellulose and lignin require higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Main factors influencing the hydrolysis of lignocellulosic biomass, reproduced from ref. 46 with permission from Elsevier, © 2021.

temperatures, acid concentrations, and longer reaction times
for complete hydrolysis. Hemicellulose, being less crystalline
and more accessible, is more prone to produce sugar decom-
position products. Consequently, the cellulose-to-hemicellulose
ratio is a key factor in optimizing hydrolysis conditions
(temperature, pressure, acid concentration, and time) to effec-
tively hydrolyze both materials while minimizing sugar
decomposition.

Homogeneous hydrolysis is typically faster and requires
milder conditions than heterogeneous hydrolysis, making the
solubility of cellulose and hemicellulose in the reactive medium
important for efficient hydrolysis. The solubility of each sugar
polymer in an acidic medium can vary significantly and is
influenced by temperature, pressure, acid concentration, and
reaction time. Cellulose, present as allomorph B in lignocellu-
losic materials, has the lowest solubility in mineral acids
compared to the other biopolymers in wood.*®

Yoon et al.*” studied the effect of lignin on the hydrolysis of
cellulose. For this, the hydrolysis of pure holocellulose was
compared with the hydrolysis of lignocellulosic biomass. For
the same given conditions, the pure holocellulose hydrolyzed
faster but also produced more sugar decomposition
compounds (formic and levulinic acid). This is explained by the
structure of lignin, which interacts with and wraps the cellulose
and hemicellulose, decreasing the accessibility of the acid and
requiring longer reaction times to effectively hydrolyze the
material. Baucher et al.*® also found that cell walls of plants with
low(er) S/G (syringyl/guaiacyl) ratios in the lignin structure were
easier to hydrolyze. Other researchers found that selectively pre-
treating the lignocellulosic materials to remove some of the
non-condensed lignin facilitated the overall hydrolysis of the
(hemi)cellulosic material. The reason behind is that non-
condensed lignin provide higher coverage over cellulose due
to its linear shape.*

The physical properties of biomass such as particle size, cell
wall thickness, pore size and pore volume have an impact on the
hydrolysis of the material. Large chip thicknesses slow the acid

© 2025 The Author(s). Published by the Royal Society of Chemistry

hydrolysis of aspen wood, and xylose yields from the hydrolysis
of the hemicellulose decrease overall.*’ Particle size gave con-
trasting results for its effect on the hydrolysis of lignocellulosic
material. It has a minor effect when a high liquid-to-wood ratio
is used, but when this ratio is lowered and less acid is employed,
a fraction of xylan could not be recovered after hydrolysis and
remained within the particle matter.*® This latter effect becomes
crucial when considering the economic feasibility for an
industrial application.

Rinaldi et al.>* reviewed the mechanisms involved in cellu-
lose hydrolysis within lignocellulosic materials. The first report
on the hydrolysis of 1,4-B-glucans was by Freudenberg and
Blomgpvist in 1935.%> They demonstrated that the hydrolysis rate
of 1,4-B-glucans in H,SO, at 18 and 30 °C significantly
decreased as the degree of polymerization (DP) increased. The
activation energy for cellulose hydrolysis was found to be
125 kJ mol ', slightly higher than that for 1,4-B-glucans with
lower DP (114-121 kJ mol !).' Saeman first reported the
kinetics of cellulose hydrolysis in dilute acid at 170-190 °C in
1945.> 1t was determined that cellulose hydrolysis follows
a first-order reaction with respect to H;O" concentration, with
an apparent activation energy of 179 kJ mol *. The overall rate
equation for the homogeneous acid hydrolysis of glycosides is
presented in Fig. 6.

