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Abstract
Lanthanides were tested  (Ce3+,  Er3+, and  Yb3+) as catalysts to produce lactic acid (LA) from the monosaccharides present in 
corn stover (glucose, xylose, and arabinose) resulting in ytterbium being the most active. A MW-heated system led to similar 
LA yield as a conventionally heated pressurized system. The maximum value of LA yield was 40% at 240 °C after 20 min 
of isothermal treatment regardless the starting monosaccharides, which allowed to propose a similar LA production route 
based on the products profile determined along time for the three monosaccharides. Temperature and time determined the 
product profile, observing furfural degradation at severity factors higher than 3.5, while values higher than 5.5 were needed 
to observe LA degradation. By increasing temperature, catalyst solubility decreased, increasing its presence in the solid 
residue after treatment. Xylan conversion to LA was similar as for xylose, but lower yield was obtained from microcrystal-
line cellulose. Corn stover presented more amorphous regions leading to higher hydrolysis yields of its cellulose fraction.
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Introduction

Lignocellulosic biomass is one of the most attractive options 
to achieve sustainable production of energy and chemicals 
as substitutes for petroleum products (Akram et al., 2023; 
Deivayanai et al., 2022; Mujtaba et al., 2023; Saravanan 
et al., 2023). The generation of lignocellulosic biomass by 
different industries is encouraging the implementation of a 
biorefinery approach to obtain different valuable products 
from a waste stream. This a sustainable approach not only 
to obtain value-added products, including energy, but also 
a variety of chemical compounds that can be obtained from 
biomass components. The main idea is to use the biorefin-
ery and circular economy concept to obtain several valuable 
products with prospects for applications in the food, pharma-
ceutical, and cosmetics industries (da Silva et al., 2023). One 

of the most promising sources of lignocellulosic biomass 
is the residues generated in the agricultural industry. Dif-
ferent residues from agricultural industry, such as pomace, 
peel, husk, seed, stover, and straw have been used to obtain 
products, such as biomass-derived mono- and polysaccha-
rides from which different building blocks can be obtained 
either by biochemical or thermochemical routes (Costa et al., 
2023). Moreno-González and Ottens demonstrates that mul-
tiple high-value products can be recovered from a single 
agri-food side stream depending on the processing steps and 
the origin source (Moreno-González & Ottens, 2021). It has 
been estimated that the real potential of agricultural crop 
residues is 74.89 Mt  year−1 in the European Union (Hassan 
et al., 2019). Lignocellulosic biomass presents not only a 
valuable but also variable chemical composition of mainly 
cellulose, hemicellulose, and lignin (Lee et al., 2021). Bio-
mass-derived monosaccharides, hexoses and pentoses, can 
be used as raw materials for further conversion into a range 
of value-added products. Among these compounds, organic 
acids are considered among the main basic components 
derived from monosaccharide.

Lactic acid (LA) is identified as one of the top 15 platform 
chemicals derived from lignocellulosic biomass (Castillo 
Martinez et al., 2013; Dusselier et al., 2013; Xu et al., 2020). 
It is one of the most used organic acids, with a long history 
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of usage in preservation of foodstuffs (Silveira et al., 2012). 
Furthermore, the rapid growth of the pharmaceutical industry 
boosts also the lactic acid market due to the growing need for 
prescription grade creams and medicines (Jeyavishnu et al., 
2021). It is also considered an important industrial product 
with an expanding market due to its attractive and valuable 
multifunctional properties, especially in the polylactic acid 
(PLA) industry (Delidovich et al., 2016; Zhu et al., 2016). 
For all these reasons, lactic acid presents an annual growth 
of 16.2%. It is expected that the world lactic acid market will 
increase up to 1960.1 kt in 2025, while in 2016, it was only 
1220.0 kt (Alves de Oliveira et al., 2018).

Currently, lactic acid is mainly produced from the fer-
mentation of pure monosaccharides and edible crops (glu-
cose, sucrose, starch, etc.) by using genetically modified 
enzymes (Abdel-Rahman et al., 2013; Liu et al., 2015; 
Ögmundarson et al., 2020). However, the use of edible 
crops as raw materials inevitably leads to competition with 
human food (Luterbacher et al., 2014; Mäki-Arvela et al., 
2014). On the other hand, fermentation presents a limited 
performance in space-time and a difficult control of the 
reactor for the fermentation (pH and temperature) and of the 
microorganisms (Abdel-Rahman et al., 2013). Furthermore, 
lignocellulosic biomass is rarely used as raw material for 
the production of lactic acid by fermentation. Cellulose and 
hemicellulose are not directly available for bioconversion 
due to their interaction with lignin and the lack of hydrolytic 
enzymes (Ding et al., 2012; Kumar & Wyman, 2013). Fer-
mentation of mixed monosaccharides (hexose and pentose) 
is also a challenge. For all these reasons, alternative ways 
of producing lactic acid are needed.

Recently, hydrothermal catalysis has been presented as a 
potential strategy for the cost-effective production of lactic 
acid, particularly when real lignocelluloses are used directly 
as feedstock (Deng et al., 2023). This technique is based on 
the properties of water at subcritical conditions (between 
100 and 374 °C, using pressures up to 220 bar). The ionic 
product of water increases significantly as the temperature 
increases, subsequently increasing its autoionization and the 
concentration of acidic and basic ions in solutions and ulti-
mately acting as a catalyst for ionic reactions, thus acting 
as a substitute for acids and commonly used diluted bases 
(Costa et al., 2023; Gomes-Dias et al., 2022). Biomass 
hydrolysis and fractionation in subcritical water has been 
extensively reviewed in the literature (Cocero et al., 2018). 
Recently, Costa et al. (2023) review subW as a technology 
to extract valuable compounds from agri-food industry by-
products witing a biorefinery concept (Costa et al., 2023). 
The present work emphasises the use of specific catalysts 
to modify the reaction process in subW medium. The use 
of specific catalyst in hydrothermal treatments for lactic 
acid production has been reviewed by Li et al. (2019). The 
authors divided the catalytic systems into alkaline, Lewis 

acid, and redox systems. The use of alkaline catalysts has 
the disadvantage of requiring an extra acidification treat-
ment of the alkaline lactate in which gypsum is produced as 
a by-product and redox systems present a complex mecha-
nism that includes decarbonization steps, which limit the 
overall performance due to the release of  CO2. Lewis acid 
catalysts appear to be the most promising catalytic sys-
tem. In addition, rare earth metals, including scandium, 
yttrium, and lanthanides (Ln), have recently been proposed 
as new types of Lewis acid catalysts. Compared to typical 
Lewis acid catalysts, rare earth metals are cheaper, easier to 
recover, and are therefore considered green catalysts (Zhang 
et al., 2021).

Exposure of systems to elevated temperatures and long 
periods of operation can reduce performance and selectivity 
of operation. At this point, microwave irradiation can be used 
in the hydrothermal reaction to improve yield and selectiv-
ity under milder conditions (Liu et al., 2022; Nüchter et al., 
2004). Combining subcritical with microwave can increase 
process efficiency and promote sustainable economy (Costa 
et al., 2023). Microwave heating can significantly lower the 
overall reaction temperature and shorten the reaction time 
compared to conventional heating, by directly transferring 
microwave energy to the internal energy of the reactants, 
thereby saving energy (Huang et al., 2016; Luo et al., 2017). 
In this way, the efficiency of the catalytic transformation of 
carbohydrates into lactic acid can be increased.

