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Article
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Abstract: This study optimizes lactic acid (LA) production from corn stover using a Lewis acid
catalyst. Initially, an equimolar mixture of Al(III):Sn(I) was used as catalyst at 190 °C with 5 wt. %
biomass. Increasing catalyst concentration led to more LA, with optimal results at 16 mM, between 5
and 32 mM. Low catalyst concentration produced mainly dehydration products, furfural, and HMF
from corn stover sugars. Higher catalyst concentration increased LA but led to degradation of
dehydration products into levulinic and formic acids, reducing LA selectivity. Al(IIl) was essential
for LA formation, while Sn(I) was less effective due to low solubility of Sn(ll) species, shown by
Sn(II) in the solid residue. 16 mM of Al(IIl) yielded the highest LA levels, 7.4 g/L and 20.7% yield.
Increasing temperature to 210 °C accelerated LA production with the lowest energy consumption at
the maximum of LA production (0.47 kWh/g LA), though longer treatments caused LA degradation.
AICls has been identified as an ideal catalyst for biomass conversion to LA, being cheap and low in
toxicity.

Keywords: Al(IIT)/Sn(Il); lactic acid; organic acids; energy consumption

1. Introduction

To decrease the dependence on fossil fuels, different strategies are proposed to create
biorefineries that transform renewable biomass into various bioproducts, such as energy, fuels, and
certain platform chemicals. Biomass can be considered the total amount of material derived from
living organisms within a given space at a given time [1]. Biomass sources can vary based on their
composition, with lignocellulosic biomass being the most abundant biomass on earth, with a global
yield of approximately 200 billion tons [2]. It is composed of three different biopolymers: cellulose,
hemicellulose and lignin. In 2023, the global market for lignocellulosic biomass was valued at USD
5.68 billion and is expected to grow to USD 9.18 billion by the end of 2030 [3].

Agricultural harvesting residues have shown potential as carbon sources for the production of
a variety of chemicals. A recent study evaluating the potential of agroforestry residues for the
bioeconomy in the European Union identified wheat straw as the most promising lignocellulosic
material, followed by corn stover [4]. The residue-to-crop ratio of corn stover, averaging 1.13, along
with its chemical composition (17 + 3 wt% of lignin, 37 + 3 wt% of cellulose and 26 + 4 wt% of
hemicellulose), makes it a promising raw material in modern biorefineries [4].

This study focuses on the conversion of lignocellulosic biomass into valuable organic acids
which serve as platform chemicals. This conversion aligns well with the principle of high atomic
economy since elements such as carbon and oxygen are retained in the acids [5,6]. In contrast to
current petroleum methods that form C-O bonds by adding oxygen atoms, breaking down oxygen-
rich natural biomass into organic acids offers a sustainable production approach [7]. Lactic acid (LA)
stands out among organic acids as a highly adaptable bio-based chemical, finding extensive use
across the food, chemical, and pharmaceutical sectors. It is the monomer for the production of
biodegradable lactic acid polymers (PLA). Furthermore, LA can be converted to value-added
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products via different routes, also widely used in different industries (Lai 2025). The global market
size of LA in 2023 was USD 3.37 billion and was expected to grow at an average rate of 8.0 % from
2024 to 2030 [8].

LA is currently produced through either chemical synthesis or fermentation; with over 90 % of
industrial LA production currently achieved via biological fermentation [9]. However, fermentation
requires long operation time (2-8 days), resulting in low productivity. Furthermore, industrial
fermentation typically uses hexose sugars or easily hydrolysable polysaccharide from starch [5],
which leads to competition for food resources.

Biorefineries face a major challenge due to structural complexity of the raw materials, which
complicates processing. To break down the structure of lignocellulosic biomass, different
pretreatments are necessary. Compared to starch-based biomass sources like corn kernels,
lignocellulosic biomass generally demands more rigorous treatment to extract these sugars [10].
Hydrothermal treatment has emerged as a sustainable and green alternative for producing a variety
of second-generation chemicals from lignocellulosic materials. This treatment offers a promising
approach to decompose the solid biopolymeric structures of biomass into liquid components in a hot
and pressurized aqueous environment. In subcritical water conditions, water exhibits unique
properties, becoming an effective catalyst and reaction medium. Hydrothermal treatment of pure
sugar monosaccharides, such as glucose and xylose, without any external catalyst, yields mainly the
main dehydration products of sugar, furfural and hydroxymethyl furfural (HMF) from xylose and
glucose, respectively [11]. Addition of an external catalyst can lead to other monosaccharides
degradation routes to produce other valuable chemicals that could replace current fermentation
processes to produce organic acids offering new processing opportunities; although still facing
several challenges.

Recently, Ca(OH)2 was explored as an affordable and readily available catalyst to optimize lactic
acid yields from corn stover. The “OH-/sugar monomer” molar ratio emerged as a key design
parameter, with an optimum value of 2.61, resulting in 12.4 gLA/L and 32 % yield produced during
alkaline treatment of a 5 wt. % corn stover aqueous suspension [12].

