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ABSTRACT: Kinetic studies of lignocellulose fractionation clarify mecha- FT# ===
3 phasic
nisms of biomass deconstruction but are challenged by substrate E Lignacellulose Q —
heterogeneity. Here, flow-through biphasic OrganoCat (OrganoCatFT) was Eresionatn
used to fractionate beech wood and Miscanthus at 140 °C, 160 °C and 180 —
°C with 5 min sampling. Monosaccharide time courses showed rapid i i i i i
hemicellulose breakdown: xylose dominated the aqueous phase yet remained
incompletely extracted, peaking at approximately 10 min at 160 °C—180 °C 0-5min  5-10min  10-15min 15-20min 2025 min
and at 20—25 min at 140 °C. At 140 °C, galacturonic acid was unexpectedly Xlose 4
abundant (approximately 26% of extracted sugars from beech; approximately
10% from Miscanthus), indicating enhanced pectin accessibility under
OrganoCatFT. Glucose yields increased with temperature and exceeded
native glucan contents in hemicelluloses, consistent with contributions from
starch, hemicellulosic glucan and limited cellulose hydrolysis. Kinetic fitting
for beech required fast and slow xylan fractions with Arrhenius activation energies of 105 kJ mol™" (fast) and 144 kJ mol™" (slow)
and an increasing fast fraction, ¢ = 0.208—0.634 (140 °C—180 °C). Miscanthus yielded higher xylose at 160 °C (106 mg g™* vs 37
mg g ' at 140 °C) but lower at 180 °C (80 mg g~") due to furfural formation; glucose stayed <2.4 mg g~'. Thus, biomass-specific
xylan architecture governs early hydrolysis, whereas cellulose conversion is only weakly temperature dependent in this range.
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Bl INTRODUCTION cellulose, hemicellulose, and lignin. In particular, the physical
proximity and chemical linkages between lignin and hemi-
cellulose can hinder access to carbohydrate domains, thereby
limiting saccharification yields and overall process efficiency.’
It is important to note that extractability is not uniform. This is
due to interspecies differences, as well as spatial variation
within tissues, resulting in domains that respond differently to
pretreatment.’ The sequential deposition of cell wall polymers,
initially cellulose and hemicellulose, followed by lignin, leads to
a dense, interpenetrating matrix in which lignin encapsulates
and protects polysaccharides, thereby reinforcing these differ-
ences in accessibility.® Recent insights into xylan conformation
further underscore this structure-process relationship, for
example, xylan binding to cellulose in a 2-fold helical
arrangement contributes to wall rigidity and enzymatic
resistance.” Mild pretreatment approaches that selectively
disrupt lignin structure while preserving carbohydrate integrity
have therefore emerged as promising avenues for improving

To design effective pretreatment strategies and maximize
biomass valorization, it is important to understand how
lignocellulosic biomass responds to chemical processing.
Plant cell walls form a multipolymer composite of cellulose,
hemicelluloses and lignin whose constituents can be selectively
solubilized depending on process conditions.” Tracking these
solubilized fractions over time provides a means to resolve the
sequence of extraction and to relate observed release patterns
to biomass composition and structural features.

Acid-based pretreatments are employed in lignocellulosic
biorefineries due to their ability to selectively hydrolyze
hemicellulose and enhance lignin solubility and cellulose
accessibility.” These processes disrupt the hemicellulose—
lignin matrix and can facilitate the depolymerization of lignin
through cleavage of f-O-4 linkages.l"}’4 However, the
effectiveness of such treatments depends heavily on fine-tuning
process conditions to limit the formation of degradation
products such as furfural and S-hydroxymethylfurfural, which
can inhibit downstream (bio)catalytic conversion." Under- Received:  June 6, 2025 §§?§,‘,§H‘£Q!§
standing acid-catalyzed reactive extraction is therefore essential Revised:  March 20, 2026
for optimizing pretreatment severity and adapting strategies to Accepted:  March 23, 2026
biomass-specific and product-oriented requirements.’~’ Published: April 6, 2026

The recalcitrance of lignocellulosic biomass is closely linked
to the structural organization of its major components-
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biomass fractionation efficiency.’ Ultimately, advancing bio-
refinery processes requires an interdisciplinary approach that
integrates structural biology, polymer chemistry, and process
enginleﬁring to effectively deconstruct lignocellulosic bio-
mass.”