In this work, the feasibility of producing lactic acid by 
hydrothermal treatment of mono- and polysaccharides 
derived from lignocellulosic biomass was studied. Specifi-
cally, the study focused on corn stover as lignocellulosic 
biomass to be valorized. The influence of the presence of 
different lanthanide Lewis acid catalysts  (Ce3+,  Er3+, and 
 Yb3+) on LA production was evaluated. A parametric study 
is carried out on the production of lactic acid, the influ-
ence of the catalyst, its concentration, and the temperature. 
Lactic acid production kinetics, pressure, and pressuriza-
tion agent are also analyzed. The analogies and differences 
between conventional heating and microwave-assisted heat-
ing are studied. The reaction mixture compounds’ profile 
for the three main monosaccharides present in corn stover 
will be compared (glucose, xylose, and arabinose) and lactic 
acid yield will be also compared with the results obtained 
for the corresponding polysaccharides, pure cellulose, and 
xylan. The influence of the operational conditions on the 
degradation of the lactic acid produced is also analyzed and 
compared to xylose dehydration products, furfural. In addi-
tion, possible routes for lactic acid production are proposed 
according to the kinetic product profile from the two main 
monomer monosaccharides from biomass, xylose, arabinose, 
and glucose. Finally, the feasibility of estimating corn stover 
conversion to lactic acid by simple monosaccharides and 
polysaccharides is studied.
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Experimental

Materials

The corn stover used in this work was kindly provided by 
Castilla y León farmers (Saldaña, Palencia). It was naturally 
dried by leaving it in contact with the ambient air for several 
days and then milled in a Retsch SM100 mill to get a final 
fineness of particle size of < 1 mm. The raw material was 
kept refrigerated at 4 °C until use.

Xylose, glucose, and xylan from corn core were purchased 
from TCI. Arabinose, cellulose, and lactic acid solution 
(40% in  H2O) were purchased from Merck. Ce(NO3)3·6H2O, 
Er(NO3)3·5H2O, and Yb(NO3)3·5H2O were purchased from 
Thermo Scientific.

Equipment for Hydrothermal Treatment

Catalyzed hydrolysis was carried out in batch mode in two 
different reactors: a microwave (MW)-heated Teflon reac-
tor and a conventionally heated stainless-steel (SS) reactor.

MW‑Heated Teflon Reactor

A flexiWAVE MA186-002 equipment from Milestone, pro-
vided with a high-pressure Teflon reactor (up to 100 bar), 
was used. The system was provided with temperature control 
but pressure could not be set. It was just built in the reactor 
with increasing temperature according to the thermodynam-
ics of the reaction mixture in a constant volume (100 mL) 
closed vessel. Temperature was measured with a thermo-
couple inserted inside of the reactor. The maximum heating 
power of the system was limited to 1000 W.

In a typical run, the reactor was loaded with 50 mL of 
reacting solution, and then, the reaction conditions in the MW 
chamber were set. After some heating and isothermal reaction 
time, the microwave chamber was cooled with the help of a 
built-in fan. The reactor was removed once the temperature 
of the chamber was below 80 °C. The reaction solution was 
filtered and kept under refrigeration conditions until analysis.

This reactor was used to study the influence of the type 
of catalyst and its concentration, as well as the influence of 
temperature on the reaction performance of different mono-
saccharides. Studies on lactic acid degradation and on the 
possibility of estimating the corn stover conversion from 
the conversion of its simple monosaccharides and polysac-
charides constituents were also carried out using this reactor.

Conventionally Heated Stainless Steel Reactor

A stainless-steel (SS) reactor of 500-mL capacity from 
ZZKeda was also used in this work. In this case, heating 
was performed with a jacketed electrical heater into which 

the reactor fits and from which it can be easily detached 
for rapid cooling. Pressure inside the reactor, necessary to 
work with water under subcritical conditions, was achieved 
by adding a pressurizing agent  (N2 or  CO2). For  CO2 pres-
surization, a syringe pump with pressure and volume con-
trollers (ISCO 260 D) was used. Pressurization with  N2 was 
achieved by connecting the reactor to a compressed  N2 cyl-
inder. A needle valve (Autoclave Engineers) followed by a 
cooling system allowed sampling along time. Liquid samples 
were taken through a sintered stainless steel microfilter with 
a pore size of 10 µm.

In a typical run, the reactor was loaded with 220 mL of 
reacting solution, and then, reaction conditions were set. 
Pressure was set by adding a pressurizing agent  (N2 or  CO2) 
for water to remain in its liquid state when rising tempera-
ture. After some heating time, at approximately 5 °C  min−1, 
and certain isothermal time, along which aliquot sampling 
was performed at regular time intervals, the reactor was 
detached from the heating jacket, cooled with a fan, and 
depressurized when the temperature was below 80 °C. The 
reaction solution was filtered and kept under refrigeration 
conditions until analysis.

In this reactor, the effect of temperature, pressure, and 
pressurizing agent on the reaction kinetics was studied. The 
distribution of reactants and products over time was ana-
lyzed to gather information and suggest a possible opera-
tion route.

According to the literature, the effect of pressure on 
hydrolysis performance has been observed to be non-sig-
nificant, compared with temperature and time, as long as 
water remains in its liquid state (Rivas-Vela et al., 2021). 
Therefore, the behavior of both reactors is expected to be 
similar, since, in both cases, reaction takes place in liquid 
water, either near saturation or in subcritical conditions. The 
MW-heated Teflon reactor has the advantage of allowing 
us to perform parametric screening in a simple way, as well 
as the recovery of almost all of the solids produced due to 
the absence of internal elements and the steel reactor allows 
to take aliquots over time, operate with more volume, and 
modify the pressure and the pressurizing agent.

Analytical Methods

Corn Stover Characterization

Chemical characterization of corn stover was performed in 
duplicate according to the standard protocols of the National 
Renewable Energy Laboratory (NREL Laboratory Analytical 
Procedures) to determine structural carbohydrates. The detailed 
description can be found in the NREL protocols (Sluiter et al., 
2010). The extractive-free corn stover was subjected to two 
stages of acid hydrolysis. First, 0.3 g of dry corn stover were 
mixed with 3.0 mL of 72%  H2SO4 (w/w) and incubated at 30 
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°C for 1 h. Then, the sample was diluted to 4% (w/w)  H2SO4 
by adding 84 mL of deionized water and autoclaved at 121 °C 
for 1 h. The hydrolyzate was then cooled to room temperature 
and vacuum filtered through a 0.7-µm pore size hydrophilic 
fiberglass filter (Millipore).

For the correct determination of pentoses and hexoses in 
the hydrolysate, sugar recovery standards (SRS) were used to 
account for the degradation of the monosaccharide in the sam-
ple during the dilute sulfuric acid step. SRS and corn stover 
hydrolysates were neutralized with  CaCO3 to pH 6 and filtered 
through 0.2-μm syringe filters. Monosaccharides were deter-
mined by high-performance liquid chromatography (HPLC) 
with a Bio-Rad Aminex-HPX-87H column, a variable wave-
length detector (VWD), and a refractive index detector (RID). 
The mobile phase used consisted of 0.005 M sulfuric acid. The 
temperature of the column and the RID was 40 °C. The sample 
volume injected was 10 μL.

Characterization of Liquid Streams from Water 
Hydrolysis Treatments

The determination of total organic carbon (TOC) in solution 
was carried out in a Shimadzu total organic carbon analyzer 
(TOC-V CSN). Potassium hydrogen phthalate and sodium 
hydrogen carbonate were used as standards.

The quantitative analysis of the reagents and products of the 
liquid phase was carried out by HPLC by using the same col-
umn and method described in “Corn Stover Characterization.” 
The amount of each reactant and product was determined 
using calibration curves generated with standard solutions.

