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1. Introduction

Steady states and kinetic modelling of the acid-
catalysed ethanolysis of glucose, cellulose, and
corn cob to ethyl levulinatet

*@ Ajlis O’'Shea,® Prajwal Rao,” Andrew Ure,”
@ Mohammad Reza Ghaani,® Andrew Ross® and

Conall McNamara,
Leandro Ayarde-Henriquez,
Stephen Dooley?®

Ethyl levulinate is a promising advanced biofuel and platform chemical that can be derived from
lignocellulosic biomass by ethanolysis processes. It can be blended with both diesel and gasoline and,
thus, used in conventional engines and infrastructure. Previously, it has been shown that alkyl levulinate/
alcohol/alkyl ether mixtures exhibit significantly enhanced fuel properties relative to any of the individual
fuel components, particularly when blended with conventional hydrocarbon liquid fuels. Consequently,
this study specifically quantifies the three primary components of the alcoholysis reaction mixture: ethyl
levulinate, diethyl ether, and ethanol. The steady state and kinetic phase fractions of ethyl levulinate and
diethyl ether produced from glucose, cellulose, and corn cob with 0.5-2 mass% sulphuric acid in etha-
nol are determined for 5, 10, and 20 mass% of feedstock at 150 °C. Knowledge of the steady state equi-
librium mixture fraction is specifically targeted due to its importance in assessing commercial-scale
production and in modelling analysis as: (i) it defines the maximum yield possible at a given condition,
and (i) it is equitable to the minimum free energy state. Maximum steady state yields (mass%) of ethyl
levulinate of (46.6 + 3.7), (50.2 &+ 5.4), and (27.0 &+ 1.9)% are determined for glucose, cellulose, and corn
cob, respectively. The conversion of glucose and cellulose to ethyl levulinate in the presence of ethanol
and sulphuric acid is shown to be a catalytic process, where the ethyl levulinate yield is not dependent
on the acid concentration. For corn-cob biomass, in a new and contrasting finding, the ethyl levulinate
yield is shown to strongly depend on the acid concentration. This effect is also observed in the fractions
of diethyl ether formed, providing strong evidence that the hydrogen cation is not being replenished in
the ethanolysis process and the overall reaction with corncob is not wholly catalytic. Thus, for the acid
catalysed alcoholysis of lignocellulosic biomass, acid concentration must be scaled with feedstock
concentration. The critical corn cob-to-acid ratio that maximises ethyl levulinate yields while minimizing
the formation of undesired co-products (diethyl ether) is in the range 10-20:1 at 150 °C. A detailed,
hierarchical, mass-conserved chemical kinetic model capable of accurately predicting the relative
abundance of the three primary components of the ethanolysis reaction: ethyl levulinate, diethyl ether,
and ethanol, from the biochemical composition of the feedstock, is elucidated and validated.

significantly contributes to anthropogenic greenhouse gas
emissions such as CO,, a major driver of climate change.

The global transportation fleet, encompassing ground, air, and
maritime vehicles, heavily relies on fossil-derived fuels, which
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The substitution of these fuels with biofuels is a viable pathway
to mitigate greenhouse gas emissions without the upheaval of
existing transportation infrastructure. In this context, two
primary challenges confront the industrial upscaling of bio-
fuels. Firstly, the dichotomy of using the crops for either food
or fuel production. Additionally, expanding farmland for culti-
vating crops to increase the production of the latter can pose
indirect land-use issues. A feasible solution lies in advanced
biofuels, which exclusively utilize non-food waste, residues,
and by-products as raw materials. Of the advanced biofuel
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feedstocks listed in the revised renewable energy directive,
lignocellulosic biomass is particularly advantaged as it gener-
ally shows high sustainability and, by virtue of its by-product or
waste designation, further use of the material is highly desir-
able. However, lignocellulosic biomass is notably disadvan-
taged not only in comparison to crude oil products, but also
to first-generation biofuels. This is due to the chemically
recalcitrant nature of lignocellulose, and its relatively high
oxygen content. For fuels, the major share of that oxygen must
be removed, requiring energy and technically complicated
conversion processes. Energy carriers must compete with
incumbent fossil fuels, not only on technical merit, but also
on price. Configuring production processes to yield a minimum
selling price competitive with what is available for petroleum-
derived products is the greatest challenge associated with the
deployment of advanced biofuels.>* A technically viable pro-
cess is insufficient; the process must also be economically
viable and competitive with the selling price of crude-oil
derived products. This is a severe challenge.

In the specialized literature, a wide range of thermochemical
technologies for the conversion of lignocellulosic biomass
to advanced biofuels have been reported, including
hydrolysis,® alcoholysis,® pyrolysis,” gasification,® hydrother-
mal liquefaction® and hydrothermal carbonization."® Notably,
“alcoholysis” (i.e., acid hydrolysis in alcohol solvent) has
received relatively limited research attention, underscoring
the relevance of this work in quantifying product yields under
this process. The primary products of this chemical method are
alkyl levulinates, which have been identified as potential drop-
in diesel and gasoline biofuels,"’ with extensive additional
applications spanning various industrial fields, such as green
solvents, platform chemicals (as a precursor to gamma-
valerolactone), flavouring agents, lubricants, fragrances, and
polymer plasticizers.'>"?

Upon alcoholysis, the carbohydrates of lignocellulosic bio-
mass undergo a conversion process, forming esters (i.e., alkyl
levulinate), while alcohols are converted to ethers (i.e., dialkyl
ether)."* Consequently, the resulting mixture predominantly
includes alcohol, alkyl ether, and alkyl levulinate, along with
some water and formic acid. Each reaction product stands as a
recognised drop-in component for fuel transportation. None-
theless, the significant limitation to their deployment is the
blend-wall behaviour each exhibits when mixed with conven-
tional transportation fuels, marking a substantial challenge
in the broad commercial utilization of these biofuels.
Howard et al.’® have suggested that mixtures of levulinate
ester/alcohol/ether can exhibit fuel properties that are signifi-
cantly enhanced relative to those of any one of the individual
fuel components, in particular when blended with conventional
hydrocarbon liquid fuels."* They performed critical ignition-
quality experiments, revealing the flexible range of fuel
properties that are potentially tuneable based on the relative
concentration of ethyl levulinate (EL), diethyl ether (DEE), and
ethanol in the fuel. These findings effectively delineate the
extensive potential compositional space for levulinate ester-
based fuels.
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Several techno-economic analyses (TEA) have been per-
formed to assess the commercial viability of the alkyl levulinate
production through alcoholysis. In particular, Silva and colla-
borators have conducted a rigorous TEA focusing on the
production of ethyl levulinate from lignocellulosic biomass."®
They analysed 148 individual production process scenarios,
identifying fifty-three as the most commercially promising
processes. These results hold significant implications for
directing future research and development efforts necessary
to establish alkyl levulinate as a viable energy carrier, as
evidenced by their discoveries: (i) all fifty-three of the most
viable processes use sulphuric acid as the catalyst, (ii) the cost
of the alcohol (ethanol) is 38% of the expense of the process on
average, and (iii) the cost of biomass is 34% of the expense
of the process on average. Points ii and iii stress the funda-
mental relevance of the atom-efficiency within the alcohol and
biomass usage, which directly impacts the overall economic
feasibility of the process. Point i underscores the unlikely
economic feasibility of complex catalysts, regardless of the
extensive efforts in different research areas, including mineral
acids (Brensted acids),"””>* metal salts (Lewis acids),”>° ion
exchange resins,'®?**” sulfonated nanomaterials,"®>*>"7"
polyoxometalates, zeolites,”>*"%"** jonic liquids
and other miscellaneous nanomaterials.””*"****"5% Consider-
ing Silva et al’s analysis, the reactions investigated in this
paper occur in ethanol medium (due to its cost-effectiveness
and wider availability compared with bio-butanol®*) and sulfu-
ric acid.'®

Knowledge of the steady state equilibrium mixture-fraction
is vital for the commercial-scale production of advanced bio-
fuels, as it defines the maximum yield at a given condition and
is equitable to the minimum free energy state. However, in the
literature, “yields” are reported at various reaction times with-
out considering whether the reaction reached the steady state
or remained in the kinetic phase. The steady state concentra-
tions of ethyl levulinate from the alcoholysis of lignocellulose
have not been empirically established in current literature.
Consequently, this work quantitatively determines these con-
centrations by unveiling the mechanism and rate of diethyl
ether formation, a crucial process that is mostly overlooked
despite its significant role in alcohol consumption. The second
goal is to gain deeper insights into the behaviour of real-world
biomass under alcoholysis conditions. The experimental data
obtained is methodically integrated into a self-consistent and
hierarchical chemical kinetic model, aiming to anticipate the
operational behaviour of an alcoholysis system based on the
specific biochemical composition of the chosen biomass as the
prime feedstock.

30,32-38 44,45

2. Theory

2.1. Alkyl levulinate formation

During the alcoholysis of cellulosic biomass, the formation of
alkyl levulinates may be notionally summarised by a global
reaction of a hexose carbohydrate (e.g., glucose) and alcohol™*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction mechanism for the production of ethyl levulinate from lignocellulosic biomass.** The primary objective of these conversion processes is
the elimination of the covalently bounded oxygen atoms (in red) to produce a liquid enriched in hydrogen and carbon, such as ethyl levulinate.

catalysed by a hydrogen cation (proton), as depicted in Fig. 1. In
addition to the alkyl levulinate, two molecules of water and a
molecule of formic acid may be formed. Note that the formic
acid may also react with an additional molecule of alcohol to
give the corresponding ester and a further molecule of water. By
this simple mechanistic formalism, the hydrogen cation
catalyst is regenerated from reactant to product. However, in
practice, several other processes are catalysed simultaneously
by the proton. The elucidation of the “catalytic” nature of this
reaction is addressed in this paper.

Insofar assessments of alkyl levulinate production via alco-
holysis typically assume its formation from the cellulose con-
tent of biomass without empirical sustentation, highlighting
the limited mechanistic details available. The hemicellulose
content could also support alkyl levulinate formation. This
study evaluates this hypothesis.

2.2. Dialkyl ether formation

Dialkyl ethers are unavoidable co-products of alcoholysis
reactions.’® The dialkyl ether is formed by the acid-catalysed
dehydration of two alcohol molecules accompanied by the
formation of one molecule of water, as shown in Fig. 2. It is
considered an unwanted side reaction as it consumes the costly
alcohol solvent and produces unwanted water in addition to the
ether. Ether formation has been noted in some studies but is
not reported by the vast majority. Mascal et al. showed that
67 mol% of ethanol was converted to diethyl ether in the
reaction with dried conifer wood and 2-napthalenesulfonic acid
at 200 °C for 4 hours.”® Furthermore, the study of Silva and co-
workers revealed that the cost of the added alcohol represents
38% of the total expenses of the process.'®

As suggested by Mascal and collaborators and demonstrated
by Zhu et al.,*® utilizing lower acid concentrations minimises
the formation of diethyl ether. However, this strategy must be
further investigated as it reduces the rate of formation of ethyl
levulinate.”® It should be emphasized that the formation of
diethyl ether, specifically the relative rate of formation of
diethyl ether to the rate of formation of ethyl levulinate is of
enormous importance and warrants careful analysis. Despite
this, the concentration of the dialkyl ether product is rarely
determined. Without this critical information, it is not possible

-H*
ZSNoH + - TSoH S /\o/\ +H,0

+

Ethanol Ethanol Diethyl ether

Fig. 2 Reaction mechanism for the acid-catalysed formation of diethyl
ether from two molecules of ethanol.*

© 2024 The Author(s). Published by the Royal Society of Chemistry

to make an accurate assessment of the overall efficiency or
techno-economic viability of the process. Thus, diethyl ether
formation is one of the focuses of this paper.

2.3. Humin formation

The hydro/solvothermal reaction of carbohydrates is known to
produce insoluble polymeric materials, generically referred to
as “humins”.”””® It is speculated that these materials are
formed primarily from molecules bearing reactive carbonyl
groups (e.g., aldehydes and ketones) that are present in the
reaction mixture as a result of the decomposition of the
carbohydrate.’” Recently, Shi et al.>” showed that the formation
of humins from glucose in an ethanol medium was inhibited
(i.e., no humins detected), compared to the same reaction in
water or tetrahydrofuran media where 61 and 53% of the initial
carbon was converted to humins, respectively. This inhibition
is attributed to the reaction of the aforementioned aldehydes
and ketones with the alcohol, thus inhibiting the polymer
(humin) formation." This scenario signifies that the produc-
tion of humins requires meticulous consideration from a
techno-economic perspective.

2.4. Water formation

The formation of alkyl levulinates and dialkyl ethers produce
water; see Fig. 1 and 2. This is relevant from a techno-economic
perspective for two reasons. Firstly, the yield of the esterifica-
tion reaction is limited by the chemical equilibrium.'® There-
fore, the presence of water, specifically from unwanted
competitive processes of dialkyl ether and humin formation,
will have adverse effects on the efficiency of the reaction.
Secondly, the water content must be removed before the reac-
tion mixture can be used in applications (e.g., as fuel).

2.5. Kinetic model

A chemical kinetic model describes the thermal conversion of
reactants into products as a function of time, providing funda-
mental information on the species concentrations and yields,
deepening our understanding of the reaction rates and for-
mation mechanism. This underscores its pivotal role in both
the TEA and industrial designing processes. The complexity of
lignocellulosic biomass makes the formation mechanism of
ethyl levulinate in ethanol difficult to study. The reaction
kinetics of ethanol, in the presence of sulfuric acid, with
fructose,® glucose,>*®*®! and cellulose,?® which have pre-
viously been explored through a kinetic model, are summarised
in the ESL¥

Recently Wang et al.°° combined experiments and quantum
chemical calculations to explore the potential energy surface

Energy Adv, 2024, 3,1439-1458 | 1441
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(PES) describing the thermal conversion of glucose to ethox-
ymethylfurfural (EMF) and ethyl levulinate catalysed by a
hydrogen cation in ethanol solution. It was found that glucose
isomerises to fructose before forming hydroxymethylfurfural
(HMF), rather than the direct transformation to the latter.
Hydroxymethylfurfural converts to ethyl levulinate either via
ethoxymethylfurfural or levulinic acid (LA). Notably, the path-
way leading to EMF is the most thermodynamically favourable.
Moreover, the formation of ethyl glucoside from glucose was
identified as a parallel reaction. These findings are generally in
accordance with the reaction mechanism derived empirically
by Flannelly and collaborators.** The formation of ethyl gluco-
side as a crucial intermediate from the ethanolysis of p-glucose
has been experimentally supported; however, this observation
remains open to theoretical confirmation. It is noteworthy that
few studies have used actual lignocellulosic biomass as a
reactant; propositions of the reaction mechanism responsible
for biomass conversion to ethyl levulinate are consequently
unknown.

3. State-of-the-art of ethanolysis

Numerous studies have detailed the acid-catalysed hydrolysis of
carbohydrates in other alcohols in a one-pot system. These
reports were recently addressed in a comprehensive review by
Galletti and co-workers® in 2020. In the subsequent Discussion
section, Fig. 7-9 present this information, updated to the
present day. This analysis is also summarised in the ESL.f

4. Experimental methodology

All materials were acquired from commercial suppliers and
used without further purification unless stated otherwise.
Ethanol (>99.8%), ethyl levulinate (99%), sulphuric acid (95-
97%), anhydrous dimethyl sulfoxide (>99.9%), diethyl ether
(=99.8%), and 15 mL Ace Glass pressure vessels were pur-
chased from Sigma-Aldrich, whereas anhydrous p-(+)-glucose
(99%) and cellulose (microcrystalline) were purchased from
Alfa Aesar. In addition, sodium hydrogen carbonate (>99.7%)
was purchased from Fisher Scientific.

4.1. Corn cob preparation

Corn cobs cleaned of their kernels have become an important
reference biomass for advanced biofuel applications. Thus, this
study utilizes it as a typical real-world lignocellulosic biomass,
compatible with RED II Annex IX.> Steamed corn on the cob
was purchased from a local supermarket and washed to remove
any non-lignocellulosic mass. The corn kernels were removed,
and the cob was sliced into ~2.5 cm pieces. The pieces were
weighed and then dried over several days in an oven at 70 °C
until no further mass loss was observed. The dried corn cobs
were then mechanically broken into smaller pieces and ball-
milled for 2 hours. The milling was done using a Glen Creston
Spex 8000 mixer/mill with stainless steel balls characterized by
a powder charge ratio of 15:1.

1442 | Energy Adv., 2024, 3,1439-1458
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The resulting powdered corn cob was sieved using a Retsch
mesh sieve to isolate and then collect corn cobs of 100-125 pum.
These particles were subsequently stored under vacuum in a
desiccator until use. For consistency, the p-(+)-glucose and
cellulose feedstocks were also sieved to a particle size of 100-
125 pm.

4.2. General reaction procedure

Feedstock, ethanol, and sulfuric acid were added to a 15 mL
pressure tube with a magnetic stirrer. The total mass of the
three reactants was set at 5 grams, and the percentage mass of
each reactant was adjusted according to the desired reaction
conditions. The pressure tube was tightly sealed and placed in
an insulated aluminium heating block at 150 °C for the desired
reaction time. The heating block was insulated with a 2.5 cm
layer of Styrofoam covered with tin foil that enclosed all sides of
the block. After completion, the pressure tube was placed in a
Teflon rack and air-cooled to guarantee that the contents
returned to the condensed phase.

The mixture was centrifuged at 5500 revolutions per minute
for 7 minutes at room temperature. Centrifugation was per-
formed on a ThermoScientific TM Sovall TM ST 8 small bench-
top centrifuge with a ThermoScientific Tm HIGHConic TM III
fixed angle rotor. The solid residue removed via this process
may contain both unreacted feedstocks as well as humins
formed during alcoholysis. After the supernatant had been
separated, the reaction was neutralised using 50 milligram of
sodium hydrogen carbonate.

Two separate reactions were performed for each set of
conditions and two gas chromatography samples were pre-
pared for each reaction. This procedure produced 4 data points
for each set of reaction conditions.

4.3. “Yield” calculations from global chemical reactions

The known mechanism of the global acid-catalysed reaction
yielding ethyl levulinate can be reasonably generalised as
follows:
Glucose:

C¢H;,04 + C,HsOH + H" « C,H,;,0; + 2H,0 + HCOOH + H*
(1)
Cellulose:
(CeH1¢0s),, + nC,Hs0H + H > nC,H;,0; + nH,0 + nHCOOH +
H' (2)
Corn cob:

Y(CeH,05), + YnC,HsOH + H' < YnC,H,,0; + YnH,O +
YnHOCOH + H' (3)

Diethyl ether:

C,H;OH + C,HsOH + H" < C,Hs0C,H;s + H,O + H'
(4)

where Y is the mass fraction of cellulose in the corn cob sample.
These relations reveal that the maximum potential yield of
ethyl levulinate is directly correlated with the number of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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added carbohydrate fraction, regardless of their specific form,
e.g., glucose, fructose, cellulose, or raw biomass. Notably, the
accuracy of the outlined global reactions profoundly influences
the resulting yield values, a principle extending to previous
works reporting yield percentages. Accurate assignment of
these values necessitates a comprehensive understanding of
the underlying reaction mechanism, a subject formally stated
in the Kinetic model section of this study.

Ideally, the alcoholysis yields achieved would be expressed
in molar form. However, to perform this calculation for real-
world biomass, several assumptions must be made. Firstly, all
ethyl levulinate produced must be assumed to come from the
cellulose portion of the biomass. This is an unrealistic assump-
tion and is contested in this paper. Secondly, the molar yield
would be dependent on the accuracy of the biochemical analy-
sis and would thus naturally embody an additional uncertainty.

Therefore, the ethyl levulinate yield was approximated as the
fraction between its mass and the mass of the feedstock added
(glucose, cellulose, or corn cob). This simplification, although
arbitrary, seems reasonable and, more importantly, disregards
unrealistic assumptions.

_ Ethyllevulinateformed (g)

Yieldof ethyllevulinate (%) = Feedstockadded (g) x 100%

(5)

4.4. Gas chromatography analysis

Following quenching, an aliquot of the liquid-phase reaction
mixture was carefully sampled and assessed via gas chromato-
graphy (GC). All samples were prepared on gravimetric basis as
an aliquot of the reaction mixture (500 mg) was diluted in
dimethyl sulfoxide (DMSO) such that the mass ratio of DMSO to
the reaction mixture was 400 : 1. The mass of DMSO needed was
recorded. Then, the solution was transferred to a crimp top vial
for GC analysis. Such an analysis was performed on a Perki-
nElmer Clarus 580, GC-FID, equipped with an Agilent DB-624
column (30 m, 320 pm i.d., 1.80 pum film) using the TotalChrom
6.3.2 software package (MA, USA). Hydrogen was used as the
carrier gas, with a constant flow of 2 mL min~'. The inlet
temperature was maintained at 493.15 K with the detector set to
543.15 K. A sample volume of 1 pL was injected at a split
of 40:1. The oven conditions were: 348.15 K for 2 minutes,
10 K min~* to 423.15 K; 20 K min~* to 443.15 K, 10 K min ™' to
493.15 K.

4.5. Feedstock analysis. Ultimate analysis

Ultimate analysis was conducted to measure the elemental
content of carbon (C), hydrogen (H), and nitrogen (N) in the
samples using a Flash 2000 CHNS Analyzer from Thermo
Scientific. The instrument was checked/calibrated using both
calibration standards and certified biomass reference materials
from elemental microanalysis (UK). About 3 mg of the sample
was weighed into a tin capsule in duplicates, and trapped air
was squeezed out as much as possible by carefully crimping the
capsule containing the weighed sample. The sample is dropped
in the Flash 2000 CHNS analyser preheated to 900 °C in a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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continuous stream of helium. A known quantity of oxygen is
then briefly added, and the sample burns. The combustion
products are further processed in an oxidation/reduction reac-
tor to be in the desired form of CO,, H,O, and N,, then
separated with a gas chromatography column and lastly mea-
sured by means of thermal conductivity detection.

4.6. Steady state conditions and uncertainties

From thermodynamics, a reaction will proceed until the pro-
duct and reactants are present at concentrations that minimise
the (Gibb’s) free energy of the system according to:

AGy = —RTIn Keq (6)

where AG, is the standard state Gibb’s free energy, R the gas
constant, T is the temperature, and K., the reaction quotient at
equilibrium (i.e., the equilibrium constant). The equilibrium
mixture fraction is a pivotal parameter in the validation of
physics-based analysis, that may be used to assess the techno-
economic viability of a process, such as kinetic models. It is our
thesis that these models can and should have basic theoretical
underpinning, such as the conservation of elemental mass and
validity to thermodynamic equilibrium.

For this purpose, it is important to measure the mass of
reactant, product, and co-products in as far as is possible
(ethanol, ethyl levulinate, diethyl ether, humins and, if possi-
ble, water) as this determines the theoretical maximum yield of
the process, with the inclusion of the influence of molecular
thermodynamics. Thus, such experimental data can be used to
inform the fundamental quantities of eqn (6), extending the
validity of a model beyond the specific experimental study it
has been developed with. Therefore, steady state fractions of
reactants, products, and co-products and the formation time
required are specifically targeted as information by which to
characterise and numerically model the synthetic process. For
this purpose, the time at which steady state occurs must be
objectively defined. We suggest the shortest reaction time at
which the mass of ethyl levulinate is constant within experi-
mental uncertainty (typically & 10%) across three consecutive
time points.

4.7. Reproducibility and repeatability

Experiments and gas chromatography analyses were replicated
under the same conditions to guarantee the reproducibility of
the tests. Duplicate experiments were performed for every set of
reaction conditions, and duplicate gas chromatography ana-
lyses were performed for each experiment, thus giving four data
points for every set of reaction conditions. The uncertainties
presented for the data points on the graphs are the standard
deviations of the four data points at those experimental condi-
tions. The uncertainties of the steady state concentrations and
yields are the standard deviations of data points satisfying the
equilibrium conditions (32-40 data points).

4.8. Hierarchical mass conserved chemical kinetic modelling

A chemical kinetic model for the acid-catalysed ethanolysis of
glucose, cellulose, and corncob was developed to evaluate the

Energy Adv., 2024, 3,1439-1458 | 1443
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applicability of the global chemical eqn (1)-(4) above, providing
a basic comprehension of the reaction mechanism with asso-
ciated kinetics.

4.8.1. Hierarchical elemental mass conserved reaction
mechanism. Given the ubiquitous chemical structure of mono-
saccharides across various biomasses, a hierarchical learning
approach is a valuable concept for managing the chemical
complexity of biomasses and equating its reaction behaviour
to fundamentals. Given the commonality in chemical structure,
the reaction behaviours and kinetics observed in glucose can be
extrapolated to cellulose, and those of cellulose extrapolated to
lignocellulose (e.g., corn cob). An obvious but important physi-
cal imposition here is that of mass conservation. Each reaction
incorporated in the kinetic model is mass conservative. This
provides an important mathematical constraint when deriving
the “optimal” kinetic constants from experimental observa-
tions and also in deducing what reaction mechanism best
describes those observations and, therefore, which global
chemical reactions most fairly summarise the system.

Table 4 and Fig. 3 list a collection of reactions, hierarchically
constructed considering one submodel at a time: diethyl ether,
glucose, cellulose, and finally, corncob. The dehydration of
ethanol to diethyl ether is studied in parallel with each sub-
model. Due to the unknown nature of the system, this reaction
network was proposed based on the major species detected.
Fig. 3 shows mass-conserved reactions comprising the kinetic
model proposed for the ethanolysis of glucose, cellulose, and
corncob. Reactions (3)-(9) were optimised to all glucose data.

View Article Online

Energy Advances

Reactions (10)—(13) were optimised with the addition of cellu-
lose data. Reactions (14)-(18) were optimised with the addition
of corncob data. The composition of unknown variables is
dependent upon the source species and the catalytic nature
of the reaction under consideration.

4.8.2. Diethyl ether. The oversight of diethyl ether as a
significant co-product in literature studies of the alcoholysis
process is a major shortcoming of previous kinetic models for
ethanolysis. This gap in understanding contributes to the
present limitation in performing an accurate TEA of ethyl
levulinate production. In this study, the condensation reaction
of ethanol to diethyl ether is represented as an acid-catalysed,
reversible reaction. This submodel also includes the protona-
tion and deprotonation of ethanol and water.

4.8.3. Glucose. The conversion of monosaccharide gluco-
pyranose to ethyl levulinate is modelled to proceed through the
intermediate ethyl glucopyranoside. This is the main experi-
mentally observed pathway.®’ Humins resulting from glucose
ethanolysis is modelled via the formation of “Unknowngycose”
from both glucopyranose and ethyl glucopyranoside.

4.8.4. Cellulose. The more complex cellulose molecule is
modelled to depolymerise via two reaction pathways due to the
presence of both ethanol and water in the reaction system: (i) an acid
hydrolysis pathway and (ii) an acid ethanolysis pathway. Cellulose is
either depolymerised along the acid hydrolysis pathway to form
glucopyranose or throughout the acid ethanolysis pathway to pro-
duce ethyl glucopyranoside. Humin formation from cellulose etha-
nolysis is modelled through the production of “Unknowncejiose”

Corncob Corncob Diethyl ether submodel
submodel
R14
/\ +H /\
—_—
OH — OH
Ny R1
Unknown(H")pemiceltutose RI7 y Unknown(H")Lignin Ethanol Ethanol
+H" — Hemicellulose Lignin {L R3
+C,H;OH
Ubltnowngsminiiics - K18 Cellulose RI6 Unknowny jgin H 2558
Cellulose
) Unknown(H")cartutose /\ /\
submodel y o
.
Q‘ Diethyl ether
) RI3 Unknownceiyiose * Y
—_—
R10, RI11 R2
+H,0 +C,H;OH
7 AN
Glucose & .
(6] (0] (0]
submodel o o HO ~
+C,Hj - H,0 0O
N\ “y W 0 bl
i R6_- HO OH - Hy0 HOV 'OH -HCOOH
— R4 i RS o}
Unknown(H")Gjucose OH U“k“OW"(H+)Enl\yl Glucopyranosides RO OH Ethyl levulinate
R7, D-Glucopyranose Ethyl Glucopyranosides
Unknowngpseese Unknowngny1 Glucopyranosides

Fig. 3 Proposed chemical kinetic model, and set of sub-models, detailing the reaction mechanism of corncob, cellulose, and glucose to produce ethyl

levulinate under sulphuric acid-catalysed ethanolysis conditions.
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4.8.5. Corn cob. Corn cob is a typical real-world lignocel-
lulosic biomass. Modelling the chemical reaction of such
lignocellulosic matter requires resolving the challenge pre-
sented by its complex and variable chemical composition. To
achieve this, the concept of a surrogate is proposed, where a
surrogate is a synthetic composition of each of the main
biopolymers comprising any lignocellulosic biomass, (cellu-
lose, hemicellulose, and lignin), where each fraction is matched
to the respective fraction comprising the actual lignocellulose
in question.

Within this framework, in the absence of better information,
the lignocellulose is assumed to instantaneous depolymerise to
the respective fractions of cellulose, hemicellulose, and lignin,
at the mass ratio learned from biochemical analysis (i.e., for
corncob 40.8:46.7:12.5, cellulose: hemicellulose: lignin).®>
The molecular composition of cellulose and hemicellulose are
defined in terms of the monomeric units, n, (C¢H100s), and
(CsHgO,)y, respectively, which is consistent with the dehydrated
repeating monomeric structures of glucose and xylose.®*%*
The experimental measurement of the mass fraction of
each biopolymer allows for the determination of the value
of n. The definition of a standardized unit of corn cob is based
on a stoichiometric analysis, allowing this unit to decompose
into one monomer of cellulose and therefore 0.882 monomers
of hemicellulose. This facilitates the composition of lignin to
be inferred from the remaining elemental balance of the
corn cob.

4.8.6. “Unknowns”. Both non-catalytic and catalytic path-
ways are modelled to produce “Unknowns” from each inter-
mediate, which are essential to describe the partial
consumption of the acid and the formation of humins and
other soluble species (“Unknowns’”). The elemental composi-
tions of humins were determined experimentally to have an
approximate carbon-to-hydrogen molar ratio of 1:1. Conse-
quently, this ratio is used as the molecular composition of
“Unknowns” in the model. Furthermore, it is assumed that
“Unknowns” formed from lignin maintain a consistent molar
ratio to the initial structure and this process yields between 0
and 4.5 water molecules. The oxygen content of each
“Unknown” species is inferred from arithmetic involving its
precursor intermediate and the number of water molecules
produced.

4.8.7. Kinetic model optimisation. A hierarchical approach
was employed for optimising the kinetic constants to experi-
mentally derived values. Each submodel was optimised to time-
resolved experimental data for the corresponding feedstock
component using the Phase 1 module of the MLOCK coded-
algorithm® under two postulates: i. the system is isobaric and
homogeneous, and ii. the sulfuric acid fully dissociates at the
reaction temperature. Our group has developed this algorithm
to optimize kinetic models for the pyrolysis of hemicellulose
and lignin through the generation and evaluation of sets of
solutions by simultaneous perturbation of Arrhenius para-
meters. The submodels were optimised in ascending order
according to their chemical complexity, i.e., diethyl ether,
glucose, cellulose, and corncob. Once derived, the rate

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

constants for each submodel were held constant in the overall
system during subsequent optimisations.

A set of ordinary differential equations were used to describe
the concentrations of the species in the system as a function of
time, as exemplified for glucopyranose:

d[glucopyranose]

ir = k1o[H307][cellulose]

— (k4)[C2HsOH,t][glucopyranose] @)
— (k¢ + k7)[H"][glucopyranose]

where k;, is the rate constant to produce glucopyranose from
cellulose, k4, ks, and k, represent the conversion rate of gluco-
pyranose to ethyl glucoside, “Unknown(H")gucose”, and
“Unknowngjycose”’, respectively. In the first iteration, these
constants were collected from the literature.®® Then, the system
of differential equations was solved numerically using Cantera.
The discrepancies between the concentration predicted by the
model and the corresponding experimental value of the key
species were calculated using least square errors, averaged
across each experimental condition:

P t t 2
Zf: xexp,i + xmodel,i
=0 xéxp (8)

All exp conditions Nxexp

Error; =

where Xt is the mass of species i measured experimentally
after time ¢, xﬁmdel‘i stands for the mass of species i calculated
by the model after time ¢, and Nxexp represents the number of
experimental data points.

By varying the rate constants input into the model, an
objective error function was calculated. The minimum of the
error function was found, and the corresponding rate constants
were selected as the empirical rate constants, which allows for
the best reproduction of the experimental data. Tables 4 and 5
show the rate constants derived from the optimisation of the
kinetic model and the overall fidelity of the model to reproduce
the mass of ethyl levulinate, diethyl ether, and humins formed
experimentally. The rate constants from the reaction of glucose
in ethanol (k;-k,) are first optimised and are then held constant
in the model in order to derive the subsequent rates of the
reaction of cellulose in ethanol (k;0—k;3). These rate constants
are similarly held constant to derive the final rates for the
reaction of corncob in ethanol (k;5-k;5). The corresponding
model’s predicted species concentrations are discussed in the
results section.

4.8.8. Fidelity index. A fidelity index was calculated to
assess the overall chemical performance of the model. To
accurately assess how well the chemical kinetic model predicts
the real-world kinetics of this process, the fidelity index includes
two terms: an R* term and a mass-conservation term. The R*
metric measures the degree of exactness captured by the model in
terms of experimental reproducibility, whereas the mass-
conservation term assesses the mass fraction quantified after
the longest reaction time-point (i.e., 10000 minutes) relative to
the initial reactant’s mass. This fidelity index is thus defined as:
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EL(g) + Ethanol(g) + DEE(g) + EL(mol) (2 x My,0 + Mucoon ) + DEE(mol) (My,0)

Fidelity index = RMS [RELZ,RDEEz,REtoHZ] X

where M refers to the molecular weight of the relevant species and
RMS the root-mean-square.

5. Results and discussion

5.1. Composition of raw materials

To determine the moisture content of cobs of corn, eight stalks
of steamed corn were purchased at a city supermarket. Each
cob is cleaned completely of all kernels and dried in an oven set
to a controlled temperature of 50 °C. The weights of each cob
are continuously measured over the course of 256 hours.
Considering the inhibitor effects of water on the ethyl levuli-
nate formation, all corn cobs are continuously dried at 50 °C
and weighed every day until no change in mass is observed. The
moisture content of the 8 cobs studied is in the range of (67.5 to
81.1) mass%, while the average of corn cob is (74.8 =+
4.7) mass%.

5.1.1. Feedstock analysis. Table 1 presents the elemental
analysis for glucose, cellulose, corn cob, and other promising
ANNEX IX feedstocks for advanced biofuel production listed in
RED IL.”

Table 1 Ultimate analysis (mass%) of dried feedstocks

Mass% Mass% Mass% H/C mole
Feedstock carbon hydrogen nitrogen ratio
Glucose 40.0 6.7 0.0 2.00
Cellulose 42.0 6.1 0.0 1.73
Corn cob 43.3 5.8 0.6 1.61
Wheat straw 43.4 5.4 0.4 1.51
Barley straw 42.3 5.3 0.4 1.51
Oat straw 41.8 5.3 0.8 1.51

Table 2 Steady states of ethyl levulinate production

Feedstock(g) + Ethanol(g)
©)

5.2. Steady state analysis of the ethanolysis of glucose,
cellulose, and corn cob

The steady state times, concentrations, and yields of ethyl
levulinate recorded for the sulphuric acid-catalysed (0.5
mass%) ethanolysis of glucose, cellulose, and corn cob at 5,
10, and 20 mass%, at 150 °C, are listed in Table 2.

Because of the chemical complexity, the observed steady
state times of ethyl levulinate’s production are the following:
glucose <1000, cellulose <2000, and corn cob <3000 minutes.
This trend is integrated into the construction of the kinetic
model in the form of sub-models. For a given reaction time and
initial concentration of the feedstock, the concentration of
ethyl levulinate formed is observed to be dependent on the
feedstock type. The concentration of ethyl levulinate obtained
from the alcoholysis of glucose and cellulose is approximately
double that obtained from corn cob. This yield of ethyl levuli-
nate from corn cob is higher than that predicted based on the
cellulose content of the corn cob and the experimentally
determined ethyl levulinate yields from pure cellulose. This
discovery indicates that ethyl levulinate may also be derived
from other constituents of the lignocellulosic biomass, such as
hemicellulose, and challenges the common assumption that all
ethyl levulinate produced from the alcoholysis of real-world
biomass is derived from its cellulose content.

The highest average steady state concentrations of ethyl
levulinate produced from the ethanolysis of glucose and cellu-
lose are achieved at the highest mass loading of the feedstock
(20 mass%): (0.41 g £+ 0.07) g, i.e., (40.8 + 7.3)% yield, and
(0.40 g £ 0.06) g, i.e., (39.7 £+ 6.1)% yield, respectively. A clear
dependence is observed between the ethyl levulinate (g) formed
and the initial mass loading of the feedstock for both glucose

Mass of feedstock Acid concentration

Average steady state

Ethyl levulinate Time to reach

Feedstock (mass%) (mass%) mass of ethyl levulinate (g) yield (mass%) steady state (min)

Glucose 5 0.5 0.12 £ 0.01 46.6 £ 3.7 500-1000
10 0.23 £ 0.01 45.0 £ 2.7
20 0.40 £ 0.07 404 £ 6.7

Cellulose 5 0.5 0.13 £ 0.01 50.2 + 5.4 1000-2000
10 0.24 £ 0.03 48.3 £ 5.7
20 0.39 £ 0.08 389+7.5

Corn cob 5 0.5 0.07 £ 0.01 27.0 £1.9 2000-3000
10 0.11 £ 0.01 21.4 £ 2.7 1000-2000
20 0.06 £ 0.02 6.3 1.5 2000-3000
20 2.0 0.20 £ 0.05 19.6 + 4.8 2000-3000

Average steady state masses, average steady state yields and time taken to reach steady state for ethyl levulinate production via sulphuric acid
catalysed ethanolysis (according to the previously defined conditions to achieve steady state) for the three loadings of each of the three feedstocks

at 150 °C. Uncertainty = 1 standard deviation.
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Fig. 4 Ethyllevulinate (g) [A-C], diethyl ether (g) [D—F], and ethanol (g) [G-I] concentrations present in the product mixture produced from the sulphuric
acid-catalysed ethanolysis of glucose, cellulose, and corn cob (5, 10, and 20 mass%) at 150 °C. The data points represent the average of 4 experimental
data points, while the error bars are the standard deviation of those 4 points. The lines are produced by the chemical kinetic model.

and cellulose. Surprisingly, this trend is not observed for corn
cob, a real-world lignocellulosic biomass.

The amount of ethyl levulinate produced from the ethano-
lysis of corn cob, with 0.5 mass% acid, scales linearly with the
initial mass loading of feedstock until some critical value above
10 mass% of feedstock. Initially, the maximum steady state
concentration achieved for corn cob is (0.10 + 0.02) g, i.e., (20.3
=+ 3.5)% yield, by utilizing 0.5 mass% of acid at 10 mass% of
feedstock. Conversely, the ethyl levulinate formed for 20 mass%
of corn cob was only (0.06 + 0.02) g, i.e., (6.3 & 1.5)% yield. This
could be triggered by the changing feedstock to acid ratio, as
the sulphuric acid concentration is kept constant (0.5 mass%).
Therefore, an additional time-dependent data set for corn cob
(20 mass%) with a higher acid concentration (2 mass%) is
performed to improve the yield of ethyl levulinate, leading to
(0.20 £ 0.05) g, i.e., (19.6 £+ 4.8)% yield. This shows that the
ethyl levulinate production from corn cob requires the acid
concentration to be scaled with the biomass concentration,
indicating that the process is not fully catalytic. To investigate
the catalytic nature of lignocellulosic alcoholysis, another set of

© 2024 The Author(s). Published by the Royal Society of Chemistry

acid-dependent experiments are performed and are discussed
in the next section.

The highest average steady state yields of ethyl levulinate
produced from the ethanolysis of glucose (46.6 + 3.7), cellulose
(50.2 & 5.4), and corn cob (27.0 £ 1.9) mass% are achieved at 5
mass% feedstock, 0.5 mass% sulphuric acid, and 94.5 mass%
ethanol at 150 °C. Notably, the yield of ethyl levulinate
decreases as the feedstock loading increases. This trend tends
to result in studies configuring a lower feedstock concentration
relative to the ethanol and acid concentrations to achieve
maximum yields of ethyl levulinate. It is important to appreci-
ate the techno-economic realities when considering the com-
mercialisation of such a process. While lower feedstocks
loadings may result in higher ethyl levulinate yields, this also
results in greater use and consumption of the costly alcohol,
which accounts for approximately 38% of the total process."®

This trend is amplified for corn cob as there is a significant
drop in ethyl levulinate yield as the feedstock loading increases.
The yield drops from 27.0 to 6.3% at 5 and 20 mass% of corn
cob, respectively. This indicates that protons are irreversibly

Energy Adv., 2024, 3,1439-1458 | 1447
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consumed at higher concentrations of biomass relative to the
sulphuric acid, preventing the reaction from proceeding. These
findings are illustrated in Fig. 4. This hypothesis is further
evidenced by the quantities of diethyl ether present in the
reaction mixture. For glucose and cellulose, a small drop in
diethyl ether production is observed, as the feedstock loading
increases. This is due to the decrease in concentration of
ethanol in the reaction as the formation of diethyl ether is
both a function of initial acid and ethanol concentrations.
Therefore, a small drop in diethyl ether production is expected
for these reaction conditions. However, at 20 mass% of corn
cob, a negligible quantity of diethyl ether is produced. This
again indicates that for the real lignocellulosic biomass, corn
cob, the hydrogen cation is being consumed in some irrever-
sible process so that the reaction cannot proceed, indicating
that the reaction is not wholly catalytic.

5.3. Effect of acid concentration on yields

A series of experiments are performed to determine the effect of
acid concentration on the alcoholysis of biomass to produce
ethyl levulinate at three different feedstock:acid ratios (10:1,
20:1, and 40:1) and feedstock loadings (5, 10, and 20 mass%)
for glucose, cellulose, and corn cob; see Table 3. Two sets of
experiments are carried out to evaluate the catalytic nature of
this system at a constant mass mixture of 5 g: one at steady
state conditions (reaction time of 6000 minutes) and one at
kinetic phase conditions (reaction time of 1000 minutes), as
shown in Fig. 5.

At 6000 minutes, when the reaction is at steady state, the
amount of ethyl levulinate formed from glucose and cellulose is
independent of the acid concentration. This is also true for
glucose at 1000 minutes, as this reaction has reached its steady
state at this point. This further supports the catalytic features of
this process driven by the regeneration of hydrogen cations.

Table 3 Acid-dependent study of ethyl levulinate production at 6000
minutes

Feedstock: acid mass ratio

10:1 20:1 40:1
Feedstock
Feedstock (mass%) Steady state ethyl levulinate yields (mass%)
Glucose 5 46.5 £ 1.7 53.4 + 6.1 45.4 £+ 10.3
10 41.6 £ 2.5 43.4 £ 5.7 51.3 + 12.7
20 41.7 £ 2.6 415 £ 5.4 394 £ 1.8
Cellulose 5 49.2 £ 2.1 51.0 £ 4.1 40.7 £ 5.8
10 43.0 £ 1.5 429 £ 1.3 53.3 £18.5
20 43.1 £ 3.1 39.9 +£4.1 41.4 £1.0
Corn cob 5 26.2 + 2.2 13.0 + 1.0 3.7+£14
10 23.9 + 4.0 22.4 + 4.6 58+ 04
20 20.6 £ 5.3 18.9 £ 0.2 6.4 +0.3

Yields (mass%) of ethyl levulinate produced from the sulphuric acid-
catalysed ethanolysis of glucose, cellulose, and corn cob (5, 10, and 20
mass percent) for three different feedstock-to-acid ratios (10:1, 20:1,
and 40:1) at 150 °C for a reaction time of 6000 minutes. Four
experiments are performed for each data point, and the error is the
standard deviation of those four points.
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Fig. 6 Ethyl levulinate (g) and diethyl ether (g) produced from the sul-
phuric acid-catalysed ethanolysis of glucose, cellulose, and corn cob (5,
10, and 20 mass %) for three different feedstock-to-acid ratios (10:1, 20 : 1,
and 40 :1) for a reaction time of 6000 minutes at 150 °C.

However, for cellulose at 1000 minutes, the reaction is still in
the kinetic phase, meaning that the steady state has not been
reached. At this point, the ethyl levulinate formed is dependent
on the acid concentration, indicating that the concentration of
acid appears to only affect the rate of the reaction but not the
concentration of ethyl levulinate in steady states.

For corn cob at 6000 minutes, the amount of ethyl levulinate
formed is dependent on the concentration of acid until some
critical value. At a feedstock:acid ratio of 40 : 1, the amount of
ethyl levulinate and diethyl ether is negligible, evidencing the
population of protons is too low to catalyse the reactions as they
are consumed via an unexplored mechanism. Diethyl ether is
an unavoidable co-product in the acid-catalysed ethanolysis of
biomass. As shown in Fig. 6, the produced amount of this
species is dependent on the acid content added to the system. It
is, therefore, desirable to use the minimum concentration of
acid necessary in order to minimise diethyl ether production.
The determination of this minimum concentration for the case
of sulphuric acid is essential for the TEA of such a process. For
corn cob at 150 °C, this feedstock:acid ratio is in the range of
10:1 to 20:1.
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ethyl ether (g) produced from the sulphuric acid-catalysed ethanolysis of glucose, cellulose, and corn cob (5, 10, and 20
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d varying the feedstock-to-acid ratio (10:1, 20:1, and 40 : 1) to determine the acid dependence of the process in both
ses. The square, cross, and circle data points represent experimental data, and the lines represent the chemical kinetic
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5.4. Comparison with literature

Numerous studies have detailed the acid-catalysed hydrolysis of
carbohydrates in other alcohols in a one-pot system. These
reports were recently addressed in a comprehensive review by
Galletti and co-workers.®

Fig. 7-9 analyse the “‘yield” of ethyl levulinate reported by
literature studies as a function of (i) catalyst type, (ii) reaction
temperature, and (iii) feedstock type, respectively. Fig. 7 and 8
only consider glucose as the feedstock, and thus, all yields have
been converted to molar yields based on eqn (1). Fig. 9 com-
pares real-world biomass, and therefore, all yields are converted
to mass yields, consistent with all yields reported in this work.

On examination of the literature in this way, it is clear that
there has been no coherent overarching attempt to system-
atically study the reaction conditions with a view to under-
standing their influence on the rate and/or yield of ethyl
levulinate. Rather, the studies are more of a stand-alone nature,
resulting in an unorganised ensemble of experimental para-
meters and associated observations. This sort of ensemble may
lend itself to mathematical analysis such as multiple linear
regression, or principal component analysis, whereby the
dependence of a performance variable (ethyl levulinate concen-
tration) is delineated with respect to each parameter of an
ensemble. In this example, the ensemble would be catalyst
type, catalyst concentration, reaction temperature, feedstock
type, feedstock concentration, and importantly, reaction time.
Efforts to form an accurate multiple linear regression model for
this literature data produced a low-quality model. This is due to

© 2024 The Author(s). Published by the Royal Society of Chemistry

the variability in experimental parameters being too wide, and
insufficient experimental data. The model is provided as ESL

Though an entirely objective numerical assessment of the
importance of each parameter is, at the moment, inconclusive,
even with the wide variability in conditions studied, given the
data available, we believe that the following basic statements
are essentially true.

1. Longer reaction times achieve higher ethyl levulinate
“yields”, until the steady state of ethyl levulinate production
has been achieved.

2. Higher reaction temperatures achieve higher ethyl levuli-
nate “‘yields”, but do not affect the ethyl levulinate “yield” once
steady state has been achieved.

3. Higher feedstock loadings achieve lower ethyl levulinate
“yields”.

4. Reaction time, reaction temperature, and feedstock load-
ing appear to be dominant determinators of “yield”.

5. There appears to be no clearly discernible influence on the
effectiveness of particular catalysts to achieve greater actual
steady state yields. From Fig. 7, of the five generic classes of
catalyst, comparably high yields of 56, 61, 67, and 81 mol% are
achieved with four different catalyst types, notably also depen-
dent on reaction time and temperature. Reports of the perfor-
mance of the zeolite catalyst class indicate they may produce a
marginally higher yield of ethyl levulinate, but this is not at all
conclusive.

6. With regard to feedstock identity, yields obtained with
actual biomasses are significantly lower than those achieved
with glucose or cellulose. The higher yields are reported for
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corn cob (27%, this study), Mandarin peel (28%), and Cassava
(31 and 36%). Given our understanding that the alkyl levuli-
nates are principally produced from the cellulosic fraction of
the biomass, these observations are plausible. It is important to
note that nine of the thirteen studies on real biomasses, report
yields much lower than 25%.

5.5. Ether effect: composition of reaction mixtures

Despite the surge of interest in the synthesis of alkyl levulinates
from pure carbohydrates and lignocellulosic biomass, studies
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Fig. 10 Composition of the reaction mixture (mass%) at reaction condi-
tions that give the highest ethyl levulinate to diethyl ether ratio normalised
to 100% based on the 6 main components of the reaction mixtures. The
ethyl levulinate, diethyl ether, ethanol, and humins concentrations are
experimentally measured. The water and formic acid concentrations are
calculated stoichiometrically.

Table 4 Elucidated kinetic model. rate constants, k, determined at 150 °C

View Article Online
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Table 5 Coefficient of determination (R?) and fidelity index of glucose,
cellulose, and corncob

Error (R%)
Feedstock Ethyl levulinate Diethyl ether Ethanol Fidelity index (%)
Glucose 0.97 0.94 0.97 86.1
Cellulose 0.97 0.94 0.97 85.2
Corncob  0.87 0.95 0.97 84.5

rarely determine the concentrations of the other main co-
product, dialkyl ether, and the other feedstock, the
alcohol.'®?17%76:81.82 I Jiterature studies, optimal yields of ethyl
levulinate are targeted without consideration of the formation of
major co-products, knowledge of which is essential to determin-
ing techno-economics. This trend tends to result in the studies
configuring a lower feedstock concentration relative to the ethanol
and acid concentrations so as to achieve maximum yields of ethyl
levulinate. It is important to appreciate the difference between the
yield of product (a ratio) and quantity of product (how much is
produced in unit batch). Additionally, this practice has the unin-
tended and undesirable effect of maximising the production of
dialkyl ether. Surprisingly, the ether effect appears to be mostly
overlooked in the literature.

Fig. 10 shows the product concentrations (mass%) at the
shortest time at which the steady state of ethyl levulinate
production has been reached, for 20 mass% of feedstock (with
1 mass% sulphuric acid for glucose and cellulose and 2 mass%
sulphuric acid for corn cob), as this produced the highest
concentration of ethyl levulinate relative to diethyl ether out
of the three feedstock loadings. The concentrations of ethyl
levulinate, diethyl ether, ethanol, and humins are experimen-
tally determined as above, whereas the content of water and
formic acid are modelled stoichiometrically from eqn (1)-(4).

For cellulose and glucose, Fig. 10 shows that ethyl levulinate
represents 9 mass% of the reaction mixture for both feedstocks,

# Reaction k (em® mol ' s71)
1 C,H;OH + H" = C,H;0H," 2.34 x 10*°
2 H,0 + H" = H;0" 3.74 x 10®
3 C,H;0H + C,H;0H," = C,H;0C,H; + H;0" 1.34 x 10*
4 CgH 1,06 + C,Hs0H," — CgH;606 + H;O" 5.20 x 10°
5 CgH;06 + CZH50H2: — C,H;,0; +(H+)COOH + H,0 + C,H;0H," 8.26 x 102
6 CeH1,06 + H — Unknown(H")grucose + 3-5H,0 2.37 x 10

7 CeH1,06 + H' > Unknowngyeose + 3H,0 + H' 1.03 x 10"
8 CgH1606 + H' — Unknown(H )gehylglucoside + 4.5H,0 5.45 x 10"
9 CgH1606 + H — Unknowngnyigiucoside + 4H,0 + H' 1.19 x 10?
10 (CeH1O05), + H;O" — CgH1,06 + H' 2.00 x 10’
11 (CeH1005), + CH5;0H," — CgH;606 + H' 4.48 x 10°
12 (CeH1005), + H — Unknown(H")cenrutose + 2.5H,0 8.84 x 10°
13 (CeH1005), + H — Unknowncenylose + 2H,0 + H 2.57 x 10"
14 Corn cob + Hi - 0.8?2 (05?8%4),1 + (CeH1005), + Lignin + H 1.00 X 1011
15 Lignin + H — Unknown(H")Lignin 1.41 x 10
16 Lignin + H" — Unknownygnin + H' 7.31 x 10°
17 Hemicellulose + H* — Unknown(H")gemiceltulose + 2H20 9.98 x 10”
18 Hemicellulose + H" — Unknownyemiceliulose + H' + 1.5H,0 7.11 x 10°
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Fig. 11 Product concentrations as a function of time for the acid-catalysed (0.5 mass%) ethanolysis of glucose (top left), cellulose (top right), corn cob
(bottom left) and corn cob with 2 mass% of sulphuric acid (bottom right) at 20 mass% of feedstock at 150 °C. All data points shown are the average of four
experimentally determined data points, while the error bars are the standard deviation of those four points. All lines are produced by the chemical kinetic
model where “Solid Residue — Model” is calculated by summing the masses of all species labelled as “unknown" in Fig. 3 and Table 4.

with ether at 15 and 19 mass%, respectively. Conversely, for the
real-world biomass, corn cob, ethyl levulinate is 5 mass%. Not
surprisingly, the latter feedstock produced more diethyl ether
as the amount of acid added is the highest. Therefore, to
minimize the diethyl production while maximising ethyl levu-
linate formation, a minimum concentration of sulphuric acid
should be used. Results show that this ideal feedstock:acid
ratio falls in the range 10:1-20:1 at 150 °C for corn cob.
From Fig. 9, the catalyst concentrations typically employed
in the literature are large, in the order of 0.5-15 mass%. Given
that the analysis of Fig. 10 uses a lower concentration, 0.5-2%
acid, it is reasonable to assume that the use of higher acid
fractions would result in higher ether concentrations. Likewise,
from Fig. 9, the feedstock concentrations employed in this
study are higher than that of most literature. This means that
in available studies, ether formation is higher than what is
depicted in Fig. 10. Alcohol consumption and ether formation
significantly affect the techno-economic viability of the process,

© 2024 The Author(s). Published by the Royal Society of Chemistry

which underscores the need for a fundamental knowledge of
the ether effects.