This study focuses on the time-resolved analysis of an acidic,
biphasic flow-through process,'’ leveraging these advance-
ments to explore the kinetics and apparent accessibility-limited
behavior of biomass deconstruction. To this end, time-resolved
sampling under continuous flow-through OrganoCat con-
ditions is combined with a kinetic model that distinguishes
between fast and slow xylan domains. In contrast to batch
pretreatment, continuous removal of solubilized products
facilitates the estimation of apparent domain-specific hydrol-
ysis kinetics from early time data and provides quantitative
descriptors (e.g., @) that reflect temperature-dependent
accessibility rather than only overall yields. These insights
support a more quantitative understanding of fractionation
dynamics and inform process optimization for industrial
biomass processing.

B MATERIALS AND METHODS

Oxalic acid and 2-methyltetrahydrofuran were sourced from suppliers
Carl Roth and Sigma-Aldrich (Germany) and utilized without
additional purification. Beech wood and Miscanthus biomass were
predried, and underwent milling using a cutting mill (SM 200, Retsch,
Haan, Germany) fitted with a 1 mm sieve.

Compositional Analysis of Lignocellulose

Was conducted adhering to established procedures with slight
modifications for wet chemistry analysis of lignocellulose,'" the
following steps were undertaken: Initially, alcohol-soluble compo-
nents were extracted, and subsequent analyses focused solely on the
alcohol-insoluble residues (AIR). All samples underwent enzymatic
breakdown of starch to produce destarched lignocellulose samples
(dAIR). Lignin content was determined using the acetyl bromide
soluble lignin (ABSL) method, while crystalline cellulose levels were
quantified using the Updegraff technique, as outlined by Foster et
al.'>'® The analysis of noncellulosic polysaccharide composition
within dAIR involved hydrolysis with trifluoroacetic acid (TFA)
followed by detection using high-performance anion-exchange
chromatography with pulsed amperometric detection (HPAEC-
PAD), following the methodology described by Damm et al''
Total acetate content was assessed using the acetic acid kit (KACE-
TRM, Megazyme, Wicklow, Ireland).

Processing of Lignocellulose

Was conducted as described before, using a flow-through reactor
system for biomass fractionation.'” The setup included a stainless-
steel tube with dimensions of 4.6 mm inner diameter and 15 cm
length as the reactor, positioned within an aluminum heating block on
a heating plate. Temperature regulation was achieved using a
thermometer connected to the heating plate. Stainless-steel frits
with a pore size of 2 ym were installed at both ends of the reactor to
contain particles.

A 0.1 M aqueous oxalic acid solution and 2-methyltetrahydrofuran
(2 MTHF) were supplied from solvent bottles and delivered
simultaneously using a high-pressure dosing pump (C09-20.2-200
DK-VA, Fink Chem + Tec GmbH) equipped with two individually
controlled pulp heads, capable of up to 200 bar pressure. The solvents
were conveyed through 1/16” stainless steel tubing with a flow rate of
0.2 mL min~! and mixed at a T-valve, which connected to the reactor.
After passing through the reactor, the solvents exited via a 1/16"
stainless steel capillary, immersed in an ice bath to cool rapidly. A
backpressure valve maintained a constant reactor pressure of 70 bar,
minimizing solvent loss.

Approximately 800 mg of beech wood or Miscanthus was loaded
into the reactor under light pressure, and the setup was vertically
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oriented. Solvent flow commenced until steady exit was observed,
after which the reactor was sealed and pressurized to 70 bar.
Following leak check, the reactor was inserted into the preheated
heating block, and solvent pumping began immediately at equal rates.
Upon completion of the desired processing time, pumps were halted,
and the reactor cooled in an ice bath.

The solid pulp was removed, washed with 3 X 30 mL of water
using a filter, and liquid phases were separated via pipet. Oxalic acid
was precipitated from the organic phase using an equal volume of 0.2
M CaCl,, while the organic phase was concentrated using a rotary
evaporator and vacuum-dried for 24 h. Lignin yields were determined
gravimetrically, and sugar concentrations and compositions in the
aqueous phase were analyzed using high-performance anion-exchange
chromatography with pulsed amperometric detection (HPAEC-
PAD). A1 0detailed description of the setup is provided in Schoofs et
al. 2024.