However, a different approach has been also studied in the literature based on the use of Lewis
acid catalysts to obtain lactic acid from sugars derived from biomass. It has been reported that trioses,
hexoses and even cellulose can be effectively converted into LA at moderate temperature by using
different Lewis’s acid metal ions as catalyst. An outstanding yield of LA (68%) was attained in the
presence of diluted Pb(Il) with a concentration of 7 mM for the conversion of ball-milled cellulose [9];
however, the toxicity of Pb(Il) is a concern. Deng et al. studied the catalytic performance of several
readily available, cheap and less toxic single metal cations, concluding that an equimolar combination
of AICIs with SnCl: facilitated highly effective conversion of fructose, glucose, and ball milled
cellulose to LA, resulting in yields of 90 %, 81 %, and 65 %, respectively, at 463 K for 2 h. The LA yield
dropped to 36 % when starting from microcrystalline cellulose [5].

Research has also shown that adding lanthanides as Lewis’s acid catalysts significantly
enhanced LA yields to 39.5 and 42.9 % from xylose and glucose, respectively [13]. When corn stover
was used as the feedstock, the LA yield was slightly reduced, reaching approximately 30.3% [13].
Despite these encouraging outcomes, the application of rare earth metals as catalysts remains
constrained for large-scale use due to the energy and capital expenses involved [14].

Optimizing hydrothermal catalysis to produce LA not just from pure carbohydrates but directly
from lignocellulosic materials like corn stover is essential, as lignocellulosic biomass is more cost-
effective and more abundant compared to carbohydrates.

As reported by Lai et al. [15], the cost of feedstocks decreases from trioses, pentose, hexoses,
disaccharides, and polysaccharides to raw biomass. However, the complexity of reaction networks
increases considerably with the more complex substrates, being higher the requirements on catalysts
and harsher the reaction conditions. The main challenge of hydrothermal catalytic processes is the
generation of undesired byproducts, and the yields from lignocellulosic materials are generally lower
compared to those from pure model compounds due to their complex chemical composition.
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Different degradation routes have been described in the literature for sugar monomers in
hydrothermal processes. Additionally, the cleavage of the C—C bond can take place at various
locations within the sugar monomers released from the cellulose and hemicellulose fractions.
Consequently, the yield of LA can be reduced by the formation of numerous side-products [10]. HMF
can be formed through the dehydration of glucose by acid catalysis and it is known to degrade into
levulinic and formic acids. For example, Kohler et al. [10] reported similar yields of lactic acid and
levulinic acid using a Sn-Beta zeolite as catalyst from glucose at 200 °C and 2:1 catalyst to sugar ratio.
In any case, levulinic acid is also an important building block with greater versatility to be upgraded
to various valued-added products, growing its demand [2].

Based on the high LA yields from pure saccharides reported by Deng et al. [5] with a catalyst
mixture of AI(III):Sn(II), further studies were initially proposed in this work in the production of LA
from corn stover. Several effects, including molar concentration of the catalyst, the ratio of
AI(III):Sn(II) cation metals, the reaction temperature, and the concentration of biomass were analyzed
on LA concentration and yield.

2. Results and Discussion

2.1. Effect of Molar Concentration of an Equimolar Al(I11)/Sn(II) Mixture

The effect of molar concentration of catalyst was tested in the range from 5 mM to 32 mM for a
equimolar mixture of AlCls/SnCl: at 190 °C using corn stover at 5 wt.%. Different products
distribution was obtained by changing the catalyst molar concentration (Figure 1). By increasing the
molar concentration of the mixture of catalyst, an increase in the LA concentration and yield was
observed. This increase was remarkable in the low concentration range of the catalyst molar
concentration explored in this work with values of 1.20 and 2.2 gLA/L at 5 and 9 mM, respectively;
while values among 2.9-4.5 gLA/L were obtained at concentrations of the calalystyts higher than 12
mM and up to 32 mM, which correspond to yields in the range of 8.2 to 12.3 %.
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Figure 1. Kinetic profile of different compounds (a) lactic acid (b) acetic acid (¢) furfural (d) HMF (e) levulinic
acid and (f) formic acid in the conversion of corn stover (5 wt.%) by using a AI(III):Sn(II) (1:1) at different molar
concentrations: A 5mM, A 9mM, A 12mM, A 16 mM, A 24 mMand A 32 mM at 190 °C.

In the hydrothermal transformation of the polysaccharide fraction of the biomass, a complex
network has been described including dehydration, isomerization, and retro-aldol condensations.