5.6. Chemical kinetic model

Currently, the reaction pathways and kinetics of the acid-
catalysed ethanolysis of lignocellulosic biomass are not funda-
mentally known. The model is evaluated against the time-
resolved experimental data to derive the empirical rate con-
stants associated with each reaction in the model reaction
network. Three consecutive optimisations of the glucose, cellu-
lose, and corncob sub-models against each set of feedstock
experimental data resulted in the kinetic rate constants listed
in Table 4. The validity of the model in calculating the mass of
ethyl levulinate and diethyl ether produced is assessed by a
fidelity index for each of the feedstocks employed.

The R* value of the model for ethyl levulinate production
from glucose, cellulose, and corncob are 0.97, 0.97, and 0.87,
respectively, as displayed in Table 5. It should be stressed that

Energy Adv,, 2024, 3,1439-1458 | 1453
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both R*> and the fidelity index measure the capability of the
model in predicting the behaviour of glucose, cellulose, and
corncob under ethanolysis conditions. The difference in the
rate of formation of ethyl levulinate between glucose and
cellulose is reproduced by the model with the reaction rate
constant of the depolymerisation reactions of cellulose, reac-
tions (10) and (11). The corncob surrogate model species, which
consists of a non-interacting mixture of cellulose, hemicellu-
lose, and lignin, only considers a reaction pathway to ethyl
levulinate from cellulose. This simplified picture accurately
predicted the yield reduction in the corncob ethanolysis. The
R?value of the model for diethyl ether production from glucose,
cellulose, and corncob are 0.94, 0.94, and 0.95, respectively. The
mass of diethyl ether decreases with increasing mass loading.
This is due to the lower initial mass of ethanol in the system
and the “unknowns” formation through non-catalytic reac-
tions. Notably, the model captures these effects. There is a
higher rate of formation of diethyl ether in the glucose model,
compared to that of cellulose, as a result of the acid consump-
tion in the reaction of cellulose to “Unknowns”. Under similar
conditions, the mass of diethyl ether formed is significantly
less for corn cob than for glucose and cellulose, which the
model also replicates. In these reactions, hemicellulose and
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102%101% 97%
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lignin react with a proton to produce ‘“Unknowns”, reducing
the population of the latter and hindering the formation of
diethyl ether.

Fig. 3 summarises the elucidated kinetic model, which
consists of 18 elementary steps. It should be emphasised that
reactions (3)—(9) are optimised to all glucose data. Reactions
(10)—(13) are optimised to cellulose data. Reactions (15)-(18) are
optimised to corncob data. The composition of “unknown”
variables is contingent upon the source species and the cataly-
tic nature of the reaction under consideration.

Fig. 11 shows the species concentration as a function of time
for the sulphuric acid-catalysed ethanolysis of glucose, cellu-
lose, and corn cob (20 mass%) at 150 °C as produced by the
model. The model accurately predicts the relationship between
these variables, overestimating, however, the mass of solid
residue. This inconsistency might be related to the soluble
species of humins present in the reaction mixture. This may
also be due to the mass loss of humins during centrifugation,
which is highlighted in the elemental balance results section.
Moreover, the effect of reactant concentration and the extent of
hydrogen cation consumption on the relative concentrations of
ethyl levulinate, diethyl ether, and ethanol are accurately repro-
duced by the model.

Cellulose

98%
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Fig. 12 Mol% of carbon, hydrogen, and oxygen recovered at the end of 5, 10, 20 mass% glucose, cellulose, and corn cob ethanolysis for 10 000 minutes

at 150 °C.
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5.7. Elemental balance

An elemental balance is performed to aid in the TEA of the
process. The moles of carbon, hydrogen, and oxygen in the
products of this reaction (ethyl levulinate, diethyl ether, etha-
nol, humins, formic acid, and water) are quantified and
expressed as a percentage of the moles of carbon, hydrogen,
and oxygen present in both the feedstock and added ethanol.
The concentrations of ethyl levulinate, diethyl ether, and etha-
nol are determined via gas chromatography. Two principal
sources of potential mass loss are identified in the process:
(i) loss of gases and (ii) humins loss during centrifugation. Both
mechanisms are responsible for the trends observed in Fig. 12.
Mass loss is greatest in both the 5 and 20 mass% of feedstock
reactions.

For 5 mass% of feedstock, there are higher ethanol and acid
concentrations relative to feedstock. This favours the formation
of diethyl ether and thus increases the pressure inside the
reactor. Higher pressures resulted in a greater mass loss during
the reaction. In contrast, for 20 mass% of feedstock, a higher
humins formation is observed, and thus the loss increases
during centrifugation.

6. Conclusions

A self-consistent, hierarchical, and mass-conserved chemical
kinetic model that accurately replicates experiments of the
ethanolysis of glucose, cellulose, and corncob is elucidated
and validated. As a key novelty, the model employs the bio-
chemical composition of the corn cob as a compositional
surrogate, extending fundamental orientated kinetic modelling
to actual biomasses, opening the door to allow kinetic models
inform more comprehensive techno-economic-analyses of lig-
nocellulose ethanolysis to produce advanced biofuels. To con-
struct the model, a complete and high-quality experimental
dataset for the steady state conditions of ethyl levulinate
production via sulphuric acid-catalysed ethanolysis at 150 °C
for 5, 10, and 20 mass% for glucose, cellulose, and corn cob is
established.

At all steady state conditions, diethyl ether is observed as the
major reaction product. Minimum diethyl ether concentrations
relative to ethyl levulinate are achieved at the highest feedstock
loading (20 mass%), resulting in mass ratios of approximately
2:1,2:1,and 5:1, for glucose, cellulose, and corn cob, respec-
tively. The critical corn cob-to-acid mass ratio that minimizes
the formation of undesired co-products (diethyl ether) ranged
from 10-20:1 at 150 °C. The concentration of ethyl levulinate at
steady state, and the time needed to reach steady state is
specifically targeted as it is key information for techno-
economic-analyses (TEA). The required time to reach the steady
state at 150 °C is found to be dependent on the relative
complexity of each feedstock in the order of glucose (1000
minutes), cellulose (2000 minutes), and corn cob (3000 min-
utes). It is shown that the maximum average steady state yields
(mass%) of ethyl levulinate from glucose, cellulose, and corn
cob are respectively, (46.6 + 3.7), (50.2 £ 5.4) and (27.0 & 1.9)%
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and are achieved at 5 mass% feedstock, 0.5 mass% sulphuric
acid, and 94.5 mass% ethanol.

Surprisingly, analysis shows that the yield of ethyl levulinate
achieved from corn cob is higher than that predicted based on
the cellulose content of the corn cob, and the experimentally
determined ethyl levulinate yields from pure cellulose, there-
fore implying alternative sources of ethyl levulinate formation.
This discovery indicates ethyl levulinate may be formed by
atypical conversions of the other biochemical constituents of
corn cob, such as hemicellulose, directly challenging the com-
mon assumption that all ethyl levulinate produced from ligno-
cellulosic biomass comes from its cellulose content alone.

Furthermore, as expected, the steady state concentration of
ethyl levulinate formed from glucose and cellulose is found to
be independent of the acid concentration. Therefore, the con-
version of glucose and cellulose to ethyl levulinate in the
presence of ethanol and sulphuric acid is concluded to be truly
catalytic in nature. Conversely, in the case of corn cob, the
steady state concentration of ethyl levulinate is shown to be
highly dependent on the acid concentration until a maximum
quantity of ethyl levulinate is achieved. The observations pre-
sented are consistent with a basic hypothesis that the hydrogen
cations originating from the acid catalyst are consumed in
some irreversible process. This is further evidenced by the
negligible quantities of diethyl ether observed for experiments
using the lowest corn cob-to-acid mass ratio (40:1), indicating
that the ethanolysis of lignocellulosic biomass is not wholly a
catalytic process.
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