Where S, SH', P, and Ksy represent the substrate, the
protonated substrate, the reaction product, and the equilibrium
constant of the protonation step, respectively. The overall

k1 kz
S+ Hy == SH++H20 =— P Kiotal = Ksnkoz
K4 k.o

(ko >>>> k 5)
Fig. 6 Rate of the homogeneous acid hydrolysis of glycosides,

reproduced from ref. 53 with permission from the American Chemical
Society, © 1945.
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reaction rate of the homogeneous hydrolysis of glycosides
clearly shows that the rate of hydrolysis depends directly on the
acidity of the catalyst employed. Regarding the protonation of
the glycosidic oxygen, it is expected that a strong acid should be
more successful in the protonation of the glycosidic oxygen
than a weaker acid because the glycosidic oxygen is weakly
basic.®

The hydrolysis of cellulose is assumed to follow a similar
mechanism as the acid-catalyzed hydrolysis of glycosides which
was studied in detail by Nevell and Comstock in 1976 and 1979,
respectively.>***> As shown in Fig. 7, the first step of this mech-
anism involves the protonation of either the glycosidic oxygen
(pathway I) or the pyranic oxygen (pathway II). In principle,
taking into account the nature of H;O' species and the
conformational restriction of the cellulosic chains along the
glycosidic bond, a simultaneous protonation of both oxygen
atoms would be possible as well (inset in Fig. 7).

At this step, either a cyclic (pathway I) or acyclic (pathway II)
route occurs.*® Zhou et al.*® explained that the formation of the
cyclic intermediate in pathway I requires a conformational
change to a half-chair configuration, where C1, C2, C5, and O5
lie in the same plane. This step is energetically demanding due
to the rotational constraints imposed by inter- and intra-
molecular hydrogen bonds within the supramolecular structure
of solid cellulose. However, in homogeneous hydrolysis, where
cellulose is dissolved in solvents that disrupt hydrogen bond
networks, these constraints are relaxed, resulting in much
higher hydrolysis rates compared to heterogeneous conditions.
Thus, pathway I is considered the dominant pathway for
homogeneous acid-catalyzed hydrolysis.** The role and extent of
the alternative pathway II in cellulose hydrolysis remain
unclear.”

During cellulose hydrolysis, the first barrier is accessing and
hydrolyzing the most crystalline domains. After this initial
phase, the rate of hydrolysis levels off, reaching a steady state
that slows the reaction.** Given the generally low solubility of
cellulose in various solvents, its hydrolysis has been extensively

VWCO)/O Ow pathway
| d I

H,0*

le Xl e
-G G- -G

H0 \ @ ® ) 7 H,0
H

-Hs0* 0"

9)

Fig.7 Possible pathways for the hydrolysis of cellulose, figure adapted
from ref. 54 and 55.
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studied under both heterogeneous and homogeneous condi-
tions.”” Under heterogeneous conditions (Fig. 8, left), p-anhy-
droglucan layers on the cellulose surface are gradually released
and hydrolyzed in the solution. In contrast, under homoge-
neous conditions (Fig. 8, right), cellulose dissolution and
hydrolysis likely occur simultaneously. With longer reaction
times in homogeneous conditions, the degree of polymerization
(DP) of the oligomers in solution decreases, eventually forming
monomeric glucose.*

A breakthrough in lignocellulosic saccharification was the
discovery by Rogers et al. that ionic liquids (IL) like [C,mim]ClI
are able to fully dissolve untreated wood.*® In contrast to wood
delignification methods that rely on the insolubility of cellulose
in certain solvents, the IL has the ability to dissolve both lignin
and polysaccharides simultaneously. Ionic liquids present new
approaches to the hydrolysis of lignocellulosic materials, but
their high costs require quantitative recovery and recycling of
the reactants, which makes it difficult when these technologies
are upscaled in size and applied in a biorefinery-based
industry.®

In their review, Méki-Arvela et al. discussed the hydrolysis of
hemicellulose and the factors affecting the hydrolysis of its
various heteropolymers.** Hemicelluloses, present in all plant
cell walls, consist of different monosaccharide units, which
contribute to their structural complexity and varied reactivity
during hydrolysis. The rate of acid hydrolysis for these hetero-
polymers is influenced by the anomeric configuration of the
sugars (o- or B-anomer) and their ring form (furanose or pyra-
nose). B-Anomers generally react faster than o-anomers, and
furanose forms hydrolyze more readily than pyranose forms due
to higher angle strain. Specifically, arabinose, predominantly in
the furanose form, hydrolyzes more rapidly compared to xylose,
which is mainly in the pyranose form. This structural depen-
dence highlights the variability in hemicellulose hydrolysis
rates and underscores the necessity of understanding these
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factors to optimize hydrolysis conditions for efficient biomass
conversion.