The monosaccharide conversion was determined as 
follows:

On the other hand, the yield of each reaction product was 
evaluated as follows:

Characterization of Solids from Water Hydrolysis 
Treatments

Elemental composition (C, H, N, S, and O) of the solids was 
determined by an organic elemental microanalyzer equip-
ment (Thermo Scientific Model Flash 2000).

Statistical Analysis

All values were expressed as mean ± standard deviation of 
at least two replicates. The significance of the differences 

(1)
Conversion =

(

1 −
mass of unconverted monosaccharide

mass of initial monosaccharide

)

× 100

(2)Ycarbon i =

(

moles of carbon in product i

initial moles of carbon

)

× 100

was determined based on an analysis of the variance with 
the Fisher’s least significant difference (LSD) method at 
p-value ≤ 0.05.

Results and Discussion

Characterization of Corn Stover

Table 1 shows the weight percentages of glucans, xylans, 
and arabinans contained in the corn stover used in this work. 
Corn stover was composed of 36.5% glucans, 20.2% xylans, 
and 3.6% arabinans in a dry basis. Consequently, 60.3% of 
the corn stover are polysaccharides, which could be poten-
tially converted into chemical platforms such as lactic acid.

Parametric Study of Lactic Acid Production 
from Simple Monosaccharides

In this section, the study of the influence of several process 
parameter on the production of lactic acid from glucose and 
xylose is presented. These monosaccharides were the most 
abundant simple monosaccharides in corn stover (Table 1). 
The process parameters studied were the following: the pres-
ence of catalysts, such as the Lanthanides Lewis acid cata-
lysts  Ce3+,  Er3+, or  Yb3+, its concentration, and the reaction 
temperature. The MW-heated Teflon reactor was used for 
this parametric study.

Catalyst Influence

To study the influence of the type of catalyst on the conver-
sion and reaction yield, a reaction temperature of 200 °C (5 
min heating, 20 min isothermal) was selected. Monosaccha-
ride concentration was fixed at 0.05 M. The individual cata-
lytic hydrolysis was studied by using Ce(NO3)3, Er(NO3)3, 
and Yb(NO3)3 as potential catalysts with a 0.005 M catalyst 
concentrations. Zhang et al. (2021) studied the effect of coun-
terions and observed that  YbCl3, Yb(NO3)3, and Yb(OTf)3 
catalysts showed similar activity for the conversion of glu-
cose to lactic acid. However,  Yb2(SO4)3 catalyst provided a 
slightly lower yield and Yb(CH3COO)3 and  Yb2(C2H2O4)3 

Table 1  Polysaccharides contained in the corn stover determined 
according to the NREL standard protocols

Polysaccharides Dry bases 
weight percent-
age (%)

Glucans 37 ± 2
Xylans 20 ± 1
Arabinans 3.6 ± 0.2
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catalysts a fairly low yield. The authors suggested that the 
activity of Yb(III) salts with different anions depends on 
their solubility in water.  YbCl3, Yb(NO3)3, and Yb(OTf)3 
dissolve completely in water, thus providing higher activity. 
Therefore, from this point on, the catalysts used in this work 
will be referred to as follows:  Ce3+,  Er3+, and  Yb3+. Figure 1 
shows the yields of the different reaction products for the 
experiments catalyzed by  Ce3+,  Er3+, and  Yb3+, starting from 
the reference simple monosaccharides. The results obtained 
without catalyst are also included for comparison. Table 2 
collects the conversion values of the starting monosaccha-
rides for the different combinations analyzed.

In the operation without catalyst, monosaccharide con-
version was limited; only 35.7% of xylose and 30% of glu-
cose (Table 2) were converted. Furthermore, lactic acid was 
not detected for either of the two starting simple monosac-
charides (Fig. 1). Xylose was mainly converted to furfural 
(Fig. 1a) and glucose to HMF (Fig. 1b), which are the dehy-
dration products of monosaccharides (Deng et al., 2018; 
Kiatphuengporn et al., 2020; Wang et al., 2013).

With the incorporation of a catalyst, the conversion of the 
starting monosaccharide increased remarkably. Most com-
binations reached almost total conversion (> 99.4%), while 
the experiment with glucose and  Ce3+ reached 95.8%. It is 
shown that the presence of Lewis acid catalysts markedly 
improved monosaccharide conversion. Furthermore, with 
the incorporation of the catalyst, the distribution of products 
varied, and lactic acid became the major product. The suit-
ability of the catalysts will be defined by the maximization 
of lactic acid production and the limitation of furfural forma-
tion. It was confirmed that the selected catalysts were active 
and selective in the production of lactic acid. Comparing the 
catalysts with each other,  Ce3+ presented the lowest perfor-
mance. Only 17.5 and 13.1% of lactic acid were obtained for 
xylose and glucose, respectively. Also, note that the conver-
sion of glucose in the presence of  Ce3+ presented the lowest 

value (95.8%). Consequently,  Ce3+ was not selected as a 
suitable catalyst for lactic acid production.

The LA yield increased up to 34.2% (xylose, Fig. 1a) 
and 26.4% (glucose, Fig. 1b) with the presence of  Er3+, and 
ytterbium  (Yb3+) provided the highest lactic acid yield for 
the two reference monosaccharides studied (38.0% xylose 
and 30.9% glucose); therefore,  Yb3+ was selected as the most 
suitable catalyst for further studies. In addition, the produc-
tion of lactic acid was about 4.5 times higher compared to 
the monosaccharide’s dehydration products (furfural and 
HMF). Zhang et al. (2021) concluded that the activity of 
lanthanide (III) ions increases with atomic number, as well 
as with decreasing ionic radius. These conclusions agree 
with the present work since the atomic number is 58, 68, and 
70 for Ce, Er, and Yb, respectively, and the ionic radius (Van 

Fig. 1  Yields of the different 
reaction products for the combi-
nations of catalysts  (Ce3+,  Er3+, 
 Yb3+, and without catalyst) and 
monosaccharides (xylose and 
glucose). Experiments carried 
out in a MW heated Teflon reac-
tor at 200 °C (5 min heating, 
20 min isothermal) and 0.05 
M monosaccharide and 0.005 
M catalyst concentrations. 
Values with different letters for 
each compound are signifi-
cantly different when applying 
the Fisher’s least significant 
differences (LSD) method at 
p-value ≤ 0.05

Table 2  Monosaccharide conversion for the different combinations of 
catalysts  (Ce3+,  Er3+,  Yb3+, and without catalyst) and monosaccha-
rides (xylose and glucose)

Experiments carried out in a Teflon reactor heated by MW at 200 
°C (5 min heating, 20 min isothermal), 0.05 M monosaccharide and 
0.005 M catalyst concentrations
Values with different letters for monosaccharide conversion are sig-
nificantly different when applying the Fisher’s least significant differ-
ences (LSD) method at p-value ≤ 0.05

Monosaccharide Catalyst Monosaccharide 
conversion (%)

Xylose Ce3+ 99.7 ± 0.3d

Xylose Er3+ 99.6 ± 0.3d

Xylose Yb3+ 99.7 ± 0.2d

Xylose No catalyst 35.7 ± 0.7b

Glucose Ce3+ 95.8 ± 0.7c

Glucose Er3+ 99.4 ± 0.6d

Glucose Yb3+ 99.7 ± 0.7d

Glucose No catalyst 30 ±  1a
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der Waals radius) is 248, 232, and 228 pm, respectively. 
Zhang et al. (2021) proposed that the oxidation potential, 
increasing with atomic number, is what could facilitate the 
disproportionation reaction in the conversion of glucose 
through an intramolecular H shift.