Quantitative Kinetic Analysis

Of sugar species in the pretreatment was conducted based on
irreversible and pseudo first order reactions. The analysis was limited
to glucose and xylose as the most relevant sugars by fraction. Xylan
was distinguished into slow (s) and fast (f) reacting fractions for the
hydrolysis to xylose reflecting their differing reactivities.'®'> The
respective fraction was defined as

o(r) = 20
0

Instead of being a fixed structural property of the biomass, ¢(T) is
interpreted as an effective accessible xylan fraction that increases with
temperature due to thermally induced swelling and progressive
disruption of lignin-xylan interactions,"* which exposes initially
protected xylan domains to hydrolysis. Formally, the slow and fast
reacting fraction converts independently into soluble sugars. In
addition, degradation of dissolved xylose to furfural and lumped
secondary degradation products was included as an irreversible
pseudo-first-order side reaction. For modeling, cellulose and
xyloglucan were lumped into a single structural carbohydrate fraction
to simulate glucose formation, while starch was treated as a separate
fraction. This lumping was necessary because (i) these glucose
sources cannot be distinguished analytically in the hydrolysate, (ii)
the low glucose yields preclude robust estimation of separate rate
constants, and (iii) hydrolysis of starch is known to be faster than for
xyloglucan and cellulose. The chosen strategy enables parameter
identifiability and robust estimation from the available experimental
data set."®"” The fitted parameters should therefore be interpreted as
effective phenomenological constants reflecting aggregate hydrolysis
behavior rather than intrinsic polymer properties. Degradation of
glucose was not considered, as no formation of S-hydroxymethylfur-
fural (HMF) or other glucose-derived degradation products could be
detected in the liquid hydrolysates within analytical uncertainty. The
overall modeled reaction network can thus be formulated as depicted
in Scheme 1.

Temperature dependency of the rate constants k; was modeled
using a modified form of the Arrhenius equation to reduce the
correlation between pre-exponential factor k; ¢ and activation energy

Ei,Alg
(-2
T I;ef (2)

The reference temperature T, was set to 160 °C. Water was
assumed to be abundant and constant, so it was excluded from the
calculation of the reaction rates. Reaction kinetics of xylose
degradation were taken from literature since furfural was not
quantified in the present study.'”*°

The flow-through reactor was represented as a one-dimensional
series of S0 ideal continuous stirred-tank reactors (CSTR-cascade) of
equal segment volume, which approximates transient plug-flow
behavior by suppressing axial back-mixing while retaining robust
numerics. The number of 50 CSTR was selected because it exhibits

1'uges

—E 5
R

ki = ki,refexp[
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Scheme 1. Considered Reactions for the Hydrolysis of
Beech and Miscanthus
Xylang + n H, 0%sn Xylose
Kpx
Xylany + n H,0—n Xylose
Kdegx
Xylosed;& Furfural + 3H,0
ks,
Cellulose + n H,0—3n Glucose

ks
Xyloglucan + n H,0—3n Glucose

k
Starch + n H, 0~n Glucose

numerical convergence while maintaining computational efficiency.
An exemplary convergence plot of beech hydrolysis at 140 °C is
shown in the Supporting Information in Figure SI.

The solid lignocellulose feed was modeled as a stationary packed
bed uniformly distributed across segments.

For each dissolved species j in segment k, the unsteady CSTR
balance reads

dcj' k
dt

1
=—(cp1—¢p) + Z k. c .
7 7 i ) (3)

where 7; is the residence time of a segment k and k;; the kinetic
constant of component j of reaction i. The reaction was assumed to be
isochoric and external film resistances at the solid—liquid interface
were assumed nonlimiting due to high specific surface of milled
biomass and continuous flushing, while intraparticle diffusion was
incorporated implicitly into effective kinetic constants. The residence
time was assumed constant for each segment over the reaction time
and was calculated using the densities of the cell walls (without pore
volumes) of respective biomass

-
1-— X —
Q (4)

where V, is the porosity of a segment, Q the mass flow, my;, the initial
biomass mass and py;, the respective biomass cell wall density. These
are 1520 kg/ m? for beech and 940 kg/ m?> for Miscanthus.>""**

Modeled liquid species were assumed to be not soluble in the 2
MTHE phase.