Another key factor in hemicellulose hydrolysis efficiency is
its backbone pattern. Hemicellulose contains various substitu-
ents, such as acetyl groups, 4-O-methylglucuronic acid, and
arabinosyl residues, that significantly influence recalcitrance.
Acetylation, for instance, increases hydrophobic interactions,
creating steric hindrance and limiting enzymatic access.**
These acetyl groups are also hydrolyzed during processing,
releasing acetic acid, which can inhibit enzymatic activity and
sometimes reduce overall hydrolysis efficiency.®” Similarly,
glucuronidation, such as the incorporation of 4-O-methyl-
glucuronic acid residues, adds negatively charged groups that
form strong interactions with lignin, further contributing to
resistance. Arabinofuranosyl substitutions, commonly found in
arabinoxylans, act as cross-linking points with lignin or other
polysaccharides, also compounding recalcitrance. Recent
research® highlights that removing glucuronic acid from xylan
significantly increases fermentable sugar release in Arabidopsis
plants without the need for chemical pretreatment. Addition-
ally, identifying a gymnosperm enzyme responsible for xylan
glucuronosylation presents a promising target for genetically
improving forestry trees, enhancing biomass efficiency for
sustainable industrial applications.

Overall, the hydrolysis mechanism for hemicellulose follows
a similar pathway to that of cellulose, involving either proton-
ation of the glycosidic bond or the pyranic oxygen.** The
hydrolysis rate of hemicellulose is influenced by the anhydro-
sugar structure, such as whether the sugar is an a- or -
anomer, and whether it is in a furanose or pyranose form. -
Anomers hydrolyze faster than o-anomers. Additionally, acid
hydrolysis proceeds more quickly for furanose forms compared
to pyranose forms; for example, arabinose (primarily in the
furanose form) hydrolyzes faster than xylose (primarily in the
pyranose form). This is due to the higher structural angle strain
in the five-membered furanose ring, whereas the six-membered
pyranose ring is more stable and less strained. However, both
furanose and pyranose rings are almost strain-free. The
increased hydrolysis rate of furanose may also be attributed to
differences in ring conformation and the inter- and intra-
molecular stabilizations that are more pronounced in six-
membered pyranose rings due to their extensive hydrogen
bonding networks.*! Organic acids present beneficial properties
during hemicellulose hydrolysis compared to mineral acids, as
they are milder and can selectively hydrolyze hemicellulose
sugars. An example of this technology includes the selective
hydrolysis of arabinose units in arabinoxylans and
arabinogalactan.®*

The activation energy for the hydrolysis of hemicelluloses
varies, with galactoglucomannan having a higher activation
energy than arabinogalactan due to the nature of their ether
linkages and polymer structures.** Studies on model
compounds indicate that glucosides and mannosides are
harder to hydrolyze than galactosides. Within the same hemi-
cellulose polymer, such as arabinogalactan, the activation
energy for hydrolyzing arabinose side-chains is lower than for

galactose units in the backbone, making lower acid

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

concentrations more effective for the selective scission of
arabinose. This variation is attributed to differences in
anomeric configurations and stabilization mechanisms within
the polymer structures.* In studying the hydrolysis of xylose
hemicellulose, terms like fast- and slow-reacting xylan are often
used. Fast-reacting xylans, typically part of side chains in xylo-
glucans rather than composing the backbone as in glucur-
onoxylans, exhibit about 8-23% lower activation energy and are
more prone to hydrolysis.®