Influence of Catalyst Concentration

Figure 2 shows the evolution of the yields of the different 
reaction products, for the experiments carried out at dif-
ferent concentrations of catalyst and for both monosaccha-
rides.  Yb3+ was selected as catalyst given the best results 
obtained (Fig. 1) regarding  Ce3+ and  Er3+. The experi-
ments were carried out in a MW-heated Teflon reactor 
at 240 °C (10 min heating, 10 min isothermal). On this 
occasion, the isothermal time was reduced to 10 min to 
have more resolution in the influence of catalyst concen-
tration. The monosaccharide concentration was set to 0.05 

M. Table 3 collects the conversion values of the starting 
monosaccharides for the different combinations analyzed.

The production of lactic acid presented a volcano 
trend for both monosaccharides (Fig. 2) and the con-
version of the starting monosaccharides was almost 
complete (Table 3). The presence of 0.0005 mol  L−1 of 
catalyst provided a monosaccharide conversion greater 
than 99.4% and produced a lactic acid yield greater than 
30% for both monosaccharides. On the other hand, the 
yields of the dehydration products of pentoses and hex-
oses were limited to 14.3% (furfural, Fig. 2a) and 6.9% 
(HMF, Fig. 2b), respectively. This fact reveals the high 
activity of the selected catalyst  (Yb3+) which, with a very 
low concentration, lead to high lactic acid production 
yields. Doubling the catalyst concentration (0.001 mol 
 L−1) increased the lactic acid yield up to 36% and limited 
the dehydration products to 10.5 and 3.9% for xylose and 
glucose, respectively.

Fig. 2   Yields to the different 
compounds for the combi-
nations of catalyst  (Yb3+) 
concentration and monosac-
charides (xylose and glucose). 
Experiments carried out in a 
MW heated Teflon reactor at 
240 °C (10 min heating, 20 
min isothermal) and 0.05 M 
monosaccharide concentration. 
Values with different letters for 
each compound are signifi-
cantly different when applying 
the Fisher’s least significant 
differences (LSD) method at 
p-value ≤ 0.05

Table 3  Monosaccharide 
conversion, solid concentration 
in reaction products  (Solidf), 
and ratio of this final solid 
concentration to the initial solid 
concentration  (Solidf/Solidi) for 
the different combinations of 
catalyst  (Yb3+) concentration 
and monosaccharides (xylose 
and glucose)

Experiments carried out in a MW-heated Teflon reactor at 240 °C (10 min heating, 20 min isothermal) and 
0.05 M monosaccharide concentration
Values with different letters in each column are significantly different when applying the Fisher’s least sig-
nificant differences (LSD) method at p-value ≤ 0.05

Monosaccharide Yb3+ concentration 
(mol  L−1)

Monosaccharide 
conversion (%)

Solidf (g  L−1) Solidf/Solidi (%)

Xylose 0.0005 99.4 ± 0.6a 0.10 ± 0.03a 1.3 ± 0.4a

Xylose 0.001 99.5 ± 0.6a 0.13 ± 0.03a 1.7 ± 0.4a

Xylose 0.005 99.8 ± 0.4a 0.16 ± 0.01a 2.1 ± 0.2a

Xylose 0.01 99.7 ± 0.4a 0.53 ± 0.04b 7.1 ± 0.6b

Glucose 0.0005 99.8 ± 0.4a 0.60 ± 0.03b,c 6.7 ± 0.3b

Glucose 0.001 99.9 ± 0.4a 0.62 ± 0.04b,c 6.9 ± 0.5b

Glucose 0.005 100.0 ± 0.1a 0.67 ± 0.06c 7.4 ± 0.6b

Glucose 0.01 99.9 ± 0.1a 1.4 ± 0.1d 16 ±  1c
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The catalyst concentration of 0.005 mol  L−1 provided 
almost a 40% yield of lactic acid, corresponding to the maxi-
mum production. Further increase in concentration to 0.01 
mol  L−1 limited the yield to lactic acid. Ma et al. ( 2023) also 
observed a positive effect on lactic acid yield by increas-
ing the  ErCl3 concentration from 0.0033 to 0.0067 mol  L−1. 
However, higher catalyst concentrations (0.01–0.0133 mol 
 L−1) presented lower yield. The authors suggested that it 
could be due to side reactions or additional reactions of lac-
tic acid to other by-products.

In addition, in the case of xylose (Fig. 2a), increasing cat-
alyst concentration to 0.01 mol  L−1 led to lower furfural con-
centration; however, for glucose, the HMF yield increased 
with increasing catalyst concentration. In parallel, levulinic 
performance was also diminished in glucose hydrolysis.

To check for any additional side reaction, the concentra-
tion of solids in the final liquid and the percentage ratio with 
respect the initial solid concentration  (Solidf/Solidi) is also 
reported (Table 3). As the catalyst concentration increased, 
the solid concentration also increased, suggesting that the 
decrease in lactic acid yield and other secondary reaction 
products, such as furfural, may be due to a higher produc-
tion of solids.

Influence of the Operating Temperature

The effect of the operating temperature was studied in the 
MW-heated Teflon reactor at 200–260 °C (10 min heating, 
10 min isothermal). The concentration of monosaccharides 
(xylose, arabinose, and glucose) was set to 0.05 M and to 
0.005 M for catalyst  (Yb3+). Figure 3 shows the yields of the 
different reaction products at the different operating tem-
peratures for all the monosaccharides. In parallel, the con-
versions of the monosaccharides, the concentration of solids 
in the final liquid, and the percentage ratio with respect to 

the initial solid concentration  (Solidf/Solidi) are collected 
in Table 4. Almost total conversion values (> 98.3%) were 
obtained, which increased as the operating temperature 
increased; in fact, at 260 °C, the conversion was 100% for 
the 3 reference monosaccharides. In the operation with 
xylose (Fig. 3a), there was an increase in the yield of the 
lactic acid produced with the increase in temperature; how-
ever, at 260 °C the yield was slightly reduced. Therefore, 
the temperature of 240 °C was considered as optimal for the 
conversion of xylose to lactic acid.

The results obtained for arabinose are collected in Fig. 3b. 
The observed trend is very similar to that of xylose (Fig. 3a). 
This was expected since both monosaccharides are pentoses 
with the same empirical formula. Therefore, the temperature 
of 240 °C was also selected as optimal for the conversion 
of arabinose to lactic acid. Finally, Fig. 3c shows the results 
corresponding to glucose. The lactic acid yield presented 
an upward trend with temperature and similar yields were 
obtained at 240 and 260 °C; thus, 240 °C was considered 
as optimal as well. The similar optimum temperature deter-
mined for the three main monosaccharides present in corn 
stover is a key finding since the main monomers present in 
the lignocellulosic biomass would produce lactic acid at the 
same optimum working temperature.

Regarding the evolution of the dehydration products, 
furfural (Fig. 3a, b) and HMF (Fig. 3c), it is observed how 
they present a downward trend with temperature. There-
fore, the increase in temperature, in addition to increas-
ing the lactic acid yield, improved its yield and selectiv-
ity by limiting dehydration reactions. On the other hand, 
the increase in temperature also led to an increase in the 
concentration of solids, as well as a darker solution, which 
is assigned to a higher concentration of solids favored by 
high temperatures. Deng et al. (2018), in the conversion 
of cellulose in the presence of homogeneous acid catalysts 

Fig. 3  Influence of temperature on yields to the different compounds 
for xylose, arabinose, and glucose. Experiments carried out in a MW-
heated Teflon reactor at 200–260 °C (10 min heating, 10 min iso-
thermal) and 0.05 M monosaccharide and 0.005 M catalyst  (Yb3+) 

concentrations. Values with different letters for each compound are 
significantly different when applying the Fisher’s least significant dif-
ferences (LSD) method at p-value ≤ 0.05
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(Al(III)–Sn(II)), observed that the reaction solution turned 
dark brown with the increase in the operating temperature. 
The authors assigned this phenomenon to increased forma-
tion of unwanted humins.

