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Dehydration of xylose to furfural in a biphasic
system: catalyst selection and kinetic modelling
discriminationt
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Furfural (Fur) represents an interesting bio-based platform chemical to pave the way to enhanced
biorefinery integration in the modern chemicals industry. The production of this xylose- derived compound
by its dehydration is catalysed by Brensted acidity and has effectively been performed in biphasic systems
using methyl isobutyl ketone (MIBK), where furfural is effectively partitioned. A selection of commercially
available solid acid catalysts were evaluated (different ion exchange resins, zeolites and sulfated zirconia),
with top candidates being subjected to recycling experiments over six runs with carbon deposition removal
and acid site regeneration. A sulfated zirconia (SO,/ZrO,-1) catalyst proved effective with maximum yield
of Fur of 53.8% after 180 min at 160 °C, with xylose conversion of 98.4%. A phenomenological approach
to model developments was employed to describe the formation of each component of the reaction
scheme and distribution in a biphasic system, with 18 separate kinetic models including both homo- and
heterogeneous reaction pathways reported. The most optimal model, identified through statistical model
discrimination (RMSE = 0.088), was a pseudohomogenous model with first-order reaction kinetics for
xylose conversion to Fur via a reactive intermediate and second-order with respect to humin formation.

Apparent activation energies for xylose dehydration were reported at 44.70 + 7.89 kJ mo
stating the formation of Fur proceeded preferentially through this reactive intermediate.

rsc.li/reaction-engineering

1. Introduction

Persistent and sustained over-depletion of fossil-based
resources for the production of fuels and chemicals has
necessitated a shift in the modern research paradigm towards
sustainable alternatives, such as integration of biorefinery
concepts and a bioeconomy. Lignocellulosic biomass
valorisation provides an avenue for focus towards production
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of bio-based platform chemicals, such as furans. The two
most promising furans are furfural (Fur) from dehydration of
pentose (xylose) and 5-hydroxymethylfurfural (HMF) from
dehydration of hexose (fructose/glucose) feedstocks."” The
relative underutilisation of xylose as feedstock makes the
production of Fur an attractive prospect due to the large
amounts of xylose present in woody biomass, which is
generated in industrial processes such as the kraft pulping
process.>* The attractiveness of Fur as a platform chemical
stems from the relative ease of synthetic upgrading afforded
and the vast array of potential products. These products
include furfuryl alcohol or tetrahydrofurfuryl alcohol used as
solvents, furfurylamine and furoic acid, wused in
pharmaceutical synthesis, and 2-methylfuran as an octane
number enhancer.>”’

Frequently, the dehydration of xylose to Fur is conducted
in water at temperatures between 110 and 200 °C with an
acid catalyst.>®> However, these monophasic systems
commonly experience low yield and selectivity due to the
occurrence of undesired side reactions such as aldol
condensation  reactions  towards  insoluble = humin
polymers.>®° Efforts have been made to mitigate these
effects through the use of biphasic systems, where reaction
with in situ extraction leverages thermodynamic driving

React. Chem. Eng., 2025, 10, 839-855 | 839


http://crossmark.crossref.org/dialog/?doi=10.1039/d4re00572d&domain=pdf&date_stamp=2025-03-25
http://orcid.org/0000-0002-3651-7314
http://orcid.org/0000-0002-9039-6736
http://orcid.org/0000-0003-3729-5378
https://doi.org/10.1039/d4re00572d
https://doi.org/10.1039/d4re00572d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4re00572d
https://rsc.66557.net/en/journals/journal/RE
https://rsc.66557.net/en/journals/journal/RE?issueid=RE010004

Open Access Article. Published on 04 January 2025. Downloaded on 7/23/2025 1:31:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

forces to selectively extract Fur from the aqueous phase into
an organic phase in a single unit operation."®™"® Design of
biphasic systems requires considerations on both the
reaction component and the extraction component. Our
previous work provides a framework for green solvent
selection for HMF and Fur extraction, through combined
experimental and computational methods.'" These indicate
the use of three greener extraction solvents for Fur extraction,
methyl isobutyl ketone (MIBK), cyclohexanone and
isophorone. The relative difference in volatility between Fur
and MIBK despite the slightly lower partitioning over
cyclohexanone makes this a suitable choice as an extraction
solvent when considering downstream separations through
simple distillation procedures. Furthermore, MIBK is
frequently used as a benchmark solvent with widespread use
in research environments for in situ extraction of Fur and
identified as a green solvent per the CHEM21 green solvent
selection guide."*"®

Dehydration of pentose sugars, xylose primarily, towards
Fur prefers the use of an acidic medium, specifically those
with high-Brensted acidity, with homogeneous catalysts such
as H,S0, seeing widespread use.'®™® In the theme of process
development with considerations of downstream processing,
a shift from homogenous to easily separated heterogeneous
catalysts is emerging in the literature for sugar
dehydration.'>*® Minimisation of environmental impacts is
instrumental to longevity of chemical processes; as such the
use of heterogeneous catalysts, with reduced corrosiveness
over mineral acids such as H,SO, and HCI, coupled with
reduced risk of environmental contamination effects,
motivates this shift in catalytic material. Various classes of
solid acid catalysts have been explored such as ion exchange
resins (IERs), zeolites and metal oxides, for example,
supported and unsupported sulfated zirconia and titania.>'>*
Kinetic modelling of dehydration using heterogeneous
catalysts has been reported in the literature such as Raki¢
et al. detailing Hp-catalysed xylose dehydration and Gomez
Millan et al. for cordierite-supported sulfated zirconia. These
authors developed pseudohomogenous first-order models for
all reactions described in an aqueous system.***°
Additionally, kinetics using a homogeneous acid, HCI, are
detailed in the literature by Choudhary et al®' However,
studies modelling biphasic systems are more limited, with
Weingarten et al. detailing a H,O/MIBK system that
concludes the biphasic system does not alter the
fundamental kinetics present in the aqueous phase and
facilitates a higher yield.** Finally, Guo et al. explored the use
of HCI/AICI; Brensted/Lewis acid catalysts in a continuous
reaction of xylose to Fur in a biphasic microflow reactor.
These authors implemented a pseudohomogeneous first-
order model for the subsequent reaction kinetics, although
considerations of the rates of extraction between water and
MIBK were also explored.*® The relative scarcity of literature
detailing models for reaction kinetics using heterogeneous
catalysts identifies a significant gap in the knowledge vital
for industrial scale-up and production of Fur.
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Effective process design necessitates the implementation
of accurate kinetic models; oversimplification of said models
may lead to incorrect sizing of units and inappropriate
operating conditions. Additionally, over-parametrisation may
induce a forced fit; thus, statistical criteria can be employed
to evaluate the model, ensuring a balance between
complexity and fit.** Commonly used metrics to penalise
complexity include the Akaike information criteria (AIC) and
the Bayesian information criteria (BIC), and Fischer
F-values.**3° Herein, this work details the development of a
kinetic model with up to 18 variations to describe the solid
acid catalysed dehydration of xylose towards Fur in biphasic
media. The literature frequently describes the formation of
humins as pseudohomogenous first-order reactions, however
we employ phenomenological considerations to expand these
simplified models to include bimolecular reactions on
heterogeneous catalyst Additionally, statistical
analysis was performed to discriminate among the models
and offer recommendations for biphasic kinetic modelling of
Fur production and degradation products.