4. The evolution of the biomass
saccharification industry
4.1 Early developments

The initial developments in understanding and isolating sugars
date back to 1747 when Andreas Marggraf isolated glucose from
beets using alcohol, marking a significant departure from the
traditional extraction of sugars solely from sugarcane. This
discovery was pivotal for biomass saccharification in Europe,
setting a foundational technique for extracting sugars from
non-traditional sources. Notably, the term “sugars” historically
referred primarily to sucrose, the common table sugar derived
from sugarcane and, later, sugar beets.” These historical
nuances are essential for understanding the evolution of sugar
processing and the broadening of the term ‘sugar’ to include
various saccharides like sucrose, glucose, and fructose, each
with unique industrial and culinary roles.

Subsequently, in 1789, Franz Karl Achard, a student of
Marggraf, developed an industrial process to extract and isolate
sugars from beets, leading to the construction of various plants.
With support from King Friedrich Wilhelm III, Achard opened
the first sugar beet refinery in Kunern, Silesia, in 1801 (Fig. 9).*®
By 1802, this refinery processed 400 tons of beets per year,
achieving sugar yields of 4%. Despite being destroyed during
the Napoleonic Wars in 1807, the plant was rebuilt on a smaller
scale in 1810 to support the Prussian government during sugar
embargoes.*” Despite this setback, the government of Prussia

Fig. 9 First Beet-Sugar Factory in the World—Built at Kunern, Silesia,
1801.%%
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supported the reconstruction of Achard's plant in 1810 to
provide sugars for the country amidst supply embargoes.

Sugar-import merchants faced increasing difficulties
competing with the lower price of sugars after Achard's
discovery. These first industrial efforts made sugars accessible
to everyone, and Achard's work was eventually declared
a necessity by the government. The growth of sugar beets surged
across the country, but the defeat of Napoleon at Waterloo and
the consequent ending of the sugar embargo caused a decline
in sugar prices. This downturn made the new beet sugar
industry unable to compete, leading to the bankruptcy of most
of Achard's refineries by 1815.%°%

In 1811, the Russian chemist Gottlieb Kirchhoff hydrolyzed
starch for the first time, by the action of sulfuric acid under
heating,' and the isolated sugar was for the first time referred as
glucose.”® The chemist Jons Jacob Berzelius recognized this
reaction as one of the first catalytic reactions in (organic)
chemistry.” In 1819, the French chemist Henri Braconnot
accomplished the hydrolysis of cellulose using sulfuric acid,”
but the employment of large amounts and the inherent chal-
lenges for the recovery of the acid could not make the process
economically attractive. In 1815, Anselme Payen, a French
chemist in charge of a borax-refining plant,”> broke the Dutch
monopoly on borax (most of which was mined in the Dutch East
Indies) by developing a process to produce it from soda and
boric acid.” In 1820, he joined the refining beet-sugar industry,
introducing two years later the use of activated charcoal to
remove colored impurities from industrial sugar solutions. In
1833, he discovered and isolated diastase, an enzyme present in
plants to hydrolyze starch into maltose. Hereafter, Payen
studied the analytical composition of wood that culminated in
the discovery of the carbohydrate polymer cellulose.” He
became professor of industrial and agricultural chemistry in
1835 at the Central School of Arts and Manufactures, Paris.
Among his other contributions, Payen developed new processes
to refine sugar, starch and alcohol from potatoes.”

Fructose, another important sugar, was identified later by
the French chemist Augustin-Pierre Dubrunfaut in 1847.7° The
distinction between different types of sugars, including sucrose,
glucose, and fructose, became clearer as these compounds were
identified and their properties understood over time. Dubrun-
faut's work helped delineate fructose as a distinct sugar,
commonly known as fruit sugar due to its common occurrence
in fruits and other natural sources.

In 1855, G. F. Melsens built upon Braconnot's work by
employing diluted sulfuric acid to hydrolyze cellulose, applying
high temperatures around 200 °C under significant pressure,
though exact pressure details are not specified in the sources.*”®
While these conditions facilitated cellulose breakdown, the
resulting sugar solutions were too dilute for economical
industrial applications, prompting a need for processes yielding
more concentrated sugar solutions. This necessity arose even
though sugar, notably sucrose, was widely available by then,
thus requiring economically viable concentrations for indus-
trial profitability.

In 1878, the German chemist A. Mitscherlich developed the
idea to use sugars for fermentation processes.”” Mitscherlich
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observed that sugars in the waste liquor during the production
of sulfite pulp could be fermented into ethyl alcohol, which was
more valuable than sugars. In 1879, A. Béchamp set the foun-
dation for the upcoming saccharification revolution when he
discovered that fuming aqueous solutions of super-
concentrated hydrochloric acid (HCI) above 37 wt% could
hydrolyze cellulose, obtaining sugar solutions in (much) higher
concentrations than before.”

In 1880, E. S. Dauziville used for the first time HCI gas for the
saccharification of wet sawdust.” The HCl was recovered using
a vacuum pump and the slurry formed by the solid residue and
sugars in solution was treated with water and heated to
complete the hydrolysis of the oligosaccharides in solution.
This last step is later commonly referred to in literature as post-
hydrolysis or second hydrolysis.*’

In, 1883, E. Fleschsig accomplished the hydrolysis of cotton
using concentrated sulfuric acid.®* For the last stage, the sugar-
acid solution was diluted and heated to accomplish the second
hydrolysis of the sugar oligomers in solution. The hydrolysis of
the sugars was almost quantitative but the big volumes of acid
required and the low concentration of the sugar acidic solutions
made the process unattractive.*> However, Fleschsig's research
set the basis for the isolation of lignin by developing a process
to quantitatively hydrolyze all the sugars from the biomass,
leaving the lignin almost unaffected.®

In 1892, Lindsey and Tollens extended the method of
Fleschsig with extensive research on the role of sulfonate groups
in sulfite pulping by determining the sulfur and sulfonic acid
content of lignin.**** After hydrolyzing the biomass, the amount
of sulfonate groups in the lignin was shown to impact the
quality and properties of the lignin. Since the hydrolysis of
biomass started to become industrialized, the amount of lignin
from saccharification plants was increasing, so it became
important to have a simple and reliable method for the deter-
mination of sulfonate content of lignin in pulp to find new
applications.

Between 1898 and 1900 new patent applications for the
saccharification of biomass with sulfuric acid were filed, soon
followed by the construction of new biomass hydrolysis
plants.®* The biggest challenge was in the recovery of the large
volumes of sulfuric acid required to fully hydrolyze the biomass,
which resulted in very dilute sugar solutions. Also, the energy
required to concentrate these solutions and separate the sugars
from the acid was a serious scale-up issue. R. F. Ruttan patented
a new process to ferment these sugars into ethanol, which was
easier to recover.®® The chemist E. Simonsen worked also on
these fermentation processes using sulfuric acid for the
saccharification of sawdust. During his work, he used dilute
acid (0.5-1% sulfuric acid) under high pressure (12-20 bar),
allowing him to produce 7.6 liters of ethanol per 100 kg of dry
sawdust fed into the system.®*® A small experimental plant was
erected in Oslo but the large quantities of water to be separated
from the sugars, along with the acid, failed to make the process
economically attractive, so the plant soon ceased operation.®
Nevertheless, these efforts were later considered as a land mark
in the upscaling of saccharification technologies.®*
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In 1898, A. Mitscherlich also developed a process to obtain
paper glue from waste liquor during sulfite pulping, which,
along with his earlier fermentation processes, was implemented
on an industrial scale in Hof, Germany.””

At the end of the 19th century, more researchers started to
direct their efforts to use wood waste as feedstock for sacchar-
ification purposes. At this time, most of the construction
materials were based on wood and in the manufacturing of
lumber more than 50% of the tree was usually wasted as
sawdust, shavings, slabs and edgings. The sawmill waste was
estimated to be about one ton for each thousand board feet of
lumber produced (around 1.5 ton).*

4.1.1 The Classen method in the US. The interest to obtain
industrial sugars from waste cellulosic streams continued
during the 1900s with the work of the German chemist Alex-
ander Classen, one of the founders of electrochemical analysis.
Classen filed patent applications in Europe and the US for his
process using sulfuric acid (H,SO,), made from sulfurous acid
(H,SO3) and hydrochloric acid (HCl), under pressure. His
process could hydrolyze wood to produce 300 grams of dextrose
from 1 kg of wood, which was then fermented to yield 120 grams
of ethanol.®® Later in 1903, the US patent rights were
purchased by the Classen Lignum Company of Chicago and
a test plant was erected in Highland Park, Illinois.**

The plant was built to process 2 tons of dry sawdust per day
in order to raise funds from American capitalists. The results
were satisfactory and a larger plant was erected at Hattiesburg,
Mississippi. The plant cost was 250 000 dollars (equivalent to
about $7.5 million today, indicating a large-scale operation) but
it never successfully operated. It was one of the largest plants
ever built for this purpose and served as a striking example of
a technology that produced reliable results at laboratory scale
but faced serious challenges when magnified in size.** The
feedstock chosen was wood waste, and the hydrolysis was ach-
ieved inside digesters made of iron with lead liners to prevent
corrosion. The temperature inside the reactors was about 145 °©
C and the pressure around 7 bar. The reaction time ranged from
4 to 6 hours and the sulfurous acid and steam were later blown
off into absorbing tanks to partially recover the acid. The main
challenges were the big volumes of acid used, its recovery, and
the prolonged action of high temperature and pressure on the
sugars, resulting in undesired sugar decomposition reactions. It
was reported that the lead lining also could not sustain through
several runs, which forced the factory to frequently stop for
longer time periods.**

In 1909 Malcolm F. Ewen and G. H. Tomlinson, two chemical
engineers associated with Classen at Highland Park, were
granted a patent for an industrial process to hydrolyze large
quantities of lignocellulose materials using aqueous hydro-
chloric and/or sulfuric acid either separately or in combina-
tion.*® The goal was to produce large quantities of fermentable
sugars and quickly convert them into alcohols. Malcolm and
Tomlinson developed a method in which the biomass in contact
with the hydrolyzing agent was quickly heated and cooled to
reduce undesired sugar decomposition reactions.” The same
year, J. K. George patented, under the Classen rights, a process
to remove organic acids formed during the hydrolysis of
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biomass inside the digesters (mainly formic and acetic acid) to
avoid undesired reactions during the fermentation processes.*
After several years of research, Malcolm and Tomlinson were
convinced that Classen's method needed modifications in order
to attract investors. Their feedstock of choice was sawdust, and
their focus was on shortening the hydrolysis time from 6 h to
45 min by using direct steam and then quickly removing the
sugars from the reactor to avoid their decomposition.

The patents for this modified Classen method were
purchased by the Wood Waste Products Company and
a commercial scale factory at Chicago Heights was built to prove
the technology.®* The plant was built in workshops on the
grounds of a large machinery manufacturer and a small quan-
tity of sulfur dioxide gas (1% in weight of the biomass) was used
to hydrolyze the biomass at 7 bars of pressure by applying
steam.?* After 10 to 15 min, the steam was cut off and the
digesters revolved slowly for 40 to 45 min, keeping temperature
and pressure constant inside the reactors. The Wood Waste
Products Company (now called Standard Alcohol Corporation)
erected in 1910 a new plant at Georgetown, South Carolina, to
keep testing the modified Classen method from Malcolm and
Tomlinson. In the meantime, the Classen Lignum Company
that bought the rights in 1903 from Classen continued its
efforts to make their original Classen process profitable by
building another factory at Port Hadlock, Washington.**