When performing the reaction at 190 °C in the absence of an external catalyst (Figure 2), 49.4 %
of the initial corn stover was solubilized, mainly the hemicellulose fraction and some of the glucan
fraction. This can be clearly observed in the product distribution, since the acetyl groups from the
hemicellulose are released yielding high concentration of acetic acid in the reaction medium, up to
2.5 g/L after 140 min of isothermal treatment time. On the other hand, the dehydration of the pentoses
produces furfural in an increasing concentration with time, up to 2.4 g/L. HMF, as dehydration
product from hexoses, was also found in the reaction medium but in a much lower concentation,
since the solid residue still contains a 62% of glucans. Therefore, in the absence of catalyst, the
dehydration route is the predominant route. Glyceraldehyde (triose) as precursor in the retroaldol
route was the predominant triose and lower amounts of glycoaldehyde (diose) were also identified,
being these compounds intermediates in LA production through the dehydration, producing 0.37
gLA/L after treatment, much lower than the final concentration when using a high enough catalyst
concentration.
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Figure 2. Corn stover treatment (5 wt.%) at 190 °C in the abscense of catalyst: furfural (e), HMF (e), acetic acid (
A), formic acid (A), lactic acid (A), levulinic acid (A), glyceraldehyde (#) and glycoaldehyde (#).

Rasrendra et al. [16] also indicated that when reacting glyceraldehyde or dihydroxyacetone in
the absence of salt catalysts or with Bronsted acids like HCl, lactic acid was not detected and the
formation of the isomerisation products (dihydroxyacetone or glyceraldehyde), the dehydration
product (pyruvaldehyde) and brown insoluble products were observed instead.

It can be concluded that the presence of inorganic salts acting a Lewis acidic metal centers is
crucial in the production of lactic acid. To check the neat effect of subW as reaction medium, a study
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was conducted using glucose as the initial sugar monomer and an equimolar mixture of Al(III)/Sn(II)
at 90 °C. After 4 h no glucose breakdown was observed, keeping its concentration constant. This
suggests a positive effect between subW and the Lewis acid catalyst also to produce lactic acid from
sugar.

When using the equimolar mixture Al(III)/Sn(II), the production of furfural is promoted at low
concentration (Figure 1c) reaching a maximum at 5 mM of 4.3 g/L. Lower concentrations of furfural
were observed when increasing catalyst concentration, probably due to degradation to humins and
other products such as formic acid [19] and the promotion of the retro aldol route to produce LA. In
fact, different chloride metals have been proved as optimum catalysts in the formation of furfural
from lignocellulosic biomass with furfural yields slightly higher than 50 % from a xylose solution of
73 mM at 180 °C when using metal salt chloride in the range from 0.83 mM and 0.91 mM of CrCls and
AlCls, respectively [17]. Similar behaviour was observed for HMF, but the highest concentration of
HMF was lower than for furfural with values of 1.2 g/L and with concentrations lower than 0.1 g/L
for concentrations of catalyst higher than 16 mM. By increasing metal concentration, the
concentration of the glyceraldehyde and glycoaldehyde decreased dramatically, limiting the LA
production (profile not shown).

Therefore, high concentrations of Lewis acid promote the degradation of dehydration products
and LA formation. In this regard, it is well know that water can rehydrate HMF to form levulinic and
formic acids [18]. At low molar catalyst concentrations (5-9 mM) the levulinic acid concentration was
low, from 0 to 0.3 g/L. Higher concentration of formic acid was obtained but it probably comes from
the degradation of other components present in the reaction medium such as furfural or sugar
monomers, such as xylose, as it has been described in the literature [19]. By increasing the catalyst
molar concentration, the levulinic acid formation increased, similar to formic acid. To support that
the mixture of Lewis acids catalyse the conversion of HMF into levulinic and formic acid, two
separate experiments (initial concentration of 114 mM of HMF) were carried out at 190 °C using two
different molar concentration of the catalysts equimolar mixture, 24 mM and 5 mM, to check its effect
on the degradation of HMF (Figure 3a).
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Figure 3. (a) HMF degradation at 190 °C at different molar concentrations by using an equimolar mixture
AI(III):Sn(II). Filled symbols 24 mM, open symbols 5 mM: (A, A) HMF, (A, A) Formic acid and (2, A) levulinic
acid. (b) Final lactic acid yield (®), lactic acid productivity per mmol of catalyst (®), initial pH value of water
and catalyst (A) and medium pH values during treatment of corn stover (5 wt%) at different molar

concentrations of the equimolar mixture AI(III):Sn(II) (A).