Kinetics of Production of Lactic Acid from Simple 
Monosaccharides

Once the type of catalyst and its concentration was selected, 
the lactic acid production kinetics in subW, from xylose, was 
determined at different temperatures and pressures and by 
using different pressurization agents.

Effect of Reaction Temperature on LA Production Kinetics

The study of the effect of the operating temperature was 
extended in a batch SS reactor by determining the lactic acid 
production kinetics by withdrawing samples at regular time 
intervals. The concentrations were fixed to 0.005 M for the 
catalyst  (Yb3+) and to 0.05 M for xylose. Figure 4 shows 
the lactic acid yields along time for experiments carried out 
in the temperature range from 180 to 240 °C. It must be 
highlighted that zero time corresponds to the instant that the 
desired temperature is reached in the reactor.

The operation at 180 °C presented a maximum yield of 
31.5% at 30 min of isothermal treatment, and then, the lactic 
acid produced continued stable without degrading during the 
250 min of isothermal operation. The increase in the operating 
temperature up to 200 °C increased the yield to 34.6% also at 
30 min of isothermal treatment and also remained stable along 
the studied operating time. A further temperature increase, up 
to 220 °C, continued to increase the maximum performance 

obtained. On this occasion, a yield of 37.0% was achieved 
at a shorter operating time (20 min). It can be observed that 
a higher operating temperature favors a higher reaction rate; 
however, at 220 °C, degradation of the lactic acid produced 
was significant. The yield was reduced to 31.6% after 250 min 
of operation. Finally, the last temperature increase (240 °C) 

Table 4  Monosaccharide 
conversion, solid concentration 
in reaction products  (Solidf), 
and ratio of this final solid 
concentration to the initial 
solid concentration  (Solidf/
Solidi) for the different 
combinations of temperature 
and monosaccharides (xylose, 
arabinose, and glucose)

Experiments were carried out in a MW-heated Teflon reactor at 200–260 °C (10 min heating, 20 min iso-
thermal), 0.05 M monosaccharide concentration, and 0.005 M catalyst  (Yb3+) concentration
Values with different letters in each column are significantly different when applying the Fisher’s least sig-
nificant differences (LSD) method at p-value ≤ 0.05

Monosaccharide Temperature 
(°C)

Monosaccharide 
conversion (%)

Solidf (g  L−1) Solidf/Solidi (%)

Xylose 200 99.5 ± 0.4b,c,d 0.09 ± 0.01a 1.2 ± 0.2a

Xylose 220 99.7 ± 0.4b,c,d 0.10 ± 0.01a 1.3 ± 0.2a

Xylose 240 99.8 ± 0.3c,d 0.16 ± 0.03a,b 2.1 ± 0.4a,b

Xylose 260 100.0 ± 0.0d 0.23 ± 0.04b 3.1 ± 0.6b

Arabinose 200 99.2 ± 0.1b 0.39 ± 0.07c 5.2 ± 0.9c

Arabinose 220 99.3 ± 0.3b,c 0.41 ± 0.06c 5.5 ± 0.8c

Arabinose 240 99.7 ± 0.1c,d 0.40 ± 0.04c 5.3 ± 0.6c

Arabinose 260 100.0 ± 0.0d 0.62 ± 0.08d 8 ±  1d,e

Glucose 200 98.3 ± 0.4a 0.49 ± 0.07c 5.3 ± 0.6c

Glucose 220 99.9 ± 0.1d 0.67 ± 0.04d,e 7.4 ± 0.6d,e

Glucose 240 99.9 ± 0.1d 0.63 ± 0.04d 7.0 ± 0.5d

Glucose 260 100.0 ± 0.0d 0.77 ± 0.04e 8.6 ± 0.5e

Fig. 4  Influence of temperature on lactic acid yield along operation 
time. Experiments carried out in a SS reactor at 180–240 °C, 50 
bar (pressurized with  N2), and 0.05 M xylose and 0.005 M catalyst 
 (Yb3+) concentrations. Zero time corresponds to the instant that the 
desired temperature was reached in the reactor
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again increased the yield (39.5% at 20 min). However, at such 
a high operating temperature, a faster degradation of the lac-
tic acid produced was observed. As a result, after 250 min of 
operation, the yield was reduced to 29.8%, being the lowest 
value among the four temperatures studied.

In this context, the importance of the joint selection of the 
operating temperature and the duration of the isothermal time is 
highlighted. The choice of an overestimated isothermal time will 
limit the yield due to the degradation of the lactic acid produced. 
On the other hand, the choice of a low operating temperature or 
a short isothermal time will limit the performance that can be 
achieved. Cao et al. (2017), in the conversion of glucose catalyzed 
by  Nb2O5, observed an increase in the lactic acid yield from 19.5 
to 38.6% when heated from 170 to 250 °C, for a reaction time 
of 4 h. However, it was reduced down to 34.5% at 270 °C. The 
authors explained this behavior considering the lactic acid degra-
dation under the hydrothermal conditions used. This result agrees 
with the results obtained in this work. In Fig. 4, it can be clearly 
seen how a higher operating temperature leads to a greater deg-
radation of the lactic acid produced. Furthermore, based on the 
results observed in Fig. 4, it appears that an increase in operating 
temperature would continue to increase performance, although 
higher temperatures could not be essayed due to limited maxi-
mum specifications of the SS reactor. However, in the previous 
section, it was observed that the maximum yield was obtained at 
240 °C from xylose an arabinose and the yields at 240 and 260 
°C were the same for glucose. Therefore, considering previous 
results, 240 °C was confirmed as optimal operation temperature.

The combined effect of temperature and reaction time dur-
ing hydrothermal processes was evaluated by the severity fac-
tor parameter according to Eq. (3) (Alonso-Riaño et al., 2023; 
Ruiz et al., 2021; Wang et al., 2016):

(3)R0 = t exp
(

T − 100

14.75

)

where R0 is the severity factor, t is the treatment time (min), 
and T is the operating temperature (°C). The reference tem-
perature is fixed at 100 °C because under this temperature 
no significant solubilization nor depolymerization of the 
hemicellulose/cellulose take place, and the value 14.75 is 
a typical activation energy for glycosidic bond cleavage of 
carbohydrates under hydrothermal treatment assuming con-
version is first order.

Figure 5a shows the production of lactic acid as a func-
tion of the logarithm of the severity factor. For the operation 
at 180 and 200 °C, a decrease in lactic acid production was 
not observed, regardless of the logarithm of the severity fac-
tor. Log(R0) yielded values lower than 5.5 in the time range 
covered in this work at the lowest temperature essayed, 180 
and 200 °C. These Log(R0) values were not high enough 
to lead to lactic acid degradation. However, from Log(R0) 
values of 5.5, a decrease in lactic acid production can be 
observed. This behavior highlights the importance of the 
joint selection of temperature and operating time. In the case 
of the operation at 200 °C, a time of 360 min would be nec-
essary to reach a Log(R0) value of 5.5, while in the operation 
at 180 °C, the time would increase up to 1400 min.

To compare the behavior under subcritical water con-
ditions of the other major reaction products from xylose, 
Fig. 5b shows the production of furfural as a function of the 
logarithm of the severity factor. In the previous section, it 
has been observed how the increase in the operating temper-
ature decreases the furfural yield (Fig. 3). Figure 5b shows 
the same trend. In addition, a downward trend was seen for 
all temperatures with the increase of Log(R0), regardless its 
value. Therefore, it is shown that the lactic acid produced 
from xylose (desired product) was much more stable than 
its dehydration product (furfural).