surfaces.

2. Experimental methodology

2.1. Chemicals and materials

MIBK (CAS: 108-10-1, purity >=99%) was purchased from Alfa
Aesar. Furfural (CAS: 98-01-1, purity =99%), isopropyl alcohol
(IPA) (CAS 67-63-0, purity >=99.5%,), and xylose (CAS:58-86-6,
purity >=99%) were purchased from Sigma-Aldrich. H,SO,
(CAS: 7664-93-9, purity 98%) was purchased from Fisher
Chemicals. All chemicals were used as received without
further treatment. Milli-Q water was supplied by Elga
PureLab option Q DV25 at 18.2 m(Q. Ion exchange resins,
DOWEX Monosphere 650C (CAS: 127361-69-7), AmberLyst 36
(39389-20-3), and AmberLyst 15 (39389-20-3) were purchased
from Sigma-Aldrich. The zeolites HY30 (CAS: 1318-02-1,
CVB760), HY15 (CAS: 1318-02-1, CVB720) and mordenite
(MOR) (CAS: 1318-02-1, CVB2A) were purchased from Zeolyst.
Finally, sulfated zirconia (SO,/ZrO,-1, SO,/ZrO,-2 and SO,/
Zr0,-3) were kindly gifted by Luxfer MEL.

2.2. Catalyst characterization methods

Temperature-programmed desorption of ammonia (NH;-
TPD) was performed using an Altamira AMI200 instrument
with a thermal conductivity detector (TCD) detector. A gas
mix of 5% NH/He with 20 ml min™* flow rate was run for 30
min at 100 °C; the gas was switched to pure He at 20 ml
min~'. Once the TCD baseline was established, the analysis
was initiated with a ramp from 100 °C to Tyax (545 °C) at 10
°C min' with a 90 min hold at Tp.. Finally, a pulse
calibration occurs, wherein a known volume of 5%NHj;/He
from a loop is pulsed into the He flow, and the detector
response is measured over five pulses for an average value.
Surface area and total pore volumes were obtained through
liquid nitrogen adsorption at -196 °C using a Micromeritics
TriStar 3020 analyser, with samples degassed at 300 °C for 30
min under vacuum prior to analysis. Analysis of particle sizes

This journal is © The Royal Society of Chemistry 2025
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was carried out with a Mastersizer 3000E instrument
equipped with laser diffraction. Thermogravimetric analysis
(TGA) was performed using a Shimadzu TGA-550 instrument,
wherein the samples were heated from 20 °C to 900 °C at a
rate of 10 °C min~* with 40 ml min™" of air. The preparation
of sulfated zirconia catalysts is detailed in Table S1,f where
varying dopant loadings of SO; were used in conjunction
with ZrO, at 610-650 °C for 2 h.

2.3. Catalyst screening and kinetic experiments

Catalytic screening and kinetic runs for the dehydration of
xylose was performed in an Anton Paar Monowave 400
microwave (MW) reactor as batch reactions in 30 ml thick-
walled glass MW vials. The reaction system comprised a
biphasic system H,O/MIBK at a volume ratio of 1:2. The
solvents were pre-saturated in each other to avoid volume
changes due to their mutual solubility, even if this is
limited.>” A 2 wt% catalyst and 10 wt% xylose loading with
respect to the aqueous phase was adhered to throughout. All
materials were weighed with a Mettler Toledo NewClassic MS
(£0.0001 g) balance.

For catalyst screening, the reaction vessels were heated at
160 °C (ramp rate 160 °C min™") and held for 2 h with
magnetic stirring at 800 rpm. Similarly, the kinetic runs were
heated to the desired temperature (140-170 °C) at the
corresponding ramp rates for different lengths of time, with
each data point being obtained from an individual
experiment. This batch approach has already been used
successfully for the acquisition of kinetic data in a similar
reaction.”® Upon reaction completion, the glass vial was air-
cooled to 70 °C and then quenched in ice-water before being
centrifuged at 3000 rpm for 5 min with an Eppendorf
Centrifuge 5702. Finally, both the aqueous and the organic
phases were sampled and diluted in a volume ratio of 1:50
with deionised water and IPA, respectively, prior to analysis.

2.4. Catalyst recycling and regeneration

The recyclability of catalysts was determined through a series
of recycle and regeneration experiments, with reaction system
composition and conditions being identical to those in the
catalyst screening. After an initial run, the solid catalyst was
separated from the medium by centrifugation followed by
vacuum filtration and washed with a solution of IPA and
deionised water in equal volumetric parts. Post-wash, the
samples were left to dry overnight in a vacuum oven
(Thermoscientific VacuTherm VT 6025) at 70 °C at 100 mbar.
This procedure was repeated until five recycle runs had been
completed. The remaining catalyst after recycling was
regenerated through calcination in air using a Nabertherm
N7/H furnace at 550 °C for 4 h to remove carbon deposition.
A further experimental run was completed with the calcined
catalyst, whose acid site regeneration was conducted through
the addition of 10 ml 1 M H,SO, g " catalyst for 2 h, with the
samples washed with deionised water to remove any acid
residue before repeating the final catalytic run.

This journal is © The Royal Society of Chemistry 2025
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2.5. Analytical method

Quantitative analysis of reaction samples was conducted
using an Agilent 1260A Infinity HPLC system equipped with
a Bio-Rad Aminex 87H-HPX ion exclusion column, with 5
mM H,SO, mobile phase at 50 °C for 60 min. Detection of
furfural was achieved through a diode array detector (DAD)
at 277 nm and refractive index detector (RID) at 50 °C for
xylose. Conversion of xylose was then evaluated through
eqn (1).

Nxyl,0 ~ Nxyl f

Conversion (%) = %100 (1)

Nxyl,0

where ny o is the initial number of moles of xylose and
nyis the final. Subsequently, yields and selectivity of
components were calculated through eqn (2) and (3),
respectively, where n;¢ is the moles of desired product i at
the end of the reaction.

. n;
vield (%) = B %100 (2)
Nxyl,0 ~ Nxyl f
Selectivity (%) = — x100 (3)
nxyI,O

2.6. Kinetic modelling

The kinetic models were developed using the Python
language in the JupyterLab 4.0.11 environment. Component
mass balances were defined as ordinary differential
equations (ODEs) and the Livermore solver for ordinary
differential equations with automatic method switching
(LSODA) was implemented as the integration method due to
robustness when dealing with switches between stiff and
non-stiff ODEs.>® An objective function was defined through
summation of the root mean square error (RMSE) of each
component, eqn (S1),;f and the Nelder-Mead minimisation
algorithm was employed with a convergence tolerance of
107°.

For model discrimination, different information criteria
and statistical metrics were considered, namely the AIC (eqn
(S2)1),*° BIC (eqn ($3)1)*" and Fischer F values (eqn (S4)f). In
general, a lower value of RMSE and higher value of F
designate an improved model fit with experimental data.
Over-parameterisation of models can lead to a forced fit; the
AIC and BIC penalises this through determination of
parameter adjusted log likelihood, with a more negative value
presenting a model closer to true fit.

3. Results and discussion
3.1. Catalyst screening

An initial catalyst screening was performed, evaluating the
xylose conversion and Fur yield in a 1:2 H,O/MIBK biphasic
system. This ratio of aqueous to organic phase volume was
chosen as the literature commonly utilises phase volume
ratios between 1:2 and 1:4 of aqueous to organic phase.>'?
Furthermore, the 1:2 phase volume ratio would allow

React. Chem. Eng., 2025, 10, 839-855 | 841
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Table 1 List of the selected heterogeneous solid acid catalysts screened in this work with their acidity, pore volume and surface areas

Catalyst Total acidity (mmol g™') Pore volume (cm® g™*) Specific surface area (m* g™*)
S04/Zr0,-1 5.99% 0.14° og?

S0,/Zr0,-2 7.13¢ 0.29" 113

S0,/Zr0,-3 8.92¢ 0.47" 153

MOR 0.82 (ref. 42) 0.36 (ref. 42) 867 (ref. 42)

HY15 0.48 (ref. 42) 0.55 (ref. 42) 947 (ref. 42)

HY30 0.63 (ref. 42) 0.58 (ref. 42) 946 (ref. 42)
Amberlyst-15WET (A15) 4.70 (ref. 43) 0.40 (ref. 44) 53 (ref. 44)
Amberlyst-36WET (A36) 5.40 (ref. 43) 0.20 (ref. 45) 33 (ref. 45)

DOWEX Monosphere 650C (DOWEX) 4.80 (ref. 46) 0.61 (ref. 46) 35 (ref. 46)

“ Acidity obtained by NH,-TPD. ” Pore volume and specific surface area were determined using liquid nitrogen adsorption at —196 °C with a

Micromeritics TriStar 3020 analyser.

minimised downstream separation costs with less costly
solvent recycling in the context of a full process concept. A
total of nine solid acid heterogeneous catalysts were chosen
for the screening from three classes, IERs, sulfated zirconia
and zeolites (Table 1). These catalysts were selected for their
strong acidity, specifically Brensted, for the direct
dehydration of xylose and commercial availability.
Preparation details for the sulfated zirconia supplied by
Luxfer MEL are detailed in Table S1,f with the calcination
temperature set at either 650 °C (S0,/ZrO,-1 and SO,/
Zr0,-2) or 610 °C (SO4/ZrO,-3) for 2 h, with SO; dopant
loadings of 6%, 8.1% and 6%, respectively, for SO,/ZrO,-1,
S0,/Zr0,-2 and SO,/ZrO,-3. Additional information on
catalyst characterisation is available in Table S2.f Fig. 1
presents Fur yield in both the aqueous and the organic
phases alongside the xylose conversion at 160 °C after 2 h
for the nine studied catalysts; a non-catalytic run was also
presented. This non-catalytic dehydration of xylose
demonstrated the autocatalytic nature of the reaction.’ At
elevated temperatures, the concentration of OH and H;0"

lonic Exchange Sulfated

B ! B Zeolites
Resins Zirconia
100 = o
. o
)
80— °
— 60" o )
) o
40
204
o..
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¥ IR
(€) Q o& o& oV‘
N o 979

@ Xylose conversion Furfural Yield (aq) emFurfural Yield (org)

Fig. 1 Catalyst screening (2 wt% loading) for the dehydration of 10
wt% xylose in a H,O/MIBK system (1:2 by volume) at 160 °C for 2 h at
800 rpm.
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increases, thus providing the acidity required for the
dehydration reaction of xylose to proceed, where at 190 °C
the equivalent acidity of pure water is approximately 2.93
umol g% The maximum yield achieved by Jakob et al.
was reported as 45% after 165 min at 190 °C, compared
to the 20.4% achieved in this work at 160 °C for 2 h.’
Brgnsted acidity was the primary requirement for initial
catalysts selection, alongside those exhibiting Lewis acidity
to a lesser extent, where the IER only exhibited Brensted
acidity and the sulfated zirconia and zeolites presented
both Brensted and Lewis acidity. Dehydration of xylose
with a solid acid catalyst with both Brensted and Lewis
acidity generates a reaction intermediate, as detected by
HPLC, as shown in Fig. S1f This intermediate, xylulose,
according to previous studies, is plausible owing to Lewis
acidity typically promoting the isomerisation of sugars, as
is the case of glucose to fructose isomerisation,**** which
is of relevance in the HMF production reaction.*® This
was confirmed by the presence of the intermediate in six
out of the nine catalysts, with only the IERs showing no
formation of xylulose due to the lack of Lewis acidity
present.”® The Lewis acidity for the sulfated zirconia and
zeolites arises from the structures of the metal framework
ions through coordinately unsaturated cations. Conversely,
the IER contains purely the sulfonic groups for the
Brgnsted acidity with a polymeric framework structure
instead.

The highest-performing catalyst in terms of total Fur yield
was Al5 at a value of 49.2% at 95.5% xylose conversion.
Additionally, the DOWEX catalyst was observed to have the
highest selectivity among the IER at a value of 59.95%. As a
whole, IERs exhibited yields of Fur greater than 40%,
although some literature reports yield with A36 as low as
0.75%."° Sulfated zirconia reported lower yields than IERs
but higher than the zeolites, with SO,/ZrO,-1 being the best
candidate at 39.4% and SO,/ZrO,-2, SO,/ZrO,-3 both at 32%
with a similar conversion of xylose. MOR and HY15 both have
similar yields of Fur with the lowest conversion rates of 47%
and 57%, respectively. Giirbiiz et al. reported yields of 79% at
175 °C in a monophasic H,O-GVL system of 10 wt% water;
the authors concluded that increased water concentrations
greatly diminished Fur yields.>

This journal is © The Royal Society of Chemistry 2025
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3.2. Catalyst recycling

Reusability, stability and regeneration of catalysts through
multiple reaction cycles is of paramount importance to
developing robust, scalable, and economic chemical
processes. For this reason, from the previous screening, the
top performing catalysts, based on Fur yield, of each class
were chosen for recyclability experiments, namely A15, SO,/
ZrO,-1 and HY30. These were subsequently recycled for a
total of five runs, with post-reaction washing with IPA and
deionised water to remove any soluble material from surfaces
and finally dried in a vacuum oven (Fig. 2). Initially
considering the performance of A15, the total yield fell from
a total yield of 46% to 26% with notable visible changes in
colour of the individual structures (Fig. 2a). HY30 and SO,/
ZrO,-1 were regenerated through calcination in air to remove
any carbon deposition on the surface generated through
humin production, although this approach was unsuitable

® Xylose conversion ® Selectivity @ Furfural Yield (total)
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Fig. 2 Cyclic deactivation test for the dehydration of 10 wt% xylose in
a H,O/MIBK system (1:2 by volume) at 160 °C for 2 h at 800 rpm over
(a) A15, (b) SO4/ZrO,-1 and (c) HY30 (2 wt% loading).
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for A15 due to its entire degradation in the furnace
considering its limited maximum operating temperature of
120 °C,** which would also make it unsuitable for long-term
operation, even under the assumption that it would not be
recycled. For SO,/ZrO,-1 and HY30, the TGA results shown in
Fig. S2t indicate that the carbon deposition was completely
removed at temperatures greater than 500 °C, which agrees
with previous work in the literature for the production of
furans.”>* Visible changes of the catalysts post-wash with an
equal mix of deionised water and IPA are presented in Fig.
S3,f where a clear change in colour from white to dark brown
is observed over the course of reactions and the white colour
returned after calcination, hence showing the effectiveness of
the regeneration approach. The SO,/ZrO,-1 suffered
performance loss across the cycles, yet this was to a lesser
degree than the A15 (Fig. 2b). Remarkably, the yields
generated from HY30 (Fig. 2¢) remained constant throughout
the runs, affirming that it may be a strong choice for long-
running continuous processes or numerous sequential batch
reactions. Calcination returned both the SO0,/ZrO,-1 and
HY30 to near initial yields of 40.6% and 30.3%, respectively.
Subsequent regeneration of the acid sites with 1 M H,SO, g™*
catalyst returned both catalysts to original performance,
signalling that the primary method of deactivation was due
to the carbon deposition on the catalyst structures.
Selectivities of both SO,/ZrO,-1 and HY30 are comparable
after the initial run at values of 44.4% and 46.3%,
respectively, with final selectivities of 49.9% and 53.9%. This
selectivity, in conjunction with the greater yields observed,
allows for the clear selection of SO,/ZrO,-1 as the best
candidate for kinetic modelling. The dismissal of A15 as a
candidate can be attributed to the inability to effectively
remove humin deposition through calcination and continued
operation above the manufacturer's temperature limit.

3.3. Catalyst dehydration of xylose with sulfated zirconia

Effective evaluation of mass transfer limitations is vital to
ensure that the experimental results show reaction
performance and not a combination of this phenomenon
with mass transfer phenomena. To prove this, the reaction
performance was tested through variation of agitation rates
in a range of 100-800 rpm (Fig. $41).>® Results clearly show
no significant effect in rate of change of Fur yield or
conversion of xylose over the first 30 min of experimental
runs. Thus, it can be concluded that there are no prevailing
external mass transfer limitations. Internal mass transfer
limitations are resultant from intraparticle diffusion, where
the reactants diffuse from the bulk phase to the catalyst
pores and vice versa for the products. This internal diffusion
can be rate limiting at sufficient particle size; however, this
can be deemed negligible and ignored due to the low
particle size of the SO,/ZrO,-1 catalyst (doy <8.3 um and ds,
<2.7 pm).>

Catalytic experiments with SO,/ZrO,-1 were performed
with a total of four temperatures chosen from 140-170 °C,

React. Chem. Eng., 2025, 10, 839-855 | 843
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Fig. 3 (a) Fur yield and (b) xylose conversion with 2 wt% SO4/ZrO,-1
and 10 wt% xylose loading in a 1:2 H,O/MIBK system.

with the evolution of the yield of Fur and xylose conversion
shown in Fig. 3a and b, respectively.

The highest yield of Fur was observed after 150 min at 160
°C, with a value of 53.4%, although similar yields were
attained in just 75 min at 170 °C. This decreased total yield
of Fur at higher temperatures and plateaus observed
indicates the degradation of Fur at higher temperatures.’
Gomez Millan et al. reported a yield of 38% of Fur after 60
min at 170 °C with sulfated zirconia on a cordierite support
in a monophasic system, which is lower than the 49%
observed under the same conditions in this work.>® This
initial comparison indicates the improvements that the
separation of Fur into a secondary phase have on the final
yields, although Fur is still maintained at the higher
temperatures which may lead to further degradation. As
expected, the conversion of xylose increased with respect to
temperatures, with maximal conversions at 140, 150, 160 and
170 °C of 82.4%, 95.4%, 98.4% and 98.9%, respectively.