The resulting ordinary differential equation system from the N-tank
cascade was integrated in Python with explicit adaptive-step Runge—
Kutta integrator of order 4(S) (RK4S). N was increased until
concentration profiles converged, ensuring proximity to the plug-flow
limit for the operating conditions. Parameters were estimated by
minimizing the squared deviation between simulated outlet segment
totals using a nonlinear least-squares algorithm with a trust-region
framework.
2D-'H—*C-HSQC-NMR
Analysis was employed to investigate lignin. For each sample, 25 mg
of lignin was dissolved in 0.7S mL of deuterated dimethyl sulfoxide
(DMSO-dj) after stirring at 60 °C for 2 h until complete dissolution
of the biomass. The measurements were conducted on a Bruker
AVANCE 600 MHz NMR spectrometer using the standard pulse
sequence “hsqcetgpsisp.2”. Spectral parameters included a spectral
width of 16 ppm in the F2 (1H) dimension with 2048 data points
(TD1) and 240 ppm in the F1 (13C) dimension with 256 data points
(TD2). Each spectrum was acquired with 128 scans (SN), an
interscan delay (D1) of 1 s, and an acquisition time of 10 h. Chemical

m;
Bio
/ PBio
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shifts were referenced to the DMSO signal (6(1H) = 2.500 ppm;
8(13C) = 39.52 ppm).

The signals corresponding to monomer units and linkages were
integrated and compared with established lignocellulose structures
from literature ref 23 The sum of aromatic units (X(arom.)) was
calculated using the formula

Z(arom. ) = (82’6/2) + G, + (H,4/2)
the percentage of each unit was calculated as

S = (S,,¢/2)/Z(arom. ) X 100%

G = G,/Z(arom. ) X 100%

H = (H,/2)/Z(arom. ) X 100%

Linkages are expressed as per 100 monomer units. To account for
overlapping peaks, -O-4 linkages are determined exclusively from the
a proton signal. f—p and $-S linkages utilize all signals associated with
their respective linkage types. Calculation of linkages followed these
specific formulas: The linkages were quantified using the following
formulas

p-O-4linkages = aff — O — 4/X(arom. ) X 100%

p — Plinkages = (aff — f + pp — B + yp — f)/Z(arom. )
X 100%

p-Slinkages = (afp — S+ fff — S + yp — 5)/Z(arom. )
X 100%

B RESULTS AND DISCUSSION

As a typical acidic lignocellulose pretreatment, the biphasic
OrganoCat technology has been previously adapted into a
flow-through (OrganoCatFT) reactor.'” In this study, the
hydrolysis and extraction kinetics of acid-catalyzed lignocellu-
lose fractionation were qualitatively assessed to elucidate
structural features of the polysaccharide matrix in representa-
tive biomasses such as hardwood and grass. The biphasic flow-
through system facilitated direct collection of the liquid phases
postextraction, thereby minimizing precipitation effects that
typically occur during reactor cooling. As described in our
earlier work, the setup utilizes a heated tubular reactor where a
mixture of oxalic acid and 2-methyltetrahydrofuran (2-MTHF)
is continuously pumped through beech wood biomass."

Due to their less ordered structures, most hemicelluloses and
starch are easier to hydrolyze than cellulose. During Organo-
CatFT processing, significant quantities of the hemicelluloses
are disintegrated and the resulting monosaccharides are
dissolved in the aqueous phase. Nevertheless, hemicellulose
structure and composition vary and therefore different
configurations and interactions with other cell wall constituents
pose a different recalcitrance toward hydrolysis. Two distinctly
different lignocellulosic materials, beech (hardwood) and
Miscanthus (grass) were investigated. The resulting time-
resolved analysis of polysaccharide hydrolysis in the aqueous
phase provides insights into hemicellulose accessibility and the
hydrolysis mechanisms during OrganoCatFT processing
(Figure 1).

At elevated temperatures (160 °C—180 °C), replicate-to-
replicate variability is observed to increase, most notably for
Miscanthus cumulative sugar yields. Consequently, interpreta-
tions under these conditions are restricted to robust trends
(e.g, early time release and degradation signatures), and
replicate-level data are provided in the Supporting Information.
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Figure 1. Monosaccharide yields in the aqueous phase of collected samples during OrganoCatFT processing of beech wood and Miscanthus
biomass at 140 °C, 160 °C, and 180 °C. Samples were collected in S min intervals.