Finally, the elemental composition of the solids gen-
erated during the experiments carried out at different 

Fig. 5  a Lactic acid and b fur-
fural productions as a function 
of the logarithm of the severity 
factor. Experiments carried out 
in a SS reactor at 180–240 °C, 
50 bar (pressurized with  N2), 
and 0.05 M xylose and 0.005 M 
catalyst  (Yb3+) concentrations
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temperatures was analyzed and included in Table 5. The 
H/C and O/C ratios are also determined, and Fig. 6 shows 
the Van Krevelen diagram for the xylose and the sol-
ids obtained at the different operating temperatures. It is 
observed how after subcritical water chemo-catalysis of 
xylose, both ratios were reduced and very close ratios were 
obtained. In the case of the H/C ratio, values of 0.65–0.70 
were obtained and in the case of the O/C ratio values of 
0.42–0.47. Slope values of 2.27–2.55 were obtained in the 
Van Krevelen diagram, suggesting that most solids could 
come from xylose dehydration products, namely, furfural 
(Licursi et al., 2015; Pérez et al., 2018).

Regarding N content of the solid fraction, it can be 
observed in Table  5 that as the operating temperature 
increased, the amount of nitrogen increased from 0.3% for 
the operation at 180 °C to 1.3% for the operation at 240 °C. 
Since the starting xylose does not contain nitrogen in its 
composition, it is suggested that the nitrogen comes from 
the catalyst (Yb(NO3)3·5H2O) added to the medium. On the 
other hand, the increase in the concentration of N is assigned 
to the fact that, as the operating temperature increases, 
the dielectric constant of water in subcritical water state 
decreases (Akiya & Savage, 2002; Cocero et al., 2018), 
which limits the solubility of the catalyst in the reaction 
medium leading to a greater amount of precipitate.

Influence of Pressure and Pressurization Agent on LA 
Production Kinetics

The effect of pressure and pressurization agent was stud-
ied in a batch SS reactor that allows aliquot sampling with 
operation time. Figure 7 shows the lactic acid yields of the 
different combinations of pressure (50 and 100 bar) and 
pressurization agent  (N2 or  CO2). The experiments were 
carried out with xylose as the reference monosaccharide 
and  Yb3+ was used as a catalyst. The concentrations were 
fixed to 0.005 M for the catalyst  (Yb3+) and to 0.05 M for 
xylose. Despite the fact that 240 °C has been selected as the 
optimum operating temperature, the experiments were car-
ried out at 200 °C to clearly observe degradation of lactic 
acid due to pressure and/or pressurization agent. Zero time 
corresponds to the instant that the desired temperature was 

reached in the reactor. Figure 7 presents the same trend for 
the different combinations of operating pressure and pres-
surization agent. In general, there was a sharp increase in 
lactic acid yield up to 20–30 min of isothermal treatment 
and afterwards, it remained constant during the 250 min of 
operation. Therefore, it can be concluded that the pressure 
increase up to 100 bar or the use of  CO2 as pressurization 
agent do not influence the degradation of lactic acid and this 
only depends on the operating temperature.

The increase in pressure from 50 to 100 bar has a slight 
positive effect for both pressurization agents. The yield at 
30 min of isothermal treatment increases from 34.6% at 50 
bar to 35.3% at 100 bar when using  N2. Therefore, it is con-
cluded that pressure should be simply enough to keep water 
in its liquid state when dealing with an inert gas such as 
 N2. Rivas-Vela et al. (2021) observed how insignificant the 
effect of pressure was on the hydrolysis yield compared to 

Table 5  Elemental composition 
of the solids generated during 
xylose hydrothermal hydrolysis 
at different temperatures

Values with different letters in each column are significantly different when applying the Fisher’s least sig-
nificant differences (LSD) method at p-value ≤ 0.05

Experiment N (%) C (%) H (%) O (%) O/C ratio H/C ratio

Xylose 0.0 40.0 7.0 53.0 1.00 2.00
180 °C 0.265 ± 0.003a 60.8 ± 0.3b 3.53 ± 0.06b 35.4 ± 0.3b 0.437 ± 0.006b 0.70 ± 0.02c

200 °C 0.42 ± 0.02b 61.7 ± 0.1c 3.49 ± 0.06b 34.4 ± 0.2a 0.418 ± 0.004a 0.68 ± 0.01b,c

220 °C 1.04 ± 0.01c 58.9 ± 0.1a 3.26 ± 0.05a 36.8 ± 0.2c 0.469 ± 0.003c 0.66 ± 0.01a,b

240 °C 1.248 ± 0.00d 58.8 ± 0.2a 3.16 ± 0.07a 36.8 ± 0.3c 0.469 ± 0.005d 0.65 ± 0.02a

Fig. 6  Van Krevelen diagrams for the xylose and the solids obtained 
at the different operating temperatures. Experiments carried out in a 
steel reactor at 180–240 °C, 50 bar (pressurized with  N2), and 0.05 M 
xylose and 0.005 M catalyst  (Yb3+) concentrations
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temperature and time, as long as the water remains in a liq-
uid state. Regarding the influence of the nature of the pres-
surization agent, the use of  CO2 in hydrothermal processes 
promotes an enhanced acid reactive environment, since  CO2 
is partially dissolved in water (Benito-Román et al., 2019; 
Melgosa et al., 2020, 2021). Pressurizing with  CO2 instead 
of with an inert gas  (N2) improved performance from 34.6 
to 36.7% when working at 50 bar. Finally, the highest yield 
(37.3%) was obtained in the experiment carried out at 100 
bar and pressurized with  CO2, suggesting a positive effect 
of pressure when working with  CO2. It is expected a greater 
effect of the presence of  CO2 and operating pressure when 
directly hydrolysing lignocellulosic biomass instead of sim-
ple monosaccharides, improving the hydrolysis of the bio-
mass into its different components.

Comparison Between MW‑Heated Teflon and Steel 
Reactor Performance

In this work, two types of reactor have been used: a micro-
wave-heated Teflon reactor that operated at saturation pres-
sure, considering gas generation in the MW treatment, and a 
SS reactor pressurized with a gas, at a pressure high enough 
to keep water in its liquid state. In this section, the results 
obtained for similar operating conditions are compared. 
Xylose was selected as starting monosaccharide and  Yb3+ as 

catalyst with concentrations of 0.05 M and 0.005 M, respec-
tively. The temperature was set at 240 °C and the isothermal 
time was set at 10 min. Figure 8 shows the production of 
the different compounds in both reactors at the previously 
mentioned operating conditions. For all the compounds, very 
close results can be observed, so it can be concluded that the 
results obtained by both heating type and operating pressure 
are of the same order.

Lactic Acid Degradation Study

In the previous sections, the influence of temperature, pres-
sure, and pressurization agent on lactic acid yield over time 
has been studied for the hydrolysis of monosaccharides. It 
has been observed that an increasing working pressure and 
the pressurization agent did not lead to a faster degrada-
tion of the lactic acid produced at 200 °C; however, higher 
operating temperatures did as it was described in “Effect of 
Reaction Temperature on LA Production Kinetics.” There-
fore, a deeper study of the degradation of lactic acid with 
temperature was carried out. To do this, a lactic acid solution 
was prepared with a concentration of 3.1 g  L−1 (similar to 
the concentrations obtained from pure monosaccharides) and 
its degradation behaviour with temperature was analyzed. 
The results have been collected in Fig. 9. The degradation 
study was carried out in the MW-heated Teflon reactor.  Yb3+ 
(0.005M) was also introduced to emulate the state of the 
system during the experiments.

Fig. 7  Influence of pressure (50–100 bar) and pressurization agent 
 (N2/CO2) on lactic acid yield along operation time. Experiments car-
ried out in a SS at 200 °C and 0.05 M xylose and 0.005 M catalyst 
 (Yb3+) concentrations. Zero time corresponds to the instant that the 
desired temperature is reached in the reactor

Fig. 8  Yields of the different compounds for MW-heated Teflon and 
SS reactors. MW-heated Teflon reactor conditions: 240 °C (10 min 
heating, 10 min isothermal) and 0.05 M xylose and 0.005 M catalyst 
 (Yb3+) concentrations. SS reactor conditions: 240 °C, 50 bar (pres-
surized with  N2), 10 min isothermal time, and 0.05M xylose and 
0.005M catalyst  (Yb3+) concentrations
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It can be observed that the lactic acid concentrations for 
all the degradation experiments carried out were below the 
initial concentration. Therefore, it can be confirmed that, 
in the studied temperature range (200–260 °C), lactic acid 
suffers degradation. With the increase in temperature, the 
degradation is more accentuated, as it was also observed in 
Fig. 4. The concentration of lactic acid after the experiment 
at 260 °C was reduced to 1.9 g  L−1; therefore, it degrades a 
39%. A detailed observation of the chromatograms allowed 
to detect the formation of acetic acid. Consequently, part of 
the lactic acid was degraded to acetic acid. Figure 9 shows 
how the concentration of acetic acid increases temperature, 
while that of lactic acid decreases.

Finally, the influence of time on lactic acid degradation 
was also analysed, by performing an additional experiment at 
260 °C for 20 min. The results are represented also in Fig. 9. 
The acetic acid production was not affected by the operating 
time; however, it can be observed that the longer the isother-
mal time at 260 °C, the larger the lactic acid degradation. 
Specifically, LA was reduced by 45% (1.7 g  L−1). These 
results agree with those observed in Fig. 4, in which it can 
be seen that the lactic acid yield was reduced over the course 
of the operation time when working at high temperatures.

Possible Routes of Lactic Acid Formation Depending 
on the Starting Monosaccharide

In this section, the distribution of products generated in 
the catalytic process to obtain lactic acid by using  Yb3+ as 

catalyst at 240 °C is presented for the three main monosac-
charides found in different lignocellulosic biomasses such 
as corn stover (xylose, arabinose and glucose). The experi-
ments were carried out in the batch SS reactor that allows 
withdrawing samples along reaction time. While heating the 
reactor until the isothermal temperature was reached, sam-
ples were withdrawn at 50, 100, 150, 200, and 240 °C, which 
correspond approximately to 10, 17, 24, 34, and 53 min. 
From that point, samples were taken during the isothermal 
treatment at specific operating times. Results are presented 
in Fig. 10.

It can be observed that the monosaccharide concentra-
tion barely varies until 150 °C were reached (≈24 min) and 
from that point it drops sharply. However, the lactic acid 
concentration does not increase noticeably until 200 °C were 
reached (≈34 min). This trend was observed for the three 
monosaccharides studied; however, different degradation 
compounds were detected for each monosaccharide.

In the experiment with xylose (Fig.  10a), with the 
decrease in its concentration, the increase in the concentra-
tion of xylulose can be observed. With arabinose (Fig. 10b), 
ribulose was detected, while with glucose (Fig. 10c) fructose 
was the main reaction product. That is, the isomerization of 
aldoses to the corresponding ketoses was observed. In paral-
lel, retroaldol condensation products, such as dihydroxyac-
etone and glyceraldehyde, and their dehydration compounds 
like pyruvaldehyde and glycoaldehyde were also detected 
for the three monosaccharides. These compounds were only 
detected during the heating step, and none of them were 
detected during the isothermal step at 240 °C.

The detection of these compounds is consistent with the 
mechanisms proposed in the literature for lactic acid produc-
tion from monosaccharides. Li et al. (2019), in their review 
of the catalytic conversion of cellulose-derived monosaccha-
rides to lactic acid, concluded that the conversion of soluble 
monosaccharides involves three key steps. First, the isomeri-
zation of monosaccharides occurs. For example, in the case 
of glucose, it is isomerized to fructose. Subsequently, ret-
roaldol reactions of fructose to trioses occur, in which dihy-
droxyacetone and glyceraldehyde are produced. Finally, the 
trioses are converted to lactic acid through several reactions 
in tandem. In this tandem of reactions, the dehydration of 
glyceraldehyde to pyruvaldehyde is included.

Density functional theoretical (DFT) studies revealed 
that the retroaldol fragmentation of fructose is the step that 
required the most energy, where the activation energy barrier 
is 32.8 kcal  mol−1 (Wang et al., 2013). In contrast, the Gibbs 
energy for the dehydration of fructose to HMF is relatively 
low (29.1 kcal  mol−1), suggesting that HMF formation is 
more favorable in the absence of any Lewis catalyst. These 
results are in agreement with those shown in Fig. 1b. In the 
experiment without catalyst, lactic acid was not detected and 
HMF was the main product. However, with the presence 

Fig. 9  Lactic acid degradation with temperature. Experiments carried 
out in a MW-heated Teflon reactor at 200–260 °C (10 min heating, 
10–20 min isothermal) and 3.1 g  L−1 initial lactic acid and 0.005 M 
catalyst  (Yb3+) concentrations
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of a Lewis acid catalyst, lactic acid was the major product. 
Wang et al. (2013) observed that the energy barrier for the 
retroaldol was significantly reduced to 22.4 kcal  mol−1 with 
the addition of a catalyst (Pb(II)), which guided the reaction 
towards the selective formation of lactic acid.

Based on the literature and the time evolution of com-
pounds observed, it is concluded that the route of formation 
of lactic acid from xylose, arabinose, and glucose begins 
with the isomerization of aldose into ketose. Next, the for-
mation of trioses (dihydroxyacetone and glyceraldehyde) 
from hexoses and trioses and glycoaldehyde from pentoses 
takes place, which are further dehydrated to pyruvaldehyde 
that yields lactic acid. The proposed route of lactic acid for-
mation is depicted in Scheme 1.

For a better comparison, Fig. 11 shows the evolution of 
the lactic acid yield for the three monosaccharides, once 
the isothermal temperature of 240 °C was reached. Glucose 
(C6), xylose, and arabinose (C5) present a very similar per-
formance. Firstly, the yield increases up to 20 min of iso-
thermal treatment and from that point, it decreases due to the 
degradation of the lactic acid produced. Given the similar 
results, it can be concluded that lactic acid degradation is 

independent of the starting monosaccharide. Table 6 shows 
the ratio between the total carbon of the final monosac-
charide solution and the total carbon of the initial solution 
(TCf/TCi). Very close values of the ratio were obtained 
(0.74–0.78) for the three monosaccharides. Consequently, 
approximately 75% of the initial carbon remains in the liquid 
phase. The remaining 25% is supposed to be transformed 
into solid and gaseous products.

The similarity described in Fig. 11 in the results between 
xylose and arabinose was expected since both are C5 mon-
osaccharides. However, glucose is a C6 monosaccharide, 
which could produce two molecules of lactic acid for each 
glucose molecule. Regarding this point, it must be high-
lighted that, in the literature, there are several ways to cal-
culate the lactic acid yield. Some authors relate the moles of 
carbon in lactic acid to the moles of carbon contained in the 
starting monosaccharides (Cao et al., 2017; Ma et al., 2023). 
This calculation has been selected in this work to determine 
the lactic acid yield (Eq. 2). The yield for the other com-
pounds present in the liquid phase was determined in the 
same way, considering the number of carbon moles present 
in each compound. Other authors, however, relate the moles 

Fig. 10  Compound concentra-
tion distribution along time 
and operating temperature for 
xylose, arabinose, and glucose. 
Experiments carried out in a 
steel reactor at 50 bar (pres-
surized with  N2), 240 °C, and 
0.05M monosaccharide and 
0.005M catalyst  (Yb3+) concen-
trations

Scheme 1  Proposed route of 
lactic acid formation for the 
xylose, arabinose, and glucose
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of lactic acid produced with the initial moles of monosac-
charide (Eq. 4) (Kiatphuengporn et al., 2020). Finally, the 
yield can also be determined taking into account that one 
lactic acid molecule can be produced from a pentose and 
two from a hexose (Eq. 5) (Xu et al., 2020; Ye et al., 2021).

Table 6 lists the lactic acid yields determined in the dif-
ferent ways described in the literature (Eqs. 2, 4, and 5) for 
an isothermal reaction time of 20 min. The conversion of 
the three reference monosaccharides, which was complete 

(4)Ymolar =

(

moles of lactic acid

initial moles of monosaccharide

)

× 100

(5)

Yest =

(

moles of lactic acid

(initial moles of C5) + 2 (initial moles of C6)

)

× 100

for the three of them, is also included in Table 6. For pen-
toses (xylose and arabinose) the Ymolar is identical to Yest. 
This result is due to the fact that only one molecule of lactic 
acid can be produced from one molecule of monosaccharide. 
However, for glucose (hexose), the Ycarbon is identical to Yest, 
since the 6 carbon atoms of the glucose molecule would 
produce 2 molecules of lactic acid (triose). Considering the 
yield values (Table 6), it is suggested that regardless the 
starting monosaccharide is a hexose or a pentose, only one 
lactic acid molecule will be produced for each monosac-
charide molecule. These results are in agreement with the 
evolution of the products observed in Fig. 10, since for all 
the monosaccharides (pentoses and hexoses) the formation 
of glycoaldehyde (diose) was observed. Future experiments 
will be performed to further investigate this suggestion.

Estimation of Corn Stover Conversion of Simple 
Monosaccharides and Polysaccharides

The corn stover used in this work is composed of 36.5% 
glucans, 20.2% xylans, and 3.6% arabinans (Table 1). This 
section analyses the possibility of estimating the lactic acid 
production considering its composition on simple monosac-
charides and/or its polysaccharide composition. The study was 
performed in the MW-heated Teflon reactor. Figure 12 shows 
the yields of different mono- and polysaccharide-derived 
compounds present in the corn stover, specifically the four fol-
lowing substrates: a mixture of simple monosaccharides (61% 
glucose, 33% xylose, and 6% arabinose), pure xylan, pure cel-
lulose, and a mixture of the both polysaccharides (61% cel-
lulose and 39% xylan). In addition, one experiment carried out 
with the selected lignocellulosic biomass, corn stover, is also 
included. A reaction temperature of 240 °C (10 min heating, 
10 min isothermal) was selected. The concentrations were 
fixed to 0.005 M for the catalyst  (Yb3+) and to 0.05 M for total 
monosaccharide concentration in base of monomers.

From the mixture of simple monosaccharides (61% glu-
cose, 33% xylose, and 6% arabinose), a lactic acid yield of 
37.5% was obtained, similar to the yield value for individual 
monosaccharides. However, from the commercial poly-
saccharides (61% cellulose and 39% xylan), the yield was 
reduced to 19.4%. Since difficulty was observed in dissolving 

Fig. 11  Lactic acid yields with the operation time for xylose, arab-
inose and glucose. Experiments carried out in a steel reactor at 240 
°C, 50 bar (pressurized with  N2), and 0.05M monosaccharide and 
0.005M catalyst  (Yb3+) concentrations. Zero time corresponds to the 
instant that the desired temperature is reached in the reactor

Table 6  TCi/TCf ratio 
together with acid lactic yields 
calculated by the different forms 
proposed in the literature and 
monosaccharide conversion at 
20 min isothermal

Experiments carried out in a steel reactor at 240 °C, 50 bar, and 0.05 M monosaccharide and 0.005 M cata-
lyst  (Yb3+) concentrations

Monosaccharides TCf/TCi ratio Ycarbon (%) Ymolar (%) Yest (%) Monosaccha-
rides conversion 
(%)

Xylose 0.75 39.5 65.9 65.9 100.0
Arabinose 0.78 38.3 63.8 63.8 100.0
Glucose 0.74 42.9 71.6 42.9 100.0
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the selected microcrystalline cellulose, additional experi-
ments were performed, in which only xylan or cellulose were 
used as substrates (maintaining the same monosaccharide 
concentration, 0.05 M). From xylan, a similar yield (37.6%) 
to that of simple monosaccharides was obtained, however, 
from cellulose only a 3.1% yield was obtained, since it was 
not possible to dissolve it under the conditions used in this 
work. Therefore, it is concluded that the conversion of corn 
stover and the lactic acid yield cannot be estimated from its 
polysaccharide’s composition due to the impossibility of dis-
solving cellulose under the working conditions.

Finally, the experiment carried out directly from corn 
stover provided a yield of 30.3%, slightly lower than for 
the monosaccharide mixture. These results show the diffi-
culty of hydrolyzing all the polysaccharides into its mono-
saccharide components. Therefore, it is concluded that, if 
the composition of a lignocellulosic biomass is known, the 
lactic acid production that will be obtained from its simple 
monosaccharides can be estimated.

Conclusions

Selective conversion of biomass-derived mono- and poly-
saccharides to lactic acid was achieved by using lanthanide 
Lewis acid catalyst in subcritical water as reaction medium. 

Similar results were obtained in terms of lactic acid yield 
by using a MW-heated Teflon reactor system compared to 
a conventional-heating pressurized stainless steel reactor 
system. Therefore, a MW-heated system helped to quickly 
screen the effect of the main process parameters including 
temperature, type of catalyst, and catalyst concentration.

On the other hand, in the external gas pressurized system, 
slightly better results, in terms of reaction rate and maximum 
conversion yield, were obtained when using  CO2 as pressuri-
zation agent compared to  N2. The maximum value of lactic 
acid yield was 40%. It was obtained at 240 °C after 20 min 
of isothermal treatment, by using a  Yb3+ concentration of 
0.005 M, regardless the starting monosaccharides (glucose, 
xylose, and arabinose). This finding is very important since 
maximum lactic acid yield could be obtained in one-step 
process considering a complex biomass such as corn stover. 
A similar lactic acid production route was proposed for all 
the monosaccharides involving isomerization of aldose to 
ketose followed by the formation of trioses, which are fur-
ther dehydrated to pyruvaldehyde and finally to lactic acid.

Temperature was a key parameter not only affecting the 
reaction rate. The combined effect of temperature and time, 
severity factor, determined the distribution product profile 
since different behaviors was observed for lactic acid and 
furfural, being furfural more easily degraded. But also, a 
temperature increase led to a decrease in catalyst solubility 
in subcritical water increasing its concentration in the solid 
residue formed during treatment.

Xylan led to similar lactic acid yield compared to mono-
saccharides, but microcrystalline cellulose was not easily 
hydrolyzed in subcritical water, even in the presence of cata-
lyst, and very much lower yields were obtained. Corn stover 
would present more amorphous regions leading to higher 
yields of the cellulose fraction compared to the commercial 
microcrystalline cellulose.
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