3.4. Kinetic modelling considerations

3.4.1. Reaction pathway. Kinetic modelling of the reaction
network is essential for subsequent reactor design as well as
process design and simulation. Considering the nature of the
reaction studied and the observed reaction intermediate,
identified in the literature as xylulose (see Fig. S1t), Fig. 4a
presents the possible reaction pathway.”*>® Furthermore
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Choudhary et al. determined that the isomerisation of xylose
to xylulose is more kinetically and thermodynamically
favourable than the epimerisation towards lyxose. As
expressed in Fig. 4a, here the initial substrate can directly
dehydrate to Fur (r;). Alternatively, it could also isomerise to
xylulose (denoted intermediate), which typically is a reaction
in equilibrium (r, and r3), with xylulose further reacting to
Fur (r). Operating in a biphasic medium, there would also
be the transfer of Fur to the MIBK phase by extraction. In
addition, humins can be produced as degradation products
from the reactions from xylose (r5), the intermediate (r¢) and
Fur (r;). Pseudohomogeneous kinetics for formation of
humins have been detailed in the literature before by authors
such as Raki¢ et al. and Weingarten et al.>*>**> However, issues
could arise from considering the formation of humins as a
single entity, for this reason, as reflected in Fig. 4b; here we
also consider the possibility of bimolecular mechanisms,
associated with heterogeneous catalysis, where humins may
result from self- or cross-condensation reactions of all species
present, ie. xylose, intermediate and Fur.

3.4.2. Assumptions and simplifications of the model. A
number of key assumptions have been made in order to
develop the model. As addressed in the previous section, at
the selected stirring conditions (800 rpm) and considering
the small particle size (doy < 8.3 pum), it can be assumed that
operation occurs under a regime with no bulk mass transfer
limitations.>® Consequently, the extraction phenomenon of
Fur from the aqueous to the organic phase can be assumed
to occur instantaneously.’> Thus, it can be considered that
the concentration of Fur in the MIBK phase is proportional
to that in the aqueous phase, which is described through the
partition ratio (PR), as described in eqn (4).

PR — CFur,org (4)
CFur,aq

where PR is defined as the concentration (g L™") of Fur in the
organic phase, Crurorg, OVer the concentration (g L") in the
aqueous phase, Cryr,aq-

The initial volume ratio of the H,O/MIBK system was set
at 1:2, with pre-saturation of phases to mitigate volume
changes resulting from mutual solubilities,"* which otherwise
would have to be considered.’® In the microwave device
employed, the set temperature is reached after approximately
1 min,”” which can be considered a negligible amount of
time in comparison to the duration of the reaction until
quantitative conversion is attained. For this reason, a
temperature gradient is dismissed in this model and the
consequent variation of system properties that it could
entail.*® However, for the kinetic experiments, the volume
and phase ratio changes owing to operation at temperatures
greater than room temperature are considered. Guo et al
developed a correlation for H,O/MIBK at various ratios of
organic to aqueous volumes (Org:Aq).*® The results indicate
that volume and phase ratio changes are significant and
these have been considered, using the information featured

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Reaction pathways for the dehydration of xylose to Fur. (a)

heterogeneous mechanisms for degradation product formation.

in Table S3,i with the resultant ratios (Org:Aq) presented in
Table S4.F

y=u+ve"" (5)

where y is the correction factor to the change of volume of
each phase (aqueous or organic) after separation at
temperature 7 in °C, and u, v and w, are fitting parameters
determined by Guo et al. at varying temperatures and Org: Aq
ratios using Aspen Plus simulations.*®

3.4.3. Mass balances. Component mass balances for an
ideal isothermal batch reaction with no internal or external
mass transfer limitations are derived from Fig. 4a with all
concentrations of components (C;) given in units of mol L',
which can be expressed by the following ordinary differential
equations:

dCyy
Xy
=r3—ri—r,—r 6
dt 3~ —I"rs ()
dCinr
=Try—r3—ry—r 7
dt 2713714~ Te ()
dCFur
— =T ra—r 8
at 1+ Trs—rs (8)

When considering a biphasic system, the Cpy (mol L™), the
separation of terms into the concentration in the organic and

This journal is © The Royal Society of Chemistry 2025

Intermediate
+
Intermediate

Pseudohomogeneous mechanisms for all species, (b) bimolecular

aqueous phase must be implemented (eqn (9)—-(11)). Here, PR
is used as a proportionality constant between the
concentration of Fur in each phase. Fig. S5t shows an
analysis of PR value at different temperatures considering
each experimental data point across the full experimental
time of 180 min. Thus, for simplicity in modelling the value
of PR was considered constant at 7.5 in accordance with the
negligible variation if the standard deviations are considered.

dCFurﬁaq _ (re +ra—ry)

= 9

dt (1+PR) )
dCFuLorg dCFuLaq

= PR 10

dt a (10)

d-CFur _ dCFur,aq + dCFurA,org (11)

dt de dt

These component balances are developed as the base case
model, wherein there are no additional terms considered for
bimolecular heterogeneous reactions towards degradation
products. Finally, due to inhomogeneity in the humin
degradation products, which renders accurate direct
quantification impossible by the chromatography analytic
technique applied, these have therefore been considered as a
lumped species denoted “humins”, and calculated from the
mole balance (eqn (12)), where n refers to the number of
moles of component at 0, the start, or f, the end of reaction.
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from fitting criteria.

Nhum,f = Nxyl,o — (Mgl + Mine,e + Mur,f) (12)
Considering the different reaction pathways in Fig. 5, the
dynamic evolution of humins can be expressed by different
combinations of reactions, with reactions rs, r¢ and r; and
different combinations featuring either rg, ry, 10, 11 OF I3,
as will be described in the cases considered:

ClC’Hum

dt

h=5,6,7,8,9,10,11,12

(13)

where h represents a reaction that produces humins as per
the corresponding assumption.

3.4.4. Reaction rates and model cases considered. Rate
constants for pseudohomogeneous (PH) models can be
calculated through eqn (14),

ri = kiCl'Ceat (14)
where r; is the rate of reaction for reaction i, k; the rate
constant for reaction i, and C/* the concentration of
component i in mol L' in the order of reaction m. C.y is the
concentration of active sites of SO4/ZrO,-1 (at 2.39 x 1072
mmolg, L.