It can be clearly observed that an increase in the catalyst concentration led to a faster increase in
the levulinic and formic acids formation. At 5 mM slightly higher formic acid concentration was
obtained (63.2 mM, 9.3 % yield) than for levulinic acid (52.4 mM, 39 % yield). However, at 24 mM,
after 20 min of isothermal time, HMF was completely degraded and the corresponding final
concentrations of levulinic and formic acids were 83 mM (61.6 % yield) and 57 mM (8.4 % yield),
respectively, highlighting that not equimolar concentrations were obtained. Rasrendra et al. [16] also
reported that when an aqueous solution of HMF (0.1 M) and AICIs (5 mM) were heated to 180 °C for
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1h, 90% HMF conversion was observed and levulinic acid was obtained in 50 mol% yield. These
authors also observed that in the conversion of D-glucose using AlCls (Cglucose = 0.1 mol/L, Csait=5 mM)
at 140 °C, levulinic and formic acids were not formed in 1:1 molar ratio being the amount of formic
acid slightly higher than that of levulinic acid, similar to the results presented in Figure 3a. These
authors did not propose a sound explanation for this observation, suggesting that additional formic
acid is formed by yet unknown pathways. In the present work, when treating corn stover at 190 °C
at diferent molar concentrations of the equimolar mixture of AI(III):Sn(II), higher molar concentration
of formic acid was obtained than for levulinic acid. For instance, at 24 mM formic acid, molar
concentration was 69.5 mM (3.2 g/L), while levulinic acid concentration was 43.1 mM (5 g/L). As
previously published by Illera et al. [19] formic acid could be formed as degradation product of
furfural and also from xylose. According to Lange et al. [20] protonation at C3-OH of xylose would
result in decomposition to formic acid and a C4 fragment, which degrades very rapidly and it is not
observed experimentally according to these authors.

Figure 3b plots the final LA yield achieved using the different catalysts molar concentrations
and the LA productivity per mmol of catalyst used after the treatment of corn stover at 190 °C. As
previously described, LA yield significantly increases when the catalyst concentration ranges from 5
to 16 mM. Beyond 16 mM, the increase in LA yield becomes less significant. When plotting
productivity in terms of LA produced per mmol of catalyst, a relatively consistent productivity is
noted up to 16 mM. At higher concentrations, productivity declines. Therefore, 16 mM was
considered the optimum catalyst concentration to mantain high selectivity for LA while also high LA
productivity.

Figure 3b also shows the initial pH of the water and catalyst mixtures and the medium pH
during the corn stover treatments. As the catalyst molar concentration increased, the final pH
decreased, which can be attributed to the higher organic acids concentrations by increasing the
catalyst molar concentration.

The values of LA yields contrasts with the results previously reported by Deng et al. [5]. These
authors reported that the combination of equimolar AICls with SnCl: enabled highly effective
conversion of fructose, glucose and cellulose to LA, affording yields of 90 %, 81 %, and 65 %,
respectively. Other results reported in the literature were lower than the values reported by Deng et
al. [5] for pure sugar monomer or polysaccharides. Chambon et al. [21] showed that cellulose could
yield 27 % and 18.5 mol % of lactic acid by using tungstated zirconia (ZrW) and tungstated alumina
(AIW) as Lewis acids. Other authors [10], reported that a LA yield of 13 % (graphical lecture) and 17
% of levulinic acid (7.5 % of formic acid and 2 % of acetic acid) was obtained from glucose when using
a Sn-Beta zeolite as catalyst at 200 °C, at 2:1 catalyst to sugar ratio (graphical lecture at 3 h, where
maximum of LA was reached -then decreased down to 11 % after 5 h).

In any case, as it has been highlighted by Méaki-Arvela et al. [22] it is more challenging to produce
lactic acid from lignocellulosic biomass than to produce it directly from sugar.

2.2. Effect of the Ratio AI(II1)/Sn(1l)

Optimizing catalyst properties is an important issue in the conversion of biomass to LA. To
evaluate the effect of each metal cation, various AI(IIT)/Sn(Il) molar ratios were tested at a constant
concentration of 16 mM (the optimum one), including 1:3, 1:1, 3:1, 5:1, and solely Al(III) at 190 °C
(Figure 4).

By increasing the proportion of Al(III), both the concentration and yield of LA improved, with
the highest levels achieved using only Al(III) as a catalyst, resulting in 7.4 gLA/L and a yield of 20.7%.
In this work, the effect of Sn(II) was found to be not so effective in the conversion of biomass to LA.
These findings contrast with those of Deng et al. [5], who reported that an equimolar mixture of AI(III)
and Sn(II) worked synergistically, achieving high lactic acid yields.
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Figure 4. (a) Lactic acid concentration and yield (b) Molar ratio of lactic acid to levulinic acid (LA/LV) at different
ratios AI(III):Sn(II) at 190 °C in the conversion of corn stover (5 wt%): 1:3 (), 1:1 (A), 3:1 (A), 5:1 (A) and solely
Al (IIT) (A).

Supporting the results observed in this work, other studies have indicated that tin ions show
low activity and selectivity for LA synthesis in aqueous phase [23]. Bayu et al. [23] suggested that the
low catalytic activity of SnClz in pure water is likely due to the hydrolysis of Sn(Il) ions which form
insoluble tin (hydr)oxide species. This is evidenced by the formation of a white precipitate of
Sn(OH)C], as confirmed by X-ray analysis, removing the active tin species from the aqueous reaction
media. These authors observed that the addition of choline chloride (ChCl) into water increased the
catalytic activity and the selectivity towards LA in the conversion of trioses, monosaccharides and
disaccharides [23]. At ChClI concentrations of 40-50 %, SnCl: was fully dissolved, and the selectivity
towards LA achieved 40-77 % under moderate conditions (155-190 °C for 0.1-1.5 h). In contrast, LA
selectivity was only ~7% in pure water under the same conditions when SnCl: was used as catalyst.