In beech wood and Miscanthus, xylose is the primary sugar
in the hemicelluloses of unprocessed biomasses and in the
aqueous extract (see Table S2), reflecting the high
Glucuronoxylan (GX) content in the hemicelluloses. However,
xylose extraction was incomplete (see Tables S1 and S2), likely
due to heterogeneities in the reactor design or structural
resistance from cellulose-bound GX.” Despite their similar
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xylose content, the xylan structures differ significantly from
beech. Miscanthus, typical for grasses, primarily contains
glucuronoarabinoxylan (GAX). These structural differences
seem to result in greater accessibility and therefore higher
xylose extraction yield from Miscanthus. Nevertheless, the
xylose extraction in both plants still follows a similar trend:
rapid release within the first 10 min, followed by a sharp

https://doi.org/10.1021/acssuschemeng.5c05534
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Figure 2. Data points represent the average cumulative sugar concentration in the aqueous hydrolysate during OrganoCatFT of beech wood
biomass at 140 °C, 160 °C, and 180 °C. Samples were collected in S min intervals. The lines represent the model fitted from this experimental data.
The right panel shows the resulting Arrhenius diagram. (a) Xylose (b) glucose.

decline. At 160 and 180 °C the Xylose extraction peaks within
the first 10 min in both biomasses. At 140 °C, the extraction
process peaks at 20—25 min. The delayed onset may be
attributed to GX side groups and acetylation impeding
hydrolysis, since acetate removal has been shown to correlate
with sugar release in acid pretreatment studies.”*

Galacturonic acid accounts for a significant fraction of sugars
at 140 °C (beech wood ~26%, Miscanthus ~10% of total
sugars extracted), exceeding its expected contribution from
unprocessed beech (see Table S2). This finding is indicative of
galacturonic acid groups, which are only accessible through the
utilization of a complex extraction system such as Organo-
CatFT, as opposed to isolated hydrolysis with an acid, a
method employed for compositional analysis of untreated
biomass. In Miscanthus, the signal is consistent with pectin-
associated domains.”> While the proportion of beech wood
extracts varies at higher temperatures, the extraction process
remains consistent across temperatures, suggesting pectin as
the primary source. In Miscanthus, the process of galacturonic
acid extraction exhibits an increase in efficiency with rising
temperatures.
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Overall glucose yield increases with temperature (see Tables
S1 and S2) with starch, glucomannans, and cellulose hydrolysis
contributing. Unlike other sugars, glucose extraction from
beech wood follows a linear, temperature-dependent pattern
after a brief, sharp peak within the first 5 min. In the case of
Miscanthus, a less pronounced yet still perceptible peak is
observed at 10 min, followed by the same linear pattern. This
observation indicates that hydrolysis is the rate-limiting step
for glucose extraction, rather than differences in accessibility.

Minor monosaccharides reflect hemicelluloses and pectin
substituents to a greater extent than the main backbone
cleavage. Side-group sugars (arabinose, galactose) and uronic
acids (glucuronic acid) show early time maxima that are
consistent with rapid cleavage of accessible substituents.
Pectin-associated sugars (rhamnose, galacturonic acid) are
most prominent at lower severity. Biomass-specific differences
are consistent with composition. The presence of gluco-
mannan-derived mannose is more pronounced in beechwood
samples, while arabinose is comparatively higher in arabionox-
ylan-rich Miscanthus samples. A full sugar-by-sugar breakdown
is provided in the Supporting Information (Tables SI and S2).
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Overall, Figure 1 highlights a rapid early hemicellulose
solubilization process (xylose), a distinct low-severity pectin-
associated contribution (galacturonic acid) and a temperature-
driven increase in glucose release. To further investigate the
most prominently extracted sugars, xylose and glucose, the
experimental data were fitted with kinetic models. The mean
cumulative yields of xylose and glucose extracted from beech
wood over time are displayed in Figure 2.

The corresponding determined model parameters are listed
in Tables 1 and 2.

Table 1. Arrhenius Parameters of Xylan and Glucan
Hydrolysis for Beech Wood

Product Rate constant ki ref [min~'] E; 5 [KJ mol™']
xylose ke, 1433 x 107 104.81

kg, 8.8225 x 1073 143.76
glucose ke 7.7030 x 107! 9.57

k 5.6117 x 107* 163.21

s

Table 2. Determined Fractions of Fast Hydrolyzing Xylan
for all Temperatures for Beech Wood

180 °C
0.634

160 °C
0.461

140 °C
0.208

temperature

@

The kinetic model for Xylan hydrolysis is based on the
assumption that GX side groups and acetylation, as well as its
configuration, may influence its hydrolysis. GX can exist in
either a 3-fold helical screw conformation or a flattened 2-fold
helical screw ribbon, which adheres to cellulose microfibrils.”
Hardwoods typically exhibit a higher 2proportion of 2-fold GX
compared to the 3-fold configuration.”® GX bound to cellulose
microfibrils may be more resistant to hydrolysis and
consequently partially remain in the pulp.

The overall lignocellulose architecture of grasses and
hardwoods shows distinct differences. GAX as predominant
hemicellulose in grasses has been described to be mainly in a 3-
fold screw conformation due to its dense arabinosyl
substitutions.”” This conformation preferentially binds lignin
structures but has also been shown to interact with amorphous
parts of cellulose in grasses.”” The 2-fold or flat ribbon
conformation binding the surface of the cellulose microfibrils is
much less abundant in grasses than in hardwoods.****

The 3-fold conformation has been described as better
accessible toward hydrolysis than the flat ribbon 2-fold form™”
the latter more dominant in hardwood GX. In addition, the
interaction between lignin and xylan is increased in hardwood
due to S-rich lignin, thus further reducing extractability which
is supported by the amount of residual lignin and xylan in the
pulp of beechwood (see Table S2). By contrast, the less polar
lignin in Miscanthus, with fewer S-units and weaker
interactions with xylan, results in a less ordered structure,
facilitating faster and greater overall extraction of lignin and
hemicellulose.”**° These structural and compositional varia-
tions underscore the differing recalcitrance and extraction
efficiency of Miscanthus and beech lignocellulose.

Consequently, two distinct reaction rates for hydrolysis were
incorporated into the kinetic model: k,, representing slow
xylan hydrolysis, and kg, representing fast xylan hydrolysis. The
share of fast-hydrolyzing xylan depends on the temperature."*
Accordingly, the ratio of fast hydrolyzing to total xylan (¢) was
considered as the third model parameter. As illustrated in
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Figure la, elevated temperatures enhance the xylose yield, a
phenomenon that is reflected in the consistent increase in all of
the model’s parameters. The initial 15 min of the experiment
are characterized by the predominance of easily accessible
amorphous xylan. Following this initial breakdown, the curve
flattens, indicating a reduction in the rate of xylan degradation
due to accessing the less accessible xylan. This phenomenon is
further substantiated by the activation energies E,,, = 144 kJ
mol™! > Epg = 105 KJ mol™. In other studies, numerous
models have been implemented for different acids and
biomasses, yielding activation energies ranging from 80 kJ
mol ™! to 200 kJ mol™! for diluted acids.”’ Maloney et al. for
instance found in dilute acid hydrolysis of paper birch E, ;, =
156.5 k] mol™"; Epg = 128.1 kJ mol™, which is in the same
order of magnitude as we found for beech wood.*”

The temperature-dependent increase in ¢ (@149 °c < @160 °c
< 130 °c) reflects enhanced xylan accessibility through thermal
swelling and disruption of lignin-xylan interactions, rather than
distinct structural xylan populations. Thus, temperature-
dependent increase ¢ represents an effective accessible fraction
that is process-dependent rather than a fixed biomass property.

Modeling glucose yield is more complex than xylose, given
the greater number of sources available. Glucose can be
derived from starch, glucan in hemicelluloses and glucan in
cellulose.

In order to address the primary effects, the kinetic model for
glucose has been simplified to a binary model to prevent
overfitting. The model includes structural glucose (sg)
originating from the secondary cell wall (cellulose and
hemicelluloses) and glucose originating from starch (fg).

As is the case in the context of xylan hydrolysis, an increase
in temperature also results in an increase in glucose yield and
the associated fitting parameters. In contrast to the observable
degradation of xylose, no such degradation of glucose was
detected under the conditions of this study. This finding aligns
with the results of a previous investigation into the batch
process.”> The initial minutes of the experiment are
characterized by starch decomposition. This initial phase is
followed by a state of sustained cellulose degradation.

At the onset of the reaction for all temperatures, the model
deviates from the measured values. These measured values
demonstrate a steepness that cannot be replicated with the
available model. One possible explanation is that hemicellulose
and cellulose also contain small fractions that undergo faster
hydrolysis at higher temperatures. A more sophisticated model
is necessary to account for these effects requiring more detailed
data of this hydrolysis state, which is not possible with the
current scale of the reactor. The separation of glucose released
from starch and hemicelluloses poses a considerable challenge
due to the low concentrations of these compounds and the
complexity of their structure.

For the comparison of activation energies with literature, a
limited number of values have been documented for diluted
acid hydrolysis, and no data has been recorded for beech wood
or Miscanthus, which were investigated in this study. For sugar
cane bagasse, the activation energy (E,) for cellulose
hydrolysis with sulfuric acid is approximately 175 kJ mol™.>*

The experimental results for the two primary sugars in
Miscanthus, xylose and glucose, were simulated using kinetic
models analogous to beech wood. As illustrated in Figure 3, the
mean cumulative yield of xylose and glucose extracted from
Miscanthus is presented as a function of time.
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Figure 3. Data points represent the average cumulative sugar concentration in the aqueous hydrolysate during OrganoCatFT of Miscanthus
biomass at 140 °C, 160 °C, and 180 °C. Samples were collected in S min intervals. The lines represent the model fitted from this experimental data.
The right panel shows the resulting Arrhenius diagram. Due to the high variability in the experimental data, the Arrhenius plots shown here only

have limited mechanistic meaning. (a) Xylose (b) glucose.

The corresponding determined model parameters are listed
in Tables 3 and 4.

The overall xylose yield from Miscanthus increased from 140
°C (37 mg g~ biomass) to 160 °C (106 mg g~ biomass).
However, at 180 °C, the average xylose yield was
approximately 28 mg g' biomass lower than at 160 °C,
with an average of 80 mg g_1 biomass. This finding suggests a
substantial impact of xylose degradation to furfural formation.

Table 3. Arrhenius Parameters of Xylan and Glucan
Hydrolysis for Miscanthus®

product rate constant ki et [min™!] E [k mol™!]
xylose ke, 2.0960 x 107! 77.14

kg 12109 x 1073 27.78
glucose kg, 2.1339 x 107 162.44

k 5.8670 X 107¢ 728.97

R

“Due to the high variability in the experimental data, the kinetic
parameters show only limited reliability.
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Table 4. Determined Fractions of Fast Hydrolyzing Xylan
for all Temperatures for Miscanthus

180 °C
0.471

160 °C
0.592

140 °C
0.173

temperature

@

While glucose degradation was not observed, xylose degrada-
tion is known to occur at the applied reaction conditions in a
batch reactor.’**

The initial 15 min of the experiment are dominated by the
hydrolysis of the fast hydrolyzing xylan, irrespective of
temperature. Following this process, the curve exhibits a
flattening effect, and slow hydrolyzing xylan undergoes a
significantly slower and more consistent degradation. However,
furfural formation significantly overshadows this effect at 180
°C. A comparison of the parameters for temperatures of 140
and 160 °C indicates that kg, kg, and ¢ are likely to be
underestimated because there is a high parameter correlation
in this section, resulting in the influence of different parameters
being indistinguishable. This finding suggests that the furfural
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kinetics at 180 °C may in fact exceed those employed in the
model. The deviation arises because kg, was fixed from
literature rather than estimated from the present data set. At
180 °C, the inferred balance between xylose formation and loss
is particularly dependent on the assumed degradation kinetics.
Consequently, the activation energies derived from this
method are considered unreliable.

As was observed with xylose, elevated temperatures resulted
in increased glucose yields. This phenomenon is further
substantiated by the consistent rise in both fitting parameters,
ki and kg. The initial minutes of the experiment at 160 and
180 °C are dominated by fast hydrolyzing starch decom-
position (kg = 2.1339 X 107%). Subsequent to this initial phase,
a continual cellulose hydrolysis dominates the glucose yield
(kg = 58670 x 107°). Cellulose demonstrates no significant
contribution to glucose yield at 140 °C. Extracted glucose
exhibits low concentrations, with a maximum yield of 2.4 mg
¢! biomass. Consequently, the modeled reaction kinetics are
deemed unreliable, as the distinct glucose yields derived from
starch, hemicelluloses, and cellulose prove indistinguishable in
velocity from one another. Consequently, the reliability of the
fitted parameters is compromised at 140 °C.

At temperatures of 160 and 180 °C, the effect of additional
fast and slow-degrading shares of cellulose and hemicelluloses
is not as easily traced as it is in the case of beech wood. This
phenomenon can be attributed to the relatively slower rate of
hydrolysis of starch, along with other fast-hydrolyzing
constituents of cellulose and hemicellulose, within the sample.
Consequently, the initial peak becomes less pronounced.

The resulting glucose yield is predominantly influenced by
cellulose degradation. The Arrhenius fit is attributable to the
unreliability of the fitting parameters at 140 °C.

Comparing the two different types of biomass, furfural
formation from xylose exerts a significantly greater influence on
Miscanthus than on beech wood. A comparison of the yield
curves at 180 °C reveals a minor influence of furfural formation
on the kinetics of beech xylose, while furfural formation
exhibits a significant influence on Miscanthus xylose. This
difference may be attributed to the enhanced accessibility of
xylan in Miscanthus compared to beech wood. As the precision
of the available data for Miscanthus at 180 °C was
comparatively low, therefore it is not feasible to compare
these parameters. Consequently, the formation of xylose from
Miscanthus biomass must occur at an earlier stage within the
reactor compared to the formation from beech wood, thereby
allowing for a higher rate of conversion of xylose to furfural.

The continuous formation of sugar in the model is
accompanied by a gradual breakdown of xylose into furfural.
However, in the experimental results this effect is less
pronounced, resulting in a deviation of the model. This effect
is particularly evident at 180 °C, where the model under-
estimates the measured data from minute 60 onward. In the
case of Miscanthus, this underestimation leads to a prediction
of stronger flattening than is observed in the experimental data.
This phenomenon may be attributed to the less significant role
played by furfural formation in beech wood. A more robust
separation of hydrolysis and degradation would require
explicitly fitting degradation kinetics to experimentally
acquired data, which is recommended for future work.

The fitted kinetic constants indicate that cellulose hydrolysis
and extraction is only weakly temperature-dependent within
the investigated range, as ky, remains in the same order of
magnitude at 160 and 180 °C for both biomasses. This
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suggests that, under our conditions, cellulose conversion may
be governed less by intrinsic reaction kinetics and more by
factors such as mass transfer, particle accessibility, or structural
limitations that are not strongly accelerated by this temper-
ature increase.

In contrast, kg, is substantially lower for Miscanthus than for
beech wood at both 160 and 180 °C, pointing to a significantly
reduced contribution of starch-related reactions compared with
cellulose. A plausible explanation is that starch in Miscanthus is
less accessible, potentially due to differences in granule
morphology, crystallinity, and amylose—amylopectin organ-
ization, or stronger embedding within the lignocellulosic
framework. Consequently, starch conversion may remain
limited even at elevated temperature, which is consistent
with the siégniﬁcantly smaller kg, values observed for
Miscanthus.*>”

B CONCLUSIONS

The flow-through biphasic OrganoCat process was utilized to
facilitate a time-resolved evaluation of acid-catalyzed poly-
saccharide hydrolysis and extraction in beech wood (hard-
wood) and Miscanthus (grass) at temperatures ranging from
140 to 180 °C. Across both biomasses, hemicellulose
conversion dominated the early stages. Xylose, indicative of
xylan hydrolysis, exhibited a maximum peak at approximately
160 to 180 °C within 10 min. However, it shifted to
approximately 20 to 25 min at 140 °C, suggesting that the
onset of efficient xylan hydrolysis is delayed at lower severity
levels. This delay is likely attributable to substituents and
acetylation effects. Xylose extraction was found to be
incomplete in both cases, which is consistent with the presence
of a residual, less accessible xylan fraction associated with
cellulose and protected by lignin.

At 140 °C, galacturonic acid contributed a substantial share
of extracted sugars (approximately 26% for beech and
approximately 10% for Miscanthus), indicating that Organo-
CatFT conditions render pectin-associated domains accessible
that are not readily captured by conventional compositional
hydrolysis of untreated biomass. The results demonstrated that
glucose yield increased with temperature and exceeded the
native glucan contents, which is consistent with contributions
from starch, hemicellulosic glucans, and limited cellulose
hydrolysis. However, the overlap of these sources limits
mechanistic resolution from glucose alone.

Kinetic fitting supported a two-fraction xylan model in beech
wood, with activation energies of E,g = 105 kJ mol™" (fast)
and E, 144 k] mol™' (slow) and an increasing fast
hydrolyzing fraction, denoted by ¢, which increased from
0.208 (140 °C) to 0.634 (180 °C). This finding is consistent
with a transition from readily accessible xylan to more
recalcitrant, cellulose-associated xylan. In Miscanthus, xylose
yield increased to 106 mg g™ at 160 °C but declined to 80 mg
g~! at 180 °C, consistent with increased xylose degradation to
furfural at higher severity, while parameter values at 160—180
°C carry higher uncertainty due to replicate variability.

In summary, the specific xylan architecture of biomass is
found to be the key factor of the initial hydrolysis behavior.
Cellulose conversion exhibits a comparatively diminished
temperature sensitivity within the range of 160 to 180 °C
under the investigated experimental conditions. In future
modeling endeavors, it is recommended to incorporate the
degradation of sugar explicitly. This will serve to reduce
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parameter correlation and enhance the interpretability of
kinetics.
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