The dependency of the rate constants with respect to
temperature is given by the Arrhenius equation, eqn (15):

“Ea

k,’ = Al‘eR_T‘

(15)

where 4; is the pre-exponential factor of reaction i, E, the
activation energy (kJ mol™), with the ideal gas constant R (J
mol ™ K™) at temperature T (K).
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The dehydration of xylose through an intermediate
towards Fur and humins was initially modelled exclusively as
a pseudohomogeneous model.”*° However, the generation of
humins could be regarded as heterogeneous bimolecular
reactions; thus, the models considered can be expanded to
include the Eley-Rideal (ER), and Langmuir-Hinshelwood-
Hougen-Watson (LHHW) heterogeneous catalytic
mechanisms, whose general equations are presented in eqn
(16) and (17). These models include the adsorption of species
(Kaas,) onto the catalyst surface, where this adsorption
constant is calculated through the van't Hoff equation (eqn
(18)), where K,qs, is the pre-exponential factor and AH,qs, is
the enthalpy of adsorption (k] mol™), also dependent on
temperature:

k iCiCeat

b KiGiCea (16)
" (1 + KaasiCi)
kiC:C;iC,
r— 1CiGjGeat . (17)
(1 + Kads,/Ci + Kads,jCj)
“AHqags,i
Kags; = Kads o€ ¥ (18)

The literature frequently details the dehydration of xylose
through pseudo first-order homogenous kinetics.”?**° Thus,
it was appropriate to use this model as a base case, with the
general form for all reactions r; to r, and denote this PH-1
(eqn (19)). However, the specific details of formation of
humins as a degradation product are less understood; hence
the proposal of second-order reactions for the direct
formation of humins was developed, with the initial model
PH-2 (eqn (20)-(22)), where all reactions towards humins

This journal is © The Royal Society of Chemistry 2025
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were considered as second order (rs, 7, 7). To investigate the
influences that individual components have on the
generation of humins, various combinations of second-order
reactions were evaluated. PH-2a, PH-2b and PH-2c¢ consider
the second-order reactions of xylose, intermediate and Fur to
humins, respectively (eqn (23)-(25)). Finally, combinations of
two components with second-order kinetics were considered
in PH-2d (xylose and intermediate, eqn (26) and (27)), PH-2e
(xylose and Fur, eqn (28) and (29), and PH-2f (xylose and Fur,
eqn (30) and (31)).

PH-1
1 = kiCiCeat (19)
PH-2
s = ksCxyiCeat (20)
rs = keCintCeat (21)
r7 = k7CIZ<‘urCcat (22)
PH-2a
s = ksCxyiCeat (23)
PH-2b
rs = keCintCeat (24)
PH-2c¢
r7 = k7CIZ<‘urCcat (25)
PH-2d
rs = ksCxyiCeat (26)
rs = keCintCea (27)
PH-2e
rs = ksCxyiCeat (28)
r7 = k7CIZ<‘urCcat (29)
PH-2f
rs = keCintCeat (30)
r7 = k7CIZ<‘urCcat (31)

With the complexity of the aldol condensation reactions
towards humins, heterogeneous models may be more
appropriate to describe the bimolecular process. Hence, a

This journal is © The Royal Society of Chemistry 2025
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selection of 10 heterogenous models are presented, five of
which are derived from ER kinetics and the remainder
from LHHW. These cases considered include the base case
reactions in first-order pseudohomogeneous (r;-7;) in
addition to the relevant additional reaction pathways for
heterogenous cases considered (rg-71,). Similar models have
been implemented for the dehydration of sorbitol and
methyl salicylate, for mono-molecular heterogeneous
kinetics for dehydration.”®>® The first heterogeneous
models considered were the combination of xylose and
intermediate, denoted ER-1 and LHHW-1 (eqn (32) and
(33)). Considering two molecules of either xylose or
intermediate are detailed by ER-2/LHHW-2 (eqn (34) and
(35)) and ER-3/LHHW-3, respectively (eqn (36) and (37)).
Finally, those involving Fur and xylose or intermediate are
specified by ER-4/LHHW-4 (eqn (38) and (39)) and ER-5/
LHHW-5 (eqn (40) and (41)), correspondingly.

ER-1
o — kS CXleINT Ceat (3 2)
s =
(1 + Kadsxy1Cxyl + Kads ntCint)
LHHW-1
ks Cxy1 CinrCeat
g = Y “ 5 (33)
(1 + Kads xy1Cxyl + Kads,INTCINT)
ER-2
S koCxy1Cxy1Ceat (34)
5 =
(1 + Kads,XyI CXyl + Kads>Xyl CXyI)
LHHW-2
ro — k9 CXyl CXyI Ceat (35)
9~ 2
(1 + Kadsxy1Cxy1 + Kads xy1Cxy1)
ER-3
k10CmntCintCl
Fio = 10CINTCINT G cat (36)
(1 + Kads ntCint + KadsJNTCINT)
LHHW-3
k10CinrCineC.
Fio — 1 cat ; (37)
(1 + KadsntCint + Kads NtCin)
ER-4
[ kll CXyI CrurCeat (38)
11 =
(1 + Kads,XyICXyl + KadsﬁFurCFur)
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LHHW-4
klch lCF C t
ri = oo 3 (39)
(1 + Kads.XleXyl + Kads,FurCFur)
ER-5
P — klZCFurCFurCcat (40)
12 —
(1 + Kads,FurCFur + Kads,FurCFur)
LHHW-5
Fip = k12 CrurCrurCeat (41)

2
(1 + Kads,FurCFur + Kads‘FurCFur)

3.5. Model discrimination

Fitting of a total of 18 different variations of the kinetic
model to the experimental data collected was conducted. To
evaluate the performance of each model, the values of RMSE,
AIC, BIC and F were assessed, where the lower the values of
RMSE, AIC and BIC and the higher the F value, the better
model performance. Fig. 5 presents a heatmap of normalised
values of each discrimination criterion, where green and red
represent more and less favourable model performance,
respectively. The difficulty in describing humin formation
with mathematical approaches justified the evaluation of
model performance including and excluding the evolution of
humin concentrations in the metrics. The true pre-
normalised metrics are provided in Table S5} with
normalisation against the lowest (RMSE, AIC and BIC) or
highest metric (F values) within the series applied to allow
generation of a heatmap.®

PH-1, treated as the base case in this work, performs
relatively well in all aspects with RMSE values <0.10, and AIC
and BIC values of -1845 and -1771, respectively. PH-2, PH-
2b, PH-2d, and PH-2f all performed to similar standards
when accounting for humin formation, with PH-2 chosen as
the best model due to the inclusion of second-order rate
towards humins for all three degradation pathways. PH-2b
surprisingly performed well, with one of the highest F values
in the set (86.2), despite the relatively low concentrations of
intermediate generated in the reaction as a fraction of total
mass. The fast production of this reactive intermediate
species and final route to either Fur or humins indicate
heavily that this may be a second-order reaction. As a whole,
homogeneous model RMSE values were lower than those of
heterogeneous models, agreeing with the literature that the
dehydration of xylose primarily follows a
pseudohomogeneous model.®!

The performance of heterogeneous models exceed that of
the homogeneous model sets when excluding the humin
formation. The core of this is as a result of enhanced fits for
both xylose and Fur in the organic phase, both frequently
overpredicted in all cases. The standout heterogenous models
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are LHHW-1 and LHHW-5, which consider the bimolecular
reactions of xylose-intermediate (rg) and intermediate-Fur
(r12), respectively. Additionally, LHHW-1 performs well even
when including the humin production with RMSE of 0.12,
AIC of -1916, BIC of -1816 and an F value of 82.4. These
statistical metrics, penalising over-parameterisation in the
case of AIC and BIC, indicate that despite the increased
parameters over the homogeneous models (an additional six
parameters) the fitting is sufficient. When considering the
exclusion of humin formation from the homogenous model
sets, the opposite results appear as to when the inclusion
was considered; thus the second-order reaction rates heavily
favour humin production, as intended, yet limit the
performance of fitting other components. The model
selection for the remainder of this work focused specifically
on the best performing model when humins were included,
PH-2, and when humins were excluded, LHHW-1. From a
holistic point of view towards process development, the
exclusion of humins from reaction engineering is unadvised,
although this does provide an insight into the influence that
these degradation products hold in any acid-catalysed sugar
dehydration in aqueous medium.

3.6. Model performance

Model discrimination yields two potential models for the
dehydration of xylose, PH-2 for the complete system and
LHHW-1 excluding humin production. The fitted model for
PH-2 is displayed in Fig. 6, with errors applied to the
experimental work. Fittings in general for all components
except for humins lie within a suitable range with an overall
RMSE of 0.088. Consistent overprediction of humins and Fur
in the organic phase after approximately 60 min is observed,
with minor over-predictions for the remaining components at
all temperatures. The overestimation of humins could be
attributed to the consideration of humin as a final end
product, which may not be accurately describing the
intricacies of the aldol condensation reactions occurring.”®
Quantitative evaluation of overestimation of the model
through mole balances at each temperature results in a
maximum of 8.45% overestimation at 150 °C and 150 min,
with the average mole balance overestimation at
temperatures of 140-170 °C at 1.09%, 2.52% 4.85% and
5.06%, respectively. Finally, the latter half of the modelled
data for all temperatures at time >90 min exhibited the
highest overestimation with a value of 6.02 + 2.42%. The
operation of the reaction within the kinetic regime <45 min
observed only minor deviations from the experimental results
and modelled data with an average of —1.23%.

Optimised parameters achieved through minimisation of
the objective function using the Nelder-Mead minimisation
algorithm are shown in Table 2. The direct dehydration of
xylose to Fur (r,) yields an apparent activation energy of 44.70
+ 7.89 k] mol™ for the SO,/ZrO,-1 catalyst in this work.
Gomez Millan et al. used a cordierite-supported sulfated

zirconia and reported an activation energy of 121 kJ mol *.*°

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Experimental and fitted data for the dehydration of xylose in a H,O/MIBK system at temperatures of 140-170 °C for the PH-2 model.

The direct dehydration is detailed in numerous other studies
with a variety of heterogeneous catalysts in monophasic
media such as Glu-TsOH-Zr (222.18 + 12.2 k] mol™), Nafion
NR50 (112 kJ mol™) and H-SAPO-34 (120.4 kJ mol"),%®°
although typical ranges for the dehydration are cited in the
literature from approximately 112-123 kJ mol".°® Other
authors have reported activation energies of as low as 30 + 3
and 47.5 + 9.9 k] mol™!, which are more in line with those
reported in this work.”?° These studies also consider the
formation of a reactive intermediate in the presence of Lewis
acidity, proposed to be xylulose, which further degrades to
Fur or isomerises back towards xylose, reducing the
activation energy for the direct xylose to Fur pathway.®” This
reactive intermediate, according to the rate constants,
preferentially favours the forward reaction towards Fur rather
than isomerisation back to xylose with a magnitude of 10°.
This is in accordance with Jakob et al, where the authors
proposed that the Lewis acidity driven forward isomerisation

This journal is © The Royal Society of Chemistry 2025

rates were several orders of magnitude greater than the
reverse counterpart at 8.4 x 107" min™" versus 6.97 x 107°
min~!, with an Hp catalyst at 160 °C.” Magnitudes of rates of
reactions, which can be calculated through eqn (14) and (15)
and data provided in Table 2, confirm the favourability of the
progression of reaction through the intermediate species.

Table 2 Pre-exponential factors and activation energies for the
dehydration of xylose using model PH-2 at a temperature range of 140-
170 °C with SO4/ZrO,-1. Errors at 95% confidence interval

Reaction A (L* mol™ mmolg, ' min™) E, (k] mol™)
1 0.37 + 0.04 44.70 + 7.89
2 2.10 x 10 + 7.53 x 10*° 100.12 + 5.83
3 5.23 + 3.02 x 10° 62.36 + 6.14
4 9.28 x 10 + 4.30 x 10*° 96.10 + 11.97
5 1.74 + 0.14 41.75 + 9.34
6 3.22 x 10" + 2.74 x 10° 70.46 + 8.65
7 4.31 +0.42 86.18 + 12.96

React. Chem. Eng., 2025, 10, 839-855 | 849
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This rapid generation, degeneration and Fur production can
be shown in Fig. 6 due to the relatively small minor fractions
quantified in results analysis, at peak values <10% of xylose
feed. The large involvement of the intermediate in formation
of either Fur or humins is supported by the model
discrimination employed, where for the model variations
including second-order kinetics for intermediate species, the
statistical criteria are more favourable, as seen in Fig. 5.

Whilst the direct effects of MW heating and subsequent
MW responsivity of the S0,/ZrO,-1 catalyst were not
specifically investigated here, it has been reported that MW
absorption can positively influence reaction kinetics at the
solid interface,>*®® where sulfated zirconia is microwave
transparent at low temperatures (<200 °C), although rapid
evolution of the dielectric loss factor was reported at
temperatures greater than 600 °C.°*7°

However, overestimations are observed for humin
generation at all temperatures. Maximum overestimates were
observed at 180 min of 33.8% at 150 °C and 8.3% at 170 °C,
with respect to the average experimental value, although such
overprediction becomes less apparent considering the
experimental error. The parity plot depicted in Fig. 7 provides
insight into the experimental versus predicted concentrations,
where the consideration of a simple linear regression of the
entire set of data retrieved an R* value of 0.9519. The plot
also depicts the +10% confidence limits, with the results
displaying  minor  underestimation of  component
concentrations at low values, except for the intermediate
formation which is primarily overpredicted. This
overprediction comes from the difficulty in capturing the
rapid nature of intermediate formation and consumption,
especially at higher temperatures where after 60 min at 170
°C no intermediate is observed. Overprediction was
particularly prevalent in humin formation and, to a lesser
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extent, in Fur formation in the organic phase, especially in
the latter stages of the reactions.

Finally, the removal of humins from considerations of
model fittings leads to the selection of LHHW-1 as an
effective model. Here the deviation in the remaining
components is less than that of the PH-1 model, as can be
observed in Fig. 8, with an RMSE of 0.0455. Prediction of
component concentrations with respect to time and the
errors in experimental points are accurately captured for the
most part. The prediction of Fur in the organic phase is also
more akin to experimental data than that of the PH-2 model.

Effective evaluation of the application of LHHW-1 for the
dehydration of  xylose requires physical and
phenomenological evaluation of generated activation energies
and adsorption enthalpies. The modelled parameters are
detailed in Table 3. Activation energy for the direct
conversion of xylose to Fur is significantly higher than that
proposed by the PH-2 model at a value of 146.10 + 15.67 KkJ
mol ™, and subsequently an order of magnitude greater than
those involving the reactive intermediate. The higher barrier
to activation implies that the reactive intermediate to Fur
formation is the dominant path from xylose, in conjunction
with the extremely large pre-exponential factors, 4,, Az, A4,
and Ae. An unusually high value of activation energy for the
degradation of Fur to humins of 424.1 + 90.89 kJ mol™ is
determined by the model, although this supports that the
degradation of Fur to humins is not the primary mechanism.
The remaining reactions towards humins all proceed with
activation energies in the range 21.99-148.90 kJ mol™", with
the bimolecular reaction of xylose and intermediate being
the highest at 148.9 + 16.33 kJ mol". Further insights into
the reaction mechanism phenomena can be garnered from
the values of adsorption enthalpy of xylose (AH,; = —2265.14
+ 734.86 kJ mol™") and the intermediate (AH,, = —205.36 =+
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Fig. 7 Experimental concentration vs. predicted concentration parity plot for model PH-2.
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12.54 k] mol™). This difference in magnitude supports the
claim of the intermediate being the more reactive species for
humin formation as well.*®

4. Conclusion

This work provides a comprehensive evaluation of catalytic
performance for the dehydration of xylose to Fur with its in
situ extraction in a H,O/MIBK biphasic system, from catalyst
screening, recycling and determination of kinetic parameters.
The stability and recyclability of commercial sulfated
zirconia, SO,/ZrO,-1, proved effective. 18 variations of kinetic
models were generated to account for the phenomenology.
These variations included the generation of a reactive
intermediate compound as well as the non-uniformity and
complexity of humin production through homogeneous and

This journal is © The Royal Society of Chemistry 2025

heterogeneous  approaches mono-  and
bimolecular mechanisms.

Applying statistical model discrimination criteria, the
results conclude that the model that best describes the
evolution of the species in the reaction is PH-2, where the
formation of humin degradation products are modelled as
second-order pseudohomogeneous reactions, with the rest
first-order. However, the general minor overestimation of
pseudohomogeneous models coupled with the poor fitting of
heterogenous models indicates that the humin production
mechanism remains elusive. The presence of Lewis acidity
drives the isomerisation to a reactive intermediate, although
the direct reaction catalysed by Brensted acidity observes a
lower energy barrier of 44.70 + 7.89 kJ mol ™' compared to
96.10 + 11.97 kJ mol ™" for intermediate to Fur production.
The potential for Fur to degrade into humins suggests that

considering
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Table 3 Pre-exponential factors, activation energies and adsorption
enthalpies for the dehydration of xylose using model LHHW-1 in the
temperature range of 140-170 °C with SO./ZrO,-1. Errors at 95%
confidence interval®

Reaction A (L mmol., " min™") E, (k] mol™)

1 0.38 + 0.09 146.10 + 15.67
2 1.08 x 10" +0.17 x 10" 86.99 + 21.54
3 1.68 x 107 + 0.24 x 107 51.72 + 8.95
4 1.19 x 10 + 0.07 x 10*? 96.74 + 12.31
5 3.93 + 1.03 21.99 + 4.66
6 1.52 x 10* + 0.19 x 10 86.01 + 8.75
7 8.55 +2.31 424.1 + 90.89
38 24.8 + 3.97° 148.9 + 16.33

Component adsorption K, (L mol™) AH, (k] mol™)

6.59 x 102 +3.14 x 1072
5.65 x 10* + x 0.78 x 10*

—2265.14 + 734.86
—205.36 + 12.54

Xylose
Intermediate

% 12 mol™* mmol,, * min %

the reaction times could be conducted at higher
temperatures (>170 °C) for shorter reaction times (>60 min),
where the model provides excellent linearity of predictions
with R? at 0.9512.

The outlook of the results detailed in this work have
implications in the design of efficient biphasic systems for
the production of Fur from xylose, where humin production
is a significant issue.
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