The new plant at Georgetown, from the Standard Alcohol
Corporation, used waste materials from sawmills to produce
ethanol. The plant produced 6.4 to 9.5 liters of alcohol per 100
kg of wood waste using the modified Classen method, and the
annual output of the factory was about 2000000 liters of
ethanol. The factory also applied the conditions recommended
by Simonsen earlier in the 1890s.*® This successful plant was
later acquired by E. I. du Pont de Nemours and Company which
operated it for a few years only. After disposing the plant to
DuPont, the Standard Alcohol Corporation built another factory
in Louisiana. However, during World War I, the amount of
material available for saccharification was significantly
reduced, and this, together with a significant decrease in price
for alcohol and sugars, resulted in both plants ceasing opera-
tion.** These plants, and the research and development
undertaken, were recognized as one of the best developed
single-stage batch wood waste hydrolysis on commercial scale.
The process had the advantage of great simplicity, and, with
some improvements, it is still the method of choice for certain
situations.

Wallace P. Cohoe also published work on the recovery of
organic volatile aromatic compounds present in wood which are
responsible for its characteristic wood fragrance. These
compounds are easily hydrolyzed even at mild conditions and,
therefore, were never isolated before. Cohoe patented a process
to split the hydrolysis of sawdust with several pre-treatments
using steam to remove these volatiles first. Then, the acetic
acid formed was recovered during the pre-hydrolysis. Then both
the hemicellulose and the cellulose were fully hydrolyzed using
steam and vaporized 35% HCI (0.5-2 wt% HCI relative to the
wood).”? The idea of applying consecutive steps to hydrolyze
different components of the biomass in separate stages was
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later replicated in industry to increase the purity of the product
streams.

4.2 The saccharification industry during the first world war

4.2.1 Theodor Goldschmidt in Europe. The next episode
with advancements in the field of biomass saccharification
began in Europe in 1910 with the German chemist Friedrich
Bergius and the transformation of vegetable matter into
synthetic coal.®*** Bergius established his laboratories in
Hannover to investigate the production of coal from wood and
peat to increase gasoline yields in a time that both the war and
the automobile industry were at their peak. This was accom-
plished replicating the conditions under which nature produces
coal by heating cellulosic material to 340 °C in the presence of
water at 200 atm of pressure. Later in 1914, Bergius was granted
a patent for the transformation of coal into liquid hydrocar-
bons,* and this allowed for the first time to produce synthetic
fuel from carbon materials above the ground. For this devel-
opment of chemical high-pressure operations, Bergius was
awarded the Nobel Prize in 1931.

Bergius looked for interest to commercialize this process on
industrial scale. The German chemist and businessman Hans
Goldschmidt, the son of Theodor who founded the Chemische
Fabrik Th. Goldschmidt in Berlin (Fig. 10), offered Bergius his
resources to invest in his technology. Th. Goldschmidt AG,
founded in 1911, acquired a chemical plant in Mannheim-
Rheinau to have its own supply of inorganic chemicals such
as hydrochloric acid and sulfuric acid, reducing the dependency
on other larger corporations. The Mannheim-Rheinau plant
had the capacity to produce mineral acids in large quantities,
becoming crucial for the upcoming work of Bergius. At the
beginning of World War I, in 1914, Bergius accepted the offer
from Theodor Goldschmidt to move his laboratories to
Mannheim-Rheinau and assume the position of firm director at
this plant. In the beginning, the goal was to commercialize his
work related to the liquefaction of coal to supply the country
with alternatives sources of fuel in order to reduce the depen-
dency of German imports. However, soon his work turned
completely to the saccharification of wood waste.

The commercialization of synthetic fuel required ten years of
research and the expenditure of 3 million dollars before its

Fig. 10 Workers at the Chemische Fabrik Theodor Goldschmidt in
Berlin.®®
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practical success was assured.’” After World War I, the demand
for gasoline decreased, and this technology was attracting fewer
investors. Despite that, several factories were built throughout
Germany, reaching an annual production peak of 300 000 tons
of motor fuel through this coal-hydrogenation process. Later
this technology also arrived in the US, and several factories were
built when the rights were purchased by Standard Oil of New
Jersey.*®

Before this early work in the Goldschmidt firm, Bergius
already expressed his concerns about the volumes of wood
waste produced by the pulp and wood distillation industries,
defining these industries as highly inefficient in terms of mass
balance and wood utilization. At industrial scale, only 50% of
the wood was transformed into pulp and the distillation process
of wood produced less than 40% of useful materials. Addi-
tionally, the manufacturing of timber was similarly inefficient
and big quantities of waste wood were produced in sawmilling
and similar operations.®*'* This, together with the beginning of
the World War I, producing a scarcity of food in Germany, made
Bergius turn his attention to use the highly available wood
waste from the timber and construction industry to alleviate
this issue. For that, Bergius adapted the saccharification of
wood for the production of a concentrated and digestible sugar
material, or mixture of sugars, fit for human consumption in
the form of pure glucose or mixed carbohydrates to be used as
cattle feed.'* The foundation of Bergius's work was the work of
Richard Willstiatter, who was awarded the Nobel Prize in
Chemistry in 1915 for his research on chlorophyll, and Laszl6
Zechmeister in 1913 (Fig. 11),"* in which they successfully
hydrolyzed cellulose using fuming HCI at low temperatures.

This technology simplified the hydrolysis by almost quanti-
tatively hydrolyzing the sugars within wood at room tempera-
ture and atmospheric pressure by the action of highly
concentrated HCI solutions. Wohl and Krull also reported in
1921 a 60.9% yield of p-glucose from pine shavings when using
fuming HCI at 20 °C for 5 hours.’*'®® Zeno Ostenberg was
granted a patent in 1917 for the hydrolysis of cellulose at low
temperatures with hydrochloric acid in concentrations up to
39%, combined with either sulfuric or phosphoric acid.
Ostenberg remarked the importance of the hydrochloric acid
solution concentration to effectively hydrolyze all of the cellu-
lose.'* Also in 1917, Ostenberg was granted a patent obtaining
similar results by dissolving sodium or calcium chloride in
sulfuric or phosphoric acid.*”®

The plant at Mannheim-Rheinau supplied the required
volumes of supersaturated hydrochloric acid to commercialize
the process, and Bergius convinced the Swedish chemist Erik
Hagglund to unite forces and create Deutsche Bergin A.-G. fur
Kohle-und Erdolchemie. Hagglund was an experienced organic
chemist, production engineer, and wood and forest product
specialist, primarily focused on lignin and lignosulfonic acids.
He joined forces with Bergius to focus his work on the
saccharification of wood waste using fuming hydrochloric acid
at low temperatures. During this time, Hagglund also studied
the effect of concentrated sulfuric acid for the hydrolysis of
sawdust. In 1915, he reported that using a 1:1 mass ratio of
biomass to sulfuric acid, a 55% sugar yield could be achieved.**®
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In 1914, Francis E. Gallagher obtained a patent for recycling
the acidic sugar solution after processing sawdust, referred to as
hydrolysate, to hydrolyze fresh biomass.'”” Gallagher discovered
that the acidic sugar solution after the hydrolysis of sawdust
still had the required acid concentration to continue hydro-
lyzing new biomass, and therefore, this acidic sugar stream
could be reused several times before separating the sugars from
the acid. In this way, the sugar concentration in the acidic
solution increased after every recycle, improving the overall
economic aspect of the process. This concept was further
developed by Hiagglund, who found that reusing the same acidic
sugar solution for the saccharification of new batches of wood
led the hydrolysate to reach an equilibrium where the hydrolysis
stopped, potentially due to a loss of HCI from undesired reac-
tions of the acid with sugars and lignin.**®

The eventual outcome of this work was the Bergius-Rheinau
or Bergius-Willstitter-Zechmeister process, now referred to in
literature as the consecutive hydrolysis of biomass in reactors
connected in series by the action of fuming hydrochloric acid at
low temperatures in one single hydrolysis step, with the prin-
ciples and details patented in 1917.'°>'° During this time,
Henry Fo