In this work, to account for the lower solubility of Sn(II) species compared to Al(III), these metals
were measured using IPC-MS in the solid residue generated after treatment with AI(III):Sn(II) (5:1)
and solely AI(III) as catalyst. The insoluble salts resulting from the hydrolysis of metal salts (e.g.,
SnClz, AICLs) in water present different solubility. It was determined that in the AI(III):Sn(II), 5:1,
experiment, 70 + 6 % of the initial Sn (II) species added to the medium were determined in the solid
residue while only 38 + 4 % of the Al(III) species were determined in the solid residue. When only
AI(III) was used as catalyst 24 + 6 % of the Al(IIl) species were determined in the solid residue,
supporting the less effective treatment when using Sn(II) in water.

The low activity of Sn(II) was also described in the literature by Lai et al. [15], noting that SnCL
and SnSOxs result in poor LA selectivity with the formation of significant quantities of dark brown
insoluble products. This suggests that Sn(Il) salts will contribute to uncontrollable condensation
reactions.

As previously described (Figure 1), other organic acids are present in the reaction medium, being
levulinic acid one of the major compounds formed. The effect of Sn(II) on the molar ratio lactic
acid/levulinic acid is plotted in Figure 4b. It can be observed that by increasing the ratio of AI(III), the
molar ratio LA/LV also increased (final values in the range from 1.4 to 3.7 at 1:3 Al(II):Sn(Il) ratio
and only AI(III), respectively), since the presence of Sn(Il) induced faster degradation of HMF into
levulinic and formic acids. Thus, the presence of Al (III) was found essential for the LA formation.

Rasrendra et al [16] also reported that the use of aluminum salts results in the formation of
considerable amounts of lactic acid, 19 % of yield, when starting from glucose as raw material (Cglucose
=0.1 M) with a 5 mM of AI(III) at 140 °C. Besides the lower solubility of Sn(II) species compared to
AI(III) species, according to Azlan et al. [2], AI(III) has a small ionic radius of Al(III) ions, determined
as 54 pm [24], which along with their high charge density and strong electrostatic force, allows them
to effectively interact with the substrate, facilitating the cleavage of glycosidic bonds. In contrast,
Sn(Il) ions have a significant larger ionic radius of 118 pm [24], which may hinder their ability to
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attach on the O atoms for breaking glycosidic bonds, as suggested for Sn(IV), with a 69 pm ionic
radius, by Azlan et al. [2].

To explore the increased concentration and yield of LA with AI(III), further experiments were
conducted using AlCls as the sole catalyst, with the Al (III) concentration raised to 32 mM (Figure 5a).
However, increasing the AI(III) concentration up to this level did not lead to a higher LA
concentration in the medium at the biomass concentration tested in this study, and 16 mM of Al (III)
was considered as the optimum catalyst concentration. Figure 5a also shows the lactic acid profile
obtained with 32 mM of the equimolar mixture Al(III):Sn(II), equivalent to 16 mM of Al(IlI), observing
lower LA yields. Therefore, it is confirmed that the presence of Sn(II) lowered the LA production.

A further kinetic study was performed using pure sugar monomer derived from biomass, to
compare with the results obtained from corn stover, a type of lignocellulosic biomass, by using 16
mM of Al (IIT). The feedstock comprised a blend of pure glucose and xylose. The concentrations were
selected based on the assumption that the entire glucan and xylan fractions of the corn stover were
present as free sugar monomers in the reaction medium (glucose 20.5 g/L + xylose 13.1 g/L). The
kinetic profile of the identified components has been plotted in Figure 5b. The main component
released into the medium was LA, similar to corn stover, with concentrations slightly higher than
those obtained from corn stover, at 8.1 g/L (24.9 % yield). However, the production of LA was
significantly faster when starting from pure sugars, as less than 15 min of isothermal treatment were
sufficient to achieve stable concentrations of LA. In the case of lignocellulosic biomass, the
polysaccharide fraction must first undergo hydrolysis to release sugar monomers, which are then
converted into LA, thereby slowing the LA formation rate. Due to the rapid kinetic process, the sugar
dehydration product concentrations continuously decreased during the isothermal process. Formic
and levulinic acids were found in relative high concentrations due to degradation of HMF, as
previously demonstrated, although formic acid could also result from the degradation of furfural and
xylose. The main difference between the component profiles from corn stover and pure sugars lies in
the acetic acid profile. Up to 2.7 g/L were obtained from corn stover due to the hydrolysis of the acetyl
groups form hemicellulose, while only 0.75 g/L of acetic was formed from the glucose + xylose
mixture.

Therefore, AICls has been found as an ideal catalyst for biomass conversion into LA.
Furthermore, as pointed out by Guo et al. [25], AI(III), in chloride form, AlCls, is inexpensive and has
low toxicity.
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Figure 5. (a) Lactic acid concentration and yield after corn stover treatment (5 wt. %, 190 °C): 32 mM Al (III) (a),
16 mM Al (III) (A), 32 mM equimolar mixture AI(III):Sn(II) -16 mM AI(III) -(2) (b) Glucose (20.5 g/L) + xylose
(13.1 g/L) feed treated at 190 °C 16 mM Al (III): furfural (@), HMF (®), acetic acid (A), formic acid (A), lactic acid
(A), levulinic acid ( A), glyceraldehyde (#) and glycoaldehyde (#).

2.3. Effect of the Corn Stover Concentration

To assess the effect of biomass concentration, two additional biomass loadings were tested
besides the 5 wt. % previously reported: 0.5 wt. %, and 2.5 wt. %. Experiments were conducted at 190
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°C, with 16 mM of Al(IIl). Higher biomass concentrations were not attempted due to stirring
difficulties, as reported in the study on the alkaline treatment of corn stover to produce LA [12].
During the treatment, the percentage of corn stover that was hydrolyzed was similar across all three
biomass loadings, with values of 71%, 69%, and 72% for 0.5 wt. %, 2.5 wt. %, and 5 wt. %, respectively.
LA production parameters after 220 min of isothermal treatment at 190 °C are presented in Figure 6.
The LA yield showed little variation across the three different biomass loadings tested, in the range
from 20 to 21 wt. %. However, the LA concentration rose with increasing biomass concentration,
reaching 0.7 gLA/L, 3.7 gLA/L, and 7.4 gLA/L at 0.5 wt. %, 2.5 wt. %, and 5 wt. %, respectively. As
the LA concentration increased, the molar ratio lactic acid to levulinic acid (LA/LV) also rose (Figure
6).

To evaluate the impact of increased biomass loading and the resulting LA production, the Mass
Intensity (MI) was assessed to compare the outcomes at various corn stover loadings in the reactor
[26]:

total mass in reaction vessel (kg)

Mass Intensity (MI) =
ass Intensity (MI) mass of product, LA (kg)

M

In the ideal situation MI would approach to 1. The total mass includes all components
introduced into the reaction vessel, such as solvents, catalyst, and reagents, but excludes water, as
water typically does not have a significant environmental impact on its own.

For a concentration of 0.5 wt. %, the MI reached a value of 10.0+0.3, but MI decreased to similar
values for 2.5 wt. % (7.3£0.2) and 5 wt. % (7.0£0.1). Considering the higher LA concentration, a
biomass loading of 5 wt. % was considered as the optimal.

— — [\e)
o W (=}
1 1 1

H

Yield (%), ML g, /L, LA/LV
W

(=]

0.5 2.5 5
Corn stover concentration (wt%)

Figure 6. Lactic acid yield (%, m), Mass intensity (MI, =), LA concentration (g/L, m), molar ratio lactic
acid/levulinic acid (LA/LV, m).

2.4. Effect of Treatment Temperature

Temperature plays a crucial role in determining reaction pathways [15]. The breakage of the C-
C bond requires high temperatures. To analyze how temperature affects lactic acid production from
corn stover, experiments were conducted at three different temperatures: 190 °C, 210 °C, and 260 °C,
with 16 mM of Al(II). Figure 7a illustrates the LA profiles observed in the reaction medium at these
three temperatures.

At 190 °C, a maximum in LA concentration at 7.3-7.4 g/L. was reached after 210 min of isothermal
treatment time, with no further degradation observed. To further confirm the thermal stability of LA
at this temperature, an aqueous LA solution was prepared at a concentration of 5.8 g/L. This
concentration remained stable throughout the isothermal treatment at 190 °C for 225 min of
isothermal treatment, maintaining a level of 5.8 + 0.1 g/L. Previous research using Yb** (a Lewis
lanthanide) as a catalyst under subcritical water conditions showed that LA suffered degradation at
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temperatures above 220 °C and isothermal times longer than 20 min, corresponding to severity factors
above 5.5 [13]. The severity factor, Ro, is a common parameter that considers the combined effect of
temperature and reaction time according to [27]:

T—T,
R, = log (t -exp <T75f>> @

At a constant temperature of 190 °C throughout the isothermal treatment, the highest severity
factor recorded was 5.2, which is below the threshold of 5.5 where LA degradation begins [13]. By
increasing temperature up to 210 °C the initial reaction rate of LA formation increased, allowing the
maximum LA concentration of 7.4 g/L to be achieved more quickly, after 45 min of isothermal
treatment. Longer treatment resulted in LA degradation due to increasing severity factors over time,
reaching values of 5.6 by the end of the treatment at 210 °C (225 min). Nonetheless, the degradation
curve was smooth, as the concentration decreased from 7.4 to 6.9 g/L after treatment.

At the highest temperature tested in this study, 260 °C, the maximum LA concentration was
lower than the maximum levels achieved at 190 °C and 210 °C, measuring 5.9 g/L compared to 7.4
g/L. This suggests that LA degradation began early in the process, as the severity factor after just 7
min of isothermal treatment at 260 °C was already 5.6, surpassing the previously reported threshold
of 5.5, beyond which degradation occurs. After reaching this maximum, the rate of degradation

exceeded that of production, resulting in a rapid decline.
10 10
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Figure 7. (a) Lactic acid concentration and yield profile during corn stover treatment (5 wt. %) with 16 mM of

A](III) at different temperatures (b) Lactic acid concentration as a function of energy consumption per g of LA
produced at different temperatures : (a) 190 °C, (4) 210 °C and (a) 260 °C.

During the catalytic hydrothermal treatment with Al (III) as catalyst, the total energy
consumption was continuously registered. Figure 7b illustrates the relationship between lactic acid
concentration in the reaction medium and the energy consumption per g of LA produced at the three
tested temperatures: 190 °C, 210 °C and 260 °C. As previously described, a comparable maximum
concentration of LA was attained at both 190 °C and 210 °C, although this peak was reached more
rapidly at 210 °C. Despite the higher energy consumption recorded at 210 °C compared to 190 °C, the
earlier attainment of the lactic acid peak resulted in lower energy consumption per gram of lactic acid
at the maximum concentration, with values of 0.47 kWh/gLA at 210 °C and 1.2-1.3 kWh/gLA at 190
°C for the same maximum lactic acid concentration achieved in these treatments. Therefore, 210 °C
appears to be an optimal temperature for lactic acid production, yielding high concentrations with
minimal energy consumption at the peak. Nonetheless, it is advisable to expedite cooling after
reaching this maximum, as a slow but continuous degradation of lactic acid was observed at 210 °C,
whereas no degradation occurred at 190 °C. At the highest temperature tested, 260 °C, the maximum
concentration was lower, accompanied by increased energy consumption per gram of lactic acid due
to ongoing degradation.
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3. Materials and Methods

3.1. Raw Materials

Corn stover consisting of leaves and stems was used as lignocellulosic raw material, kindly
provided by a local farmer from Saldana (Palencia, Spain). Its moisture content was determined
gravimetrically to be 6.2+0.6 wt % by weighing before and after drying in an oven at 105 °C until
constant weight was reached. The corn stover was milled using a Retsch SM100 mill with a 2 mm
aperture size for subsequent use. The composition of the corn stover was analyzed following the
National Renewable Energy Laboratory (NREL, “Protocols for lignocellulosic biomass
characterization”) [28]. The chemical composition of the corn stover used in this work, expressed as
a weight percentage on a dry basis (6.0 wt. % of moisture content), has been recently reported [12].
The total carbohydrate portion comprised 67.9 wt % (not including acetyl groups in the hemicellulose
fraction), with glucan at 39.2+0.9 wt%, xylan at 24.5+0.7 wt%, and arabinan at 4.2+0.2 wt%. Corn
stover also contains a considerable amount of acid insoluble lignin, measuring 15.3+0.4 wt%. Small
quantities of protein, lipids, and ash were also detected.

3.2. Lewis Catalysis in Subcritical Water Reaction Medium

The experiments were conducted using a custom-built batch system with a reactor capacity of
0.5 L (maximum pressure: 70 bar). To reach and maintain the required operating temperature, the
reactor was covered with a ceramic heating jacket (230 V, 4000 W, diameter 95 mm, height 160 mm).
Nitrogen was used to pressurize the system, maintaining a constant pressure of 55 bar. Temperature
regulation and monitoring throughout the process were achieved via a Pt100 sensor inside the
reactor, connected to a PID system. A magnetic stirrer at the reactor's base ensured uniformity in the
reaction mixture. To follow the reaction's progress, samples were withdrawn at selected time
intervales through a needle valve (Autoclave Engineers) linked to a cooling mechanism. Zero time
was defined as the time where the selected temperature was reached. Once the designated reaction
time elapsed, the vessel was cooled and depressurized after the temperature dropped below 90 °C.

In a typical experiment, 200 mL of the corn stover suspension with the required amount of
catalyst were charged into the reactor. A magnetic stirring bar was placed at the bottom of the reactor
to enhance homogeneity, with the stirring rate fixed at 700 rpm. The study initially examined organic
acids production using an equimolar mixture of Al(IIl)/Sn(Il) at various molar concentrations ranging
from 5 mM to 32 mM. This study was conducted at 190 °C with a 5 wt. % biomass concentration,
aiming to maximize lactic acid yield. Additionally, an HMF aqueous solution was treated with
selected Al(III)/Sn(Il) concentrations to explore its degradation into formic and levulinic acids. The
study then explored how different AI(III)/Sn(II) affected the selectivity towards lactic acid formation.
To further analyze the results, a mixture of the primary sugar monomers glucose and xylose from the
polysaccharide fraction of the corn stover was subjected to treatment to investigate the reaction
equilibrium and conversion achieved and subsequently compared with the results obtained from
corn stover. Finally, the influence of biomass concentration was also evaluated, by varying the
biomass load in the reactor from 0.5 wt. % to 5 wt. % and operation temperature was varied in the
range from 190 °C to 260 °C. A summary of all the treatments carried out in this work is collected in
Table 1.

Table 1. Hydrothermal treatments performed to study lactic acid production.

Raw material . .
. . Catalysts Ratio Catalyst concentration,
Raw material concentration, T, °C
A1(III):Sn(II) mM
wt (%)

Corn stover 5 190 - -
Corn stover 5 190 1:1 5,9,12,16,24, 32
HMF 114 mM 190 1:1 5,24
Corn stover 5 190 1:3,1:1, 3:1, 5:1, 1:0 16
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Corn stover 5 190 1:0 16, 32
Glucose +
20.5 ¢/L+13.1 g/L 1 1: 1
Xylose 0.5 g/ 8/ 90 0 6
Corn stover 0.5,25,5 190 1:0 16
190, 210, )
Corn stover 5 260 1:0 16

3.3. Analytical Methods

Quantification of Organic Acids, Sugars and Others Degradation Products

HPLC analysis was employed to determine monomeric sugars, lactic acid, and other sugar-
derived compounds, following the method outlined by Alonso-Riafio et al.[29]. The HPLC setup
incorporated a Biorad Aminex-HPX-87 H column with its associated pre-column, along with two
detection systems: a variable wavelength detector (VWD) set at 210 nm and a refractive index detector
(RID). Both, the column and the refractive index detector were maintained at 40 °C. Prior to injection,
samples (10 L) were passed through a 0.2 pum syringe filter. The mobile phase consisted of 0.005 M
sulfuric acid, flowing at a rate of 0.6 mL/min. Pure standards were used for calibration purposes.

Standards for L(+)-lactic acid solution (40 wt % in water), glucose (99 %), xylose (99 %), furfural
(99 %), glyceraldehyde (98 %) and glycoaldehyde (98 %) were purchased from Sigma-Aldrich.
Manose was purchased from Apollo Scientific (99.5 %). Standards for 5-HMF (97%) were obtained
from Alfa Aesar, formic acid (98%) from Fluka, acetic acid (99.8 %) from VWR, glycolic acid (98 %)
and propionic acid (99 %) from TCI, 1,3-dihydroxyacetone (95 %) from Fluorochem and
hydroxyacetone (95 %) from Thermoscientific. The identification of peaks was done by comparing
the retention times of peaks in the sample with those of pure standard compounds.

3.4. Parameters in Lactic Acid Production

The C-yield of LA was assessed by considering the initial C content in the feed solution coming
from the saccharide fraction and the C content in the lactic acid produced:

Lactic acid yield (%) _ moles of Cinlactic acid ) +100 (3)

moles of C in the feed from saccharides(o)

The carbon yield was used to compensate for the fact that not all products have a similar carbon
number as the starting material, following a procedure published by Bicker et al. [30]. The molar ratio
LA to LV was also assessed to evaluate the selectivity of the process towards LA production.

3.5. pH Measurements

The pH values of all collected samples were measured using a GLP 21 pH meter (Crison
Instruments S.A.) after collection and before HPLC analysis.

4. Conclusions

The production of lactic acid from corn stover was investigated through hydrothermal catalysis
using AI(III) and Sn(II) chlorides as Lewis acid catalysts. It was observed that Sn(Il) was less effective
than AI(III) in promoting lactic acid formation from the polysaccharide fraction. This reduced efficacy
was attributed to the low solubility of Sn(II) species in aqueous solutions, as evidenced by the
presence of Sn(Il) in the solid residue after treatment. An increase in the proportion of AI(III) in the
binary catalyst mixture resulted in a higher molar ratio of lactic acid to levulinic acid, as the presence
of Sn(Il) accelerated the degradation of the dehydration-sugar compound, HMF, into levulinic and
formic acids.

A biomass loading of 5 wt. % was considered optimal, as it yielded similar lactic acid results
compared to lower biomass loadings, while higher lactic acid concentrations were achieved with
increased biomass concentrations. Temperatures ranging from 190-210 °C produced high lactic acid
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yields, with lower energy consumption per gram of lactic acid at 210 °C. However, a slight decline of
lactic acid concentration with time due to thermal degradation was noted at 210 °C, which was not
observed at 190 °C.

Overall, the production of lactic acid from lignocellulosic biomass remains challenging, with
ongoing efforts needed to enhance lactic acid production and selectivity.
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