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Abstract: This study delves into the valorization of pea pod waste using hydrothermal processes,
focusing on optimizing key parameters such as temperature, biomass-to-water ratio, particle size,
and catalyst influence. Noteworthy findings include the significant impact of temperature variations
on product yields, with 180 ◦C favoring sugars, HMF, and furfural, while 220 ◦C and 260 ◦C lead to
distinct platform chemical productions. The utilization of a 1:20 biomass-to-water ratio consistently
enhances yields by 10%, underscoring its importance in promoting efficient hydrolysis without
excessive product degradation. Furthermore, the investigation into particle size reveals that smaller
dimensions, particularly 1 mm particles, improved heat and mass transfer, reduced diffusion barriers,
and enhanced digestibility, ultimately boosting overall efficiency in platform chemical production.
Moreover, the study sheds light on the role of catalysts in the hydrothermal processes, showcasing
the differential impact of acid and basic catalysts on product yields. Acid catalysts demonstrate a
notable increase of up to 135.5% in the production of platform chemicals, emphasizing their crucial
role in enhancing reaction efficiency. The complex relationship between agitation, temperature,
and product formation is elucidated, with experiments revealing varying outcomes based on the
presence or absence of agitation at different temperatures. These findings provide valuable insights
into optimizing pea pod waste valorization, offering a pathway towards sustainable and efficient
conversion of agricultural residues into valuable platform chemicals.

Keywords: hydrothermal; pea pod; chemical platform; biochar; optimization

1. Introduction

Waste management plays a pivotal role in maintaining environmental sustainability
and human health by effectively handling waste materials. It encompasses a range of
activities such as collection, transportation, treatment, and disposal of waste to minimize
environmental impact and promote resource conservation. The importance of proper waste
management is underscored by its role in reducing pollution, preserving natural resources,
and supporting sustainable development. Pea pod waste is a significant concern in waste
management due to its potential environmental impact. Pea production is a substantial
industry, with the global production of fresh peas reaching 20,529,759 tons in 2021 [1].

One the parameters of pea pod valorization that has not been studied is the biomass/
water ratio. The biomass-to-water ratio is an important parameter that influences the
yield and characteristics of the products obtained from the hydrothermal treatment of
biomass, including pea pod waste [2]. Increasing the biomass-to-water ratio (i.e., using
less water) generally leads to higher yields of the solid hydrochar product, as there is less
water available to facilitate the hydrolysis and dissolution of the organic compounds [3].
Conversely, decreasing the biomass-to-water ratio (i.e., using more water) tends to favor
the production of liquid and gaseous products, as the increased water content promotes the
hydrolysis and decomposition of the biomass. The optimal biomass-to-water ratio depends
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on the specific feedstock and the desired products. The biomass-to-water ratio also affects
the reaction kinetics and the physicochemical properties of the resulting hydrochar, such
as its carbon content, surface area, and pore structure [4]. Similarly, the particle size of
pea pod waste for its hydrothermal valorization remains without a lot of research. Several
studies have investigated the impact of biomass particle size on the efficiency and product
characteristics of hydrothermal carbonization (HTC) and other hydrothermal valorization
methods. One study found that the feedstock particle size in HTC processes was very
small (<1 mm) compared to other thermochemical processes like slow pyrolysis (several
centimeters), and this smaller particle size improved heat transfer and reaction kinetics [5].

Hydrothermal processes have emerged as a promising approach for transforming
various types of waste, including pea pod waste, into valuable products such as biochar
and platform chemicals. These processes involve the treatment of biomass under high
temperature and pressure conditions, typically in the presence of water [6]. During hy-
drothermal treatment, the complex organic compounds in the waste material undergo a
series of reactions, including hydrolysis, dehydration, decarboxylation, and aromatization.
This leads to the formation of biochar, a carbon-rich solid material that can be used as a
soil amendment, a fuel source, or a precursor for the production of activated carbon and
other value-added products [7]. Additionally, the hydrothermal process can also generate
a range of platform chemicals, such as organic acids, alcohols, and furans, which can be
further refined and utilized in various industries.

In the hydrothermal valorization processes for pea pods, the effect of temperature and
time plays a crucial role in determining the outcomes, the hydrothermal process involves
a range of temperatures that influence the transformation of pea pod waste into biochar
and platform chemicals. The temperature range typically varies from 180 ◦C to 260 ◦C for
hydrothermal carbonization. These temperature ranges are essential for driving the desired
reactions and determining the yield and quality of the products obtained from pea pod
waste [8]. The duration of the hydrothermal treatment, or pyrolysis time, is another critical
factor that impacts the efficiency and effectiveness of the valorization process. The time
spent at specific temperatures during hydrothermal processing affects the decomposition
and conversion of organic matter in pea pod waste into biochar, platform chemicals, and
other valuable products; this has been seen in previous research conducted by the writers of
this manuscript [9]. Similar tests were performed with batch reactors to optimize time and
temperature conditions and the specific products obtained under the different conditions.
The use of lower temperatures, 120–180 ◦C, can lead to the production of sugars (up to
70% yield) and Levulinic acid (4% yield), while the use of higher temperatures leads to
formic acid (40% yield) and Levulinic acid (4% yield). The use of LHW for longer periods
favors the production of HMF and furfural but the decrease of sugar content.

The valorization of agricultural waste streams is a promising approach for sustain-
able chemical production. Pea pod waste, a byproduct of pea processing, represents a
significant underutilized biomass resource. The valorization of pea pod waste via hy-
drothermal processes has garnered significant attention in recent years due to its novelty
and potential for sustainable energy production. Previous researchers have successfully
utilized hydrothermal carbonization to produce biochar from pea pod waste, as seen in
previous studies [10,11]. However, the production of platform chemicals from pea pods,
such as sugar, furfural, Levulinic acid, formic acid, and hydroxymethylfurfural (HMF),
remains largely unexplored. These platform chemicals are valuable building blocks for the
production of biofuels, chemicals, and other products. The study of their production from
pea pods is crucial, as it can provide a sustainable and renewable source of these chemi-
cals. Additionally, the convenience of using pea pod waste as a feedstock is a significant
advantage, as it is readily available and can be easily collected from agricultural sources,
reducing the need for additional processing steps and minimizing waste generation.

Developing methods to convert pea pod waste into valuable platform chemicals and
biochar demonstrates the potential for waste-to-product upcycling in a circular bioeconomy.
Emphasizing the sustainable nature of this process, which diverts organic waste from
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landfills or incineration, is crucial in the introduction to highlight the environmental
benefits and motivate further research in this area. The aim of this article is to optimize key
parameters of biomass/water ratio, particle size, stirring, and catalysts for maximizing the
production of platform chemicals and biochar from pea pod waste through hydrothermal
valorization processes basing the new set of experiments on the previously obtained
results. By fine-tuning these parameters based on research findings, the goal is to enhance
process efficiency, increase product yields, and improve the quality of the resulting platform
chemicals and biochar. This optimization is essential not only for economic viability but also
for advancing sustainability goals. Efficient utilization of pea pod waste through optimized
hydrothermal valorization processes contributes to a circular economy by converting waste
into valuable products. It also promotes resource recovery, reduces reliance on fossil-based
feedstocks, and helps in reducing greenhouse gas emissions. The employed model in this
study involves the utilization of pea pod waste at various temperatures ranging from 180 to
260 ◦C, biomass/water ratios, agitation, and catalysts. The model involves measuring
the conductivity and pH levels during the production of chemicals to track the process.
The platform chemicals produced are then quantified using High-Performance Liquid
Chromatography (HPLC), and the biochar is characterized. This approach aims to valorize
pea pod waste through hydrothermal processes, which has been rarely studied before, by
converting it into valuable chemicals and biochar, thereby promoting a sustainable and
circular bioeconomy.

2. Materials and Methods
2.1. Biomass Characterization

The pea pod waste was recovered from a local farmer’s market; about 10 kg of pea
pods thrown after the obtention of the peas were used for this study. The pea pods came
from different farms from both Cundinamarca and Boyacá, making it a representative
sample. A previous characterization of the biomass was conducted to identify the proper-
ties of the initial biomass [9]. The techniques and technical reports used were as follows:
for the proximate assay, the assays consisted of moisture (NREL/TP-510-42621) [12], ash
(NREL/TP-510-42622) [13], and volatile matter (ASTM E872-82) [14]. In the case of the
ultimate assay, it consisted of moisture fixed carbon followed by the Technical Report
ASTM D5373-21 [15]. Lastly, the chemical composition was assessed using the methodol-
ogy outlined in the Journal of Dairy Science called “Methods for Dietary Fiber, Neutral
Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal Nutrition” [16].

2.2. Hydrothermal Experiments

The experiments were carried out in a 500 mL batch reactor. First, experiments were
conducted with various biomass-to-water ratios (1:05, 1:10, 1:20, and 1:40). Following
that, the mixture was put into the reactor at three different temperatures: 180 ◦C, 220 ◦C,
and 260 ◦C (based on earlier research [9] that suggests these are the optimal temperatures
for biochar and platform chemicals); it was then kept under autogenous pressure for 1 h
(measured after the mixture reached the desired temperature), with a particle size of 1 mm.

The effects of biomass particle size on hydrothermal carbonization were subsequently
investigated in a series of experiments involving four distinct particle sizes: 0.5 mm, 1 mm,
2 mm, and 5 mm. These experiments were conducted at the same temperatures (180 ◦C,
220 ◦C, and 260 ◦C) and under an autogenous pressure setup for 1 h, starting from the time
the temperature reached the appropriate level. A biomass-to-water ratio of 1:20 (5 g of
biomass/95 g of water) was employed.

The last variable evaluated was the stirring. A series of experiments was conducted
with stirring at 5000 and 8000 revolutions per minute at the same temperatures (180 ◦C,
220 ◦C, and 260 ◦C) under autogenous pressure for one hour (measured after reaching the
desired temperature). The experiments used a particle size of 1 mm and a biomass-to-water
ratio of 1:20 (5 g biomass/95 g of water).
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Each experiment was performed in triplicate to ensure its repeatability. The concentra-
tions, weights, and yield reported are averaged from the results obtained. The variation in
all of the cases was under 5% variation coefficient.

2.3. Characterization of Fractions

Vacuum filtration was used to separate the liquid and solid portions, and mass balance
was maintained through measurement. After recovering the solid fraction, it was cleaned
with acetone, ethanol, and water before being dried at 105 ◦C until it reached a consistent
weight. The solid was characterized with elemental analysis (Thermo Flash 2000, manu-
facturer Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the parameters
specified in ASTM D5373-21 [15]. To track the reactions taking place, pH and conductivity
were measured. Furthermore, HPLC-RI was used to quantify the platform chemicals (PC).
Equation (1) was used to measure the yields.

Yield =
(grams o f PC)

(grams o f lignocelullosic structure in biomass)
× 100% (1)

2.4. Analytical Methods

For PC quantification, the methodology utilized in earlier articles [3,9,17] was applied.
That method was implemented with a Hitachi Elite LaChrom (Tokyo, Japan), Hitachi
L-2490 refraction index detector at 40 ◦C, SHODEX Sugar SH1821 column at 60 ◦C, 0.005 M
H2SO4 for the mobile phase, and a flow rate of 0.5 mL/min.

2.5. Homogeneous Catalysts

A series of acid and basic homogeneous catalysts were used to functionalize the
biochar and increase the efficiency and specificity of the reactions to examine the impact
of catalysts in the hydrothermal process. Solutions of H2SO4 [0.1 M], CH3COOH [0.1 M],
and NaHCO3 [0.1 M] were made to replace the water in the biomass/water 1:20 ratio (5 g
biomass/95 g catalysts solution). Reactions were performed at 180 ◦C, 220 ◦C, and 260 ◦C
for 1 h and with a particle size of 1 mm. The solid and liquid fractions that were obtained
and characterized as previously reported.

3. Results and Discussion

A preliminary study of the properties of the biomass was performed and is presented
in Table 1.

Table 1. Properties of pea pod obtained and used for the study.

Parameter Content (%)

Moisture 7.86
Ashes 13.66

Volatile matter 78.67
Fixed carbon 8.36

Hemicellulose 16.4
Cellulose 25.0

Lignin 3.6
Carbon 47.74

Hydrogen 5.85
Oxygen 46.40

The provided data reveal that the lignocellulosic biomass, likely pea pod waste, ex-
hibits promising characteristics for thermochemical conversion processes. With a relatively
low moisture content of 7.86% and a high volatile matter of 78.67%, this feedstock has good
potential for producing bio-oils and syngas via pyrolysis or gasification. The moderate
levels of cellulose (25.0%) and hemicellulose (16.4%), coupled with a low lignin content
(3.6%), make it a suitable candidate for depolymerization reactions to obtain platform
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chemicals like hydroxymethylfurfural (HMF), furfural, and Levulinic acid. However, the
high ash content of 13.66% may pose challenges such as slagging and fouling during
thermochemical processing, requiring additional consideration. The elemental composi-
tion, with 47.74% carbon and 5.85% hydrogen, further supports the biomass’s suitability
for conversion into value-added products. While the relatively low fixed carbon content
of 8.36% suggests a lower tendency for biochar formation during pyrolysis, the overall
composition indicates that pea pod waste could be an attractive feedstock for valorization
through thermochemical routes, particularly for the production of platform chemicals and
potentially biochar as a co-product.

3.1. Biomass/Water Ratio Influence

Three fractions were produced in the hydrothermal procedures: solid, liquid, and gas
fractions. The solid and liquid fractions were measured directly, and the mass difference
was used to determine the gas fraction. The mass balances of fractions in hydrothermal
reactions with pea pod biomass waste are presented in Table 2. The hydrothermal reactions
were conducted for one hour using a particle size of 1 mm.

Table 2. Solid, liquid, and gas fractions in hydrothermal reactions with biomass waste (1 mm) for 1 h.

T (◦C) B/W Ratio WLF (g) WWSF (g) WDSF (g) WGF (g)

180 1:05 47.870 40.138 8.860 11.992
180 1:10 69.531 19.406 4.395 11.063
180 1:20 86.142 6.953 1.514 6.905
180 1:40 87.774 2.483 0.664 9.743
220 1:05 49.444 32.536 7.719 18.020
220 1:10 71.993 15.640 3.889 12.367
220 1:20 71.585 6.034 1.538 22.381
220 1:40 89.762 2.317 0.645 7.921
260 1:05 61.984 24.616 5.852 13.401
260 1:10 63.964 9.230 3.005 26.807
260 1:20 85.370 3.631 0.980 11.000
260 1:40 91.231 1.314 0.399 7.455

Weigh Liquid Fraction (WLF), Weight Wet Solid Fraction (WWSF), Weight Dry Solid Fraction (WDSF), Weight Gas
Fraction (WGF).

This series of experiments was made to examine the ratios of gas, liquid, and solid
fractions at various reaction temperatures under a given biomass/water ratio. At first,
when the experiments were compared with the same biomass-to-water ratios at different
temperatures, a trend for the liquid fraction was not evident. On the other hand, it was
observed that when the temperature increased, the weight of the solid fraction decreased,
and the gas fraction was higher. At 260 ◦C, the carbonization of the biomass occurred, and
that is the reason for the diminution of the solid fraction (loss of oxygen). The composition
of the solution and the ion concentration can be utilized to explain variations in pH and
conductivity in a liquid fraction at different temperatures.

pH is the measure of the concentration of hydrogen ions in a sample. Lower pH values
indicate higher hydrogen ion concentrations and, consequently, acidity. On the other hand,
when the water increases in the B/W ratio content, the concentration of basic ions rises
compared to acidic ions, pushing the pH upward toward basic levels. In other words,
it is expected that when there is a higher initial concentration of H+ in the system, it is
often related to a higher platform chemical content. On the other hand, conductivity is
the measure of the concentration of ions in a sample that can transmit an electric current.
When the B/W ratio decreases, there are less charged species, hence the conductivity drops.
As a result, the observed trends in conductivity and pH can be explained by the shifting
ratios of acidic and basic ions in the solution, which affect both parameters as the B/W
ratio changes.
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Figure 1 shows that as the biomass/water ratio decreases, the pH does too, but with
a 1:40 ratio, the pH increases slightly. Comparing the pH values, the 1:20 ratio yields
the lowest result. It is important to note that at 220 ◦C and 260 ◦C, the pH does not
vary significantly. Furthermore, as the biomass/water ratio changes from 1:5 to 1:40,
conductivity continuously decreases. The conductivity decreases from 6.33 mS/cm to
2.38 mS/cm at 180 ◦C, from 7.31 mS/cm to 1.76 mS/cm at 220 ◦C, and from 6.78 mS/cm to
1.38 mS/cm at 260 ◦C.
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It was observed that there was a larger shift in conductivity at 220 ◦C and 260 ◦C,
but the pH changes were not significant. This occurred because the chemicals that were
produced have charged species but they are not as acidic in nature. The decrease in
conductivity as the biomass/water ratio changes from 1:5 to 1:40 can be attributed to the
formation of charged chemical species during the process, rather than the production of
acidic compounds. Even though the conductivity decreased significantly at the higher
temperatures, the pH remained relatively stable, indicating that the charged species were
not proton-donating acids.

Due to the fact that pH and conductivity are only a preliminary follow up, an adequate
quantification was performed afterwards in order to evaluate the influence of the B/W ratio
in the production of the different platform chemicals. To calculate the yields of production,
the percentage of lignocellulosic biomass in the pea pod waste was characterized (Table 1)
and used as the initial content, from which the yield of production was calculated based in
the weight of the platform chemicals obtained vs. the weight of lignocellulosic structures
in the biomass weighted for each experiment.
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Figure 2 shows the tendencies for B/W ratio at 180 ◦C. Here, it can be seen that an
overall yield increase is obtained at 1:20, where almost a 5% increase in the total yield is
obtained. Extreme B/W ratios, in concentrated and diluted extremes, present a similar
total yield. The presence of a higher amount of water (1:20 ratio) provides better hydrolysis
conditions for the biomass, facilitating the breakdown of cellulose, hemicellulose, and
other polymeric structures. Similarly, the increased water content helps to solubilize and
extract a wider range of platform molecules, such as sugars, Levulinic acid, formic acid,
HMF, and furfural, leading to a higher total yield [18]. The 1:20 biomass-to-water ratio
provides a larger surface area of contact between the biomass and the water, enhancing
the mass transfer and heat transfer processes during the hydrothermal treatment. As well,
this increased surface area of contact improves the accessibility of the water to the biomass,
promoting more efficient hydrolysis and extraction of the desired platform molecules [2].
On the other hand, the 1:40 ratio can present a decrease due to the high energy provided
to the particles, leading to a higher degradation of both the biomass and the platform
chemicals obtained. This can be seen in the drop of production of Levulinic acid, and the
disappearance of HMF and furfural due to their instability under high energy conditions.
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In the individual production of the platform chemicals, the highest yield of sugars,
Levulinic acid, HMF, and furfural is obtained at 1:20, where the energy is enough for a
proper hydrolysis to take place without degrading the more unstable molecules.

Figure 3 shows a similar tendency but at 220 ◦C. The best yield is at the lowest B/W.
The condition with the highest yield and diversity in the platform chemical content is 1:20,
where HMF and furfural are stable enough and can be obtained. At the lower B/W ratio
(1:40), there is a still high total yield, but the degradation of HMF and furfural takes place
due to the high energy, leading to their degradation and the increase of formic acid yield.
On the other hand, high B/W ratios, produce low quantities of the platform chemicals due
to an incomplete hydrolysis because of the low contact surface of the biomass with the
water in the system.
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Figure 4 shows the yields of the platform chemicals and overall production in the
hydrothermal processes performed at 260 ◦C. Similar to the previously shown tendencies,
the 1:20 B/W ratio shows a higher overall yield, where the production of formic acid
and Levulinic acid increases compared to the other ratios. It is also worth noting that
none of the samples under the 260 ◦C conditions produce HMF or furfural due to their
instability. B/W ratios that are too low produce a drop of sugar yield, probably because of
carbonization of the feedstock and transformation without intermediates to formic acid
and Levulinic acid.
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The total yields obtained under 180 ◦C, 220 ◦C, and 260 ◦C conditions are corre-
spondingly 44.35%, 28.90%, and 30.95%. The 180 ◦C conditions produced high contents of
sugar, HMF, and furfural, 220 ◦C led to the high production of Levulinic acid, and 260 ◦C
produced the formation mainly of formic acid. In all the conditions, the production was
increased up to 10% by the use of 1:20 B/W ratios, which leads to the assumption that for
pea pods, the use of that B/W ratio is the most productive and is the condition that favors
hydrolysis without the degradation of the products. According to the results, to proceed
with the analysis of the influence of the physicochemical parameters, the B/W ratio of 1:20
was maintained as a constant to evaluate the particle size influence.

3.2. Particle Size Influence

To further the optimization process, a series of experiments was conducted varying
the particle size and analyzing its effect on the hydrothermal reaction. The mass balance
data are presented in Table 3.

Table 3. Solid, liquid, and gas fractions in hydrothermal reactions with biomass waste at a
biomass/water ratio of 1:20 and a reaction time of 1 h.

T (◦C) Particle Size (mm) WLF (g) WWSF (g) WDSF (g) WGF (g)

180 0.5 84.314 6.198 1.484 9.489
180 1 86.142 6.953 1.514 6.905
180 2 79.865 7.134 1.371 13.002
180 5 74.693 5.694 1.343 19.613
220 0.5 71.868 6.277 1.209 21.855
220 1 71.585 6.034 1.538 22.381
220 2 82.550 6.490 1.498 10.960
220 5 84.187 5.405 1.507 10.409
260 0.5 81.533 2.819 0.848 15.648
260 1 85.370 3.631 0.980 11.000
260 2 79.154 3.768 1.074 17.078
260 5 83.333 3.563 0.973 13.104

Weigh Liquid Fraction (WLF), Weight Wet Solid Fraction (WWSF), Weight Dry Solid Fraction (WDSF), Weight Gas
Fraction (WGF).

It was observed that the particle size did not have a clear effect on the liquid and solid
fractions. Like the previous experiments, as the temperature increased, the solid fraction
decreased while the gas fraction increased. The solid fraction did not change significantly
across the different particle sizes.

The variation in pH and conductivity with changing particle size is depicted in Figure 5.
At 180 ◦C, the pH and conductivity followed the same trend. The pH and conductivity
increased when the particle size was bigger, except for at 1 mm, where they decreased
slightly. This behavior was not observed at 220 ◦C and 260 ◦C. Even so, no significant
impact was identified on the pH and conductivity of the solution due to changes in particle
size. For instance, at 220 ◦C, the pH ranged between 3.73 and 3.80 without a specific
trend, while the particle size varied. Regarding conductivity, no discernible trend was
observed that could indicate an impact of particle size on the hydrothermal process. Across
different temperatures and particle sizes, the conductivity ranged between 2.34 mS/cm
and 3.20 mS/cm without displaying a clear tendency.

Figure 6 shows the quantification of platform chemicals. It can be seen that the
smaller-sized particles (0.5 and 1 mm) help with the production of platform chemicals from
hydrothermal processes because they increase the surface area available for reaction, lead-
ing to enhanced mass transfer and more efficient hydrolysis of the biomass [2]. The smaller
particle sizes allow for better penetration of water and catalysts into the biomass matrix,
facilitating the breakdown of complex structures and promoting the release of desired
platform molecules such as sugars, organic acids, and other valuable compounds [19].
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Even though the smaller particle size (0.5 mm) yielded higher amounts of sugars and
formic acid, it leads to higher amounts of degradation of HMF and furfural compared to the
particle size of 1 mm, where the total yield is as high but the percentage of HMF and furfural
is higher, producing higher diversity in the products of the reaction. On the other hand,
bigger-sized particles produced a drop in the yield due to the difficulty of hydrolyzing
the complete particle and making the efficiency of the reaction drop. Additionally, smaller
particles can improve the overall efficiency of the hydrothermal process by accelerating the
conversion of biomass into useful chemicals, ultimately enhancing the yield and quality of
the final products.

Figure 7 shows the products obtained at 220 ◦C; the total yield of 1 mm is higher than
the other particle sizes. The overall production of sugar drops compared to that produced
at 180 ◦C, and so do the HMF and furfural yields; formic acid and Levulinic acid increase.
The tendency of the smaller particle size increasing the production of platform chemicals
is present here as well as at 180 ◦C. It is worth noting that the change of the particle size
influence on the total yield is more noticeable in the 180 ◦C reactions.
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The total yield of the platform products obtained at 260 ◦C is presented in Figure 8.
The tendency is quite similar to the one shown previously, where the particle size of 1 mm
produces yields 9% higher the other yields obtained. This shows that the smaller particle
size can help with the extraction and efficiency of the hydrolysis, but particles that are too
small can lead to degradation of unstable molecules such as Levulinic acid. In all the cases,
the reactions at 260 ◦C did not produce HMF and furfural due to the high energy system
and the degradation of this to smaller molecules and formic acid.

To sum up, the optimization of particle size in pea pod waste valorization presents that
the use of smaller particles (0.5 and 1 mm) favors higher yields and the overall efficiency of
the production of platform chemicals using hydrothermal processes. The findings validate
that smaller particle dimensions provide a larger surface area, enhanced heat and mass
transfer, decreased diffusion barriers, improved digestibility, and optimized pumpabil-
ity and mixing. These aspects collectively enhance the efficiency and thoroughness of
reactions, leading to elevated yields and improved process effectiveness in coffee waste
conversion processes. The particle size selected to continue with the optimization pro-
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cess was 1 mm since it was the condition with the highest yield overall in the different
hydrothermal temperatures.
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3.3. Stirring Influence

The next variable studied in the optimization was stirring. The stirring influence was
analyzed comparing the results of the matter balance without stirring, with 5000 rpm, and
8000 rpm. The results are presented in Table 4.

Table 4. Solid, liquid, and gas fractions in hydrothermal reactions with biomass waste at a
biomass/water ratio of 1:20, a particle size of 1 mm, and a reaction time of 1 h.

T (◦C) Stirring (rpm) WLF (g) WWSF (g) WDSF (g) WGF (g)

180 W/O 86.142 6.953 1.514 6.905
180 5000 80.691 6.118 1.461 13.191
180 8000 82.620 6.585 1.620 10.795
220 W/O 71.585 6.034 1.538 22.381
220 5000 82.023 7.178 1.421 10.799
220 8000 78.856 6.545 1.588 14.599
260 W/O 85.370 3.631 0.980 11.000
260 5000 82.162 6.262 1.613 11.576
260 8000 77.568 4.433 0.693 18.000

Weigh Liquid Fraction (WLF), Weight Wet Solid Fraction (WWSF), Weight Dry Solid Fraction (WDSF), Weight Gas
Fraction (WGF).

It was observed that although the stirring changed, the fractions remained virtually
unchanged. When comparing the results of the liquid fraction at the same stirring frequency
at 220 ◦C and 260 ◦C, they are practically the same. However, the solid fraction weight was
higher at 8000 rpm at 180 ◦C and 220 ◦C.

Figure 9 illustrates the pH and conductivity of the solution produced during the
hydrothermal process at various stirring speeds. At 220 ◦C and 260 ◦C, both the pH and
conductivity decreased when using a stirring speed of 5000 rpm. However, neither of the
different temperatures had an important impact on the stirring speed, as observed from the
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pH and conductivity of the obtained solution. The changes in pH and conductivity were
relatively minor across the range of stirring speeds tested.
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Analyzing the results shown in Figure 10, they indicate that there is basically no
variation in the results between the two stirring speeds. The experiments made without
stirring produced a higher yield, resulting in a higher concentration of all the platform
chemicals. Stirring aids reactions by maintaining homogeneity in the reacting mixture,
ensuring efficient contact between reactants. However, beyond a certain threshold, further
increasing stirring speed may not notably enhance reaction rates. Excessive stirring at
high speeds can lead to liquid splashing on the walls, potentially hindering the reaction
process [20].

The specific yields of each of the platform chemicals are very similar, being higher
in the experiments without stirring but showing that the mechanism of reaction for the
platform chemical production is the same in the different experiments, and leads to the
conclusion that in a 500 mL batch reactor, the stirring parameter does not influence the
mechanism of the hydrolysis of lignocellulosic structures and their reactions afterwards.

Figure 11 shows that a medium stirring increases the overall yield by 10%, different to
what happened at 180 ◦C, leading to the assumption that there are different mechanisms
taking place at this temperature that are favored by stirring. It is also worth noting that
without stirring, the production of formic acid increases up to 21.63%, but the sugar yield
drops as well as the HMF. The production of formic acid and the decrease of sugars and
unstable molecules like HMF in the system are indeed related to the energy provided to the
system. Stirring allows for the energy to be distributed homogeneously, preventing exces-
sive energy from degrading certain parts of the system, which can lead to the formation of
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formic acid and the degradation of sugars and unstable molecules like HMF [21,22]. On the
other hand, stirring improves mass transfer by increasing the contact between the biomass
and the reaction medium, facilitating the release and extraction of platform chemicals [23].
Stirring helps distribute the energy provided to the system homogeneously, preventing
the degradation of certain parts of the system with excessive energy, which can lead to the
formation of undesirable byproducts like formic acid and the loss of unstable molecules like
HMF [20]. In the same way, stirring enhances the pumpability and mixing of the reaction
mixture, which is crucial for the efficient and complete conversion of biomass into platform
chemicals, and can also enhance the digestibility of the biomass, facilitating the hydrolysis
and release of platform chemicals [24].
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At 260 ◦C, as shown in Figure 12, the total yield was improved by the use of no
stirring in the process. The lack of stirring led to the degradation of sugar and other
platform chemicals and an increase of formic acid production. On the other hand, an
intermedial stirring produced an increase in the production of HMF and furfural and in
sugar production, but a drop of formic acid due to no degradation of the molecules.
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In conclusion, the experiments conducted in a 500 mL batch reactor with 100 mL of
mixture have shown that there is no tendency of the stirring favoring the overall hydrother-
mal reactions. Higher yields were obtained in experiments conducted without agitation
at 180 ◦C and 260 ◦C, leading to higher concentrations of formic acid and Levulinic acid.
On the other hand, at 220 ◦C, the production of sugars and formic acid is increased. The
lack of stirring at the different temperatures led to a higher energy concentration on the
external particles of the system and that mechanism continued until the production of
formic acid. The higher temperatures led to degradation and lack of diversity and amount
of platform chemicals obtained. The hydrothermal processes were favored from 6 up to
10% by using the correct speed of stirring in the different hydrothermal processes. This
phenomenon may indicate a preference for certain reactions over others in the absence of
agitation, highlighting the complex interplay between reaction conditions and outcomes.

3.4. Catalyst Influence

Finally, after optimizing the physical variables in the process, it was time to examine
the use of catalysts in the hydrothermal process and in the production of platform chemicals.
The use of homogeneous catalysts in hydrothermal valorization (HTC) processes is a
crucial aspect of optimizing the production of platform chemicals. These catalysts, such
as NaHCO3, H2SO4, and CH3COOH, play a vital role in enhancing the reaction rate and
selectivity, thereby increasing the yield of platform chemicals [25].

NaHCO3, for instance, has been employed as a catalyst in the methanol synthesis
reaction, demonstrating its effectiveness in promoting the production of platform chemi-
cals. Similarly, CH3COOH and H2SO4 have been utilized as catalysts in hydrolysis and
dehydration reactions, respectively, to enhance the yield of platform chemicals [26].

The use of these homogeneous catalysts in HTC processes offers several advantages,
including improved reaction rate, leading to faster production of platform chemicals, en-
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hanced selectivity to promote the formation of desired platform chemicals, reducing the
production of unwanted byproducts, and increased yield that promotes the desired reactions.

The incorporation of catalysts in HTC processes has been shown to significantly
enhance the production of platform chemicals, making it a crucial step in the optimization
of hydrothermal valorization processes.

The active Bronsted acid sites on homogeneous catalysts, such as NaHCO3, H2SO4,
and CH3COOH, play a vital role in enhancing the yield of platform chemicals during
hydrothermal valorization processes. These Bronsted acid sites are species capable of
donating a proton H+, which helps with the hydrolysis process of the lignocellulosic
structures. In the context of hydrothermal valorization, these sites can react with the
organic compounds present in the biomass feedstock, promoting the formation of desired
products [26]. Furthermore, homogeneous catalysts can help functionalize biochar, a
residual byproduct from the thermochemical degradation of biomass [27]. By activating
and functionalizing the biochar, its physicochemical properties can be improved, making it
more suitable for various applications, including catalysis and catalyst supports.

Alkali catalysts, such as sodium hydroxide (NaOH) or potassium hydroxide (KOH),
are commonly used in hydrothermal liquefaction processes. The active sites in these
catalysts are typically the hydroxide ions (OH−) or the alkali metal ions (Na+ or K+). These
active sites facilitate various chemical reactions, including hydrolysis and depolymerization,
which help break down biomass into simpler compounds. The hydroxide ions (OH−) help
break down the glycosidic bonds between cellulose, hemicellulose, and lignin, releasing
sugars that can then be converted into bio-oils. The alkali metal ions (Na+ or K+) help
break down the complex polymer structures of biomass into smaller molecules, increasing
the reactivity of the biomass and enhancing the formation of bio-oils [28].

The use of these homogeneous catalysts in hydrothermal valorization processes has
been shown to significantly enhance the yield of platform chemicals, including sugars,
Levulinic acid, formic acid, HMF, and furfural. The catalysts can also improve the physico-
chemical properties of the biochar, making it more suitable for various applications.

The catalytic conversion of lignocellulosic biomass to platform chemicals like HMF,
furfural, Levulinic acid, formic acid, and sugars involves several key steps and mechanisms
(Figure 13).

• Cellulose/Hemicellulose Hydrolysis

The first step is the hydrolysis of cellulose/hemicellulose to glucose/xylose, which is
a crucial starting point for further conversion. This can be achieved using acidic catalysts or
solid acid catalysts like Sn-Beta zeolites. The hydrolysis mechanism involves the cleavage
of glycosidic bonds in cellulose.

• Dehydration to HMF and Furfural

Glucose and other hexose sugars can be dehydrated to 5-hydroxymethylfurfural
(HMF) using acidic catalysts in biphasic solvent systems like water–THF or water–MIBK.
This prevents HMF from undergoing rehydration and condensation side reactions. The
dehydration mechanism involves the loss of three water molecules from glucose. Pentose
sugars like xylose and arabinose can be dehydrated to furfural using similar acidic catalysts
and biphasic systems. The mechanism is analogous to HMF formation but involves the
loss of two water molecules.

• Oxidation to Levulinic and Formic Acid

HMF can be hydrolyzed and oxidized to Levulinic acid and formic acid using aqueous-
phase processing with heterogeneous catalysts. The mechanism involves the rehydration of
HMF, cleavage of the furan ring, and oxidation of the resulting aldehyde and ketone groups.

• Hydrogenation to Sugar Alcohols

Glucose and other sugars can be hydrogenated to sugar alcohols like sorbitol using
metal catalysts like Raney nickel or Ru/C. The mechanism involves the catalytic hydro-
genation of the aldehyde group on glucose to a primary alcohol.
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Figure 13. Mechanism for the obtention of platform chemicals from biomass. (a) Obtained from
Cellulose. (b) Obtained from hemicellulose.
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These processes can be improved by the presence of catalysts that donate protons to
the system and allow for an easier hydrolysis of the initial lignocellulosic structure and the
obtention of sugars which later can be transformed into other products, reactions that are
also favored by catalysts.

Table 5 presents the results of the hydrothermal process, using acetic acid and sodium
bicarbonate as catalysts, and comparing the fractions of solid, liquid, and gas obtained.

Table 5. Solid, liquid, and gas fractions in catalyzed hydrothermal reactions with biomass waste at a
biomass/water ratio of 1:20, a particle size of 1 mm, and a reaction time of 1 h.

T (◦C) Catalysts (0.1 M) WLF (g) WWSF (g) WDSF (g) WGF (g)

180 W/O 86.142 6.953 1.514 6.905
180 CH3COOH 76.872 5.650 1.238 17.478
180 NaHCO3 74.170 5.049 1.854 20.782
220 W/O 71.585 6.034 1.538 22.381
220 CH3COOH 78.804 4.947 1.325 16.249
220 NaHCO3 57.009 8.176 1.290 34.816
260 W/O 85.370 3.631 0.980 11.000
260 CH3COOH 79.508 3.819 0.879 16.673
260 NaHCO3 75.496 1.321 0.566 23.183

Weigh Liquid Fraction (WLF), Weight Wet Solid Fraction (WWSF), Weight Dry Solid Fraction (WDSF), Weight Gas
Fraction (WGF).

It was observed that in the experiments with NaHCO3, the gas fraction was the highest
compared to the acid catalyst and without any catalyst. At 220 ◦C and 260 ◦C, the solid
fraction was the lowest in a basic medium and the highest without any catalyst. Regarding
the liquid fractions, there was no clear trend between the outcomes in a basic medium and
those without any catalyst. With the CH3COOH catalyst, the liquid fraction increased as
the temperature rose. To determine which products are preferred in those conditions, it is
crucial to compare the reaction yields in detail.

Since each catalyst has an initial pH and conductivity, it is impossible to determine
with precision whether changes in those parameters are the result of the catalysts alone or
the reactions of the biomass. For this reason, no previous follow-up was carried out in this
instance. Some H2SO4 tests were conducted, but the sample’s extremely acidic conditions
barred it from being injected into the HPLC-RI. As a result, the results will only be assessed
in relation to the biochar that was generated using the previously mentioned catalyst.

Figure 14 presents the individual and total yields without and with catalysts at 180 ◦C.
It can be seen that the overall yield of acetic acid exceeds the 100% yield. This is probably
due to the fact that it is being calculated based on the percentage of lignocellulosic structures
present in the lignocellulosic biomass, but there are other types of molecules present in the
pea pod waste, such as polysaccharides, starch, lipids, etc., which can also be transformed
into the platform chemicals quantified in this manuscript. Hence, the yield exceeds the yield
of transformation from the lignocellulosic structures, and the use of acid catalysts can lead
to the hydrolysis of all the possible structures in the biomass and not only hemicellulose
and cellulose.

It can be seen that CH3COOH acts as a catalyst by creating Bronsted acid sites which
lead to an increase of H+ in the system and a hydrolysis of lignocellulosic structures into
sugar. This leads to a significantly higher yield of sugars when using catalysts than when
not, changing from 45.52% to 135.55%. The highest yield of HMF produced from pea
pod waste is obtained by applying a weak acid catalyst, leading to a 15% yield of this
platform chemical that is very unstable and can be hard to obtain. The obtention of furfural
is improved by the use of no homogeneous catalyst, due to its instability to acid media
and also to heat, so perhaps the use of heterogeneous catalysts can lead to the obtention of
furfural from biomass [29].
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On the other hand, the use of basic catalysts makes the reaction highly selective
towards the production of formic acid, decreasing the yield of sugars, HMF, and furfural
in order to increase the production of formic acid. It is worth noting that even though it
increases the formic acid yield, it is still lower than the yield obtained via an acid catalyst.
Regarding the physicochemical structure of the biochar, basic catalysts make the biochar
stronger and more rock-like than acid catalysts.

The quantification of the platform chemicals at 220 ◦C are presented in Figure 15. A
similar behavior to the one presented at 180 ◦C is observed here. The acid catalyst leads to
a higher overall production of sugar, formic acid, HMF, and furfural but a drop in Levulinic
acid. On the other hand, the basic catalyst does not result in much of a change in the overall
yield compared to the non-catalyzed reactions. HMF and furfural yields drop when using
the basic catalyst. The overall production of sugar decreases compared to that produced at
180 ◦C and the formic acid becomes the mainly produced platform product.

Figure 16 shows the yields obtained at 260 ◦C. Similarly, as before, the yield is greatly
increased by the use of the acid catalyst. The increase of energy makes it impossible for
HMF and furfural to be stable under any condition (catalysts or no catalysts), and the
degradation leads to the selective production of formic acid under all the conditions.

It can be seen that in all the previous hydrothermal reactions with the use of catalysts,
the tendencies of the products obtained in hydrothermal processes are maintained. A
temperature of 180 ◦C leads to the production of the most diverse products and highest
overall yield (sugars, formic acid, Levulinic, HMF, and furfural), 220 ◦C leads to a decrease
in sugar, HMF, and furfural production that transforms into formic acid, and 260 ◦C is
where most of the products undergo degradation and the production of formic acid is
selectively increased.

Catalysts play a crucial role in selective reactions with biomass in hydrothermal
processes, particularly for coffee waste and similar wastes [30]. The use of weak acid
catalysts in hydrothermal processes for coffee waste leads to an overall increase in yield
and production of formic acid, while basic catalysts do not produce much of a change in
the platform chemical production from non-catalytic reactions [31]. The choice of catalyst
depends on the desired product and the specific biomass feedstock.
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Hydrothermal pretreatment, especially when used in conjunction with a dilute acid,
allows water to penetrate the lignocellulosic structure and enables the hydrolysis of cellu-
lose as well as the solubilization of parts of lignin and hemicellulose. Studies have shown
that the use of a dilute acid in the pretreatment of coffee waste can increase the chemical
oxygen demand (COD) solubilization and, consequently, the bio-methane yield [32]. In
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contrast, the use of basic catalysts does not seem to produce a significant change in the
platform chemical production compared to non-catalytic hydrothermal processes [33].

3.5. Biochar Characterization

To characterize biochar, a range of techniques can be employed, including elemen-
tal analysis, scanning electron microscopy (SEM), and Van Krevelen diagrams, among
others [34]. Elemental analysis provides information on the elemental composition of
the biochar, including carbon, hydrogen, nitrogen, sulfur, and oxygen content. SEM is
used to analyze the surface morphology and structure of the biochar, while Van Krevelen
diagrams are used to visualize the distribution of oxygen, carbon, and hydrogen in the
biochar [34]. Other techniques for characterizing biochar include Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), nuclear
magnetic resonance spectroscopy (NMR), Brunauer–Emmett–Teller (BET), Raman, and
density analyzer, among others [35]. These techniques provide information on the physical
and chemical properties of the biochar, such as size, shape, porosity, surface area, functional
groups, and elemental composition, which are crucial for understanding its behavior in
various applications [36].

After obtaining the different biochars, the samples obtained at 260 ◦C were charac-
terized using elemental analysis and they were positioned in the Van Krevelen diagram
(Figure 17). The initial biomass is placed and characterized as biomass, as expected, and
is able to be used as a biomass fuel. It is also rich in other minerals such as Ca, F, and K,
and provides a source of these elements that could be used for processes of catalysis where
these minerals are needed.

On the other hand, the reaction conducted (for traceability) at 180 ◦C is in the range
of lignite/peat. Lignite is primarily used to generate electricity, while peat is used to a
lesser extent for the same purpose. Lignite is used as a soil amendment, improving cation
exchange and phosphorus availability in soils while reducing heavy metal availability.
Peat is used in horticulture to increase the moisture-holding capacity of sandy soils and to
increase the water infiltration rate of clay soils. Lignite is used as an industrial adsorbent
and its methylene blue adsorption falls within the range of activated carbons currently
used by industry. Peat is used in water filtration and is sometimes utilized for the treatment
of urban runoff, wastewater, and septic tank effluent. Finally, lignite is used as a fuel for
home heating and peat is used as a fuel for domestic heating purposes [37,38]. It can be
seen that the condition of 180 ◦C does not provide enough energy to transform the biomass
into coals or anthracite, having less of a carbonization effect on the samples. Figure 18
shows how the 180 ◦C sample presents the higher H/C ratio (after the original biomass)
due to the high presence of hydrogen still in the solid fraction.

Both weak acid and basic catalysts show less carbonization than the strong acid
catalyst. They appear in the zone between coal and lignite, while the sulfuric acid sample
has both a lower O/C and H/C ratio. H2SO4 and NaHCO3 present a functionalization
of the biochar, by adding the element of sulfur and sodium, respectively, and being able
to transform the original biochar into one with more interesting elements adhered to its
structure and hence, making it more reactive.

The other samples show very similar O/C and H/C ratios and are in the zone of
coal, not being able to achieve an anthracite characterization. This suggests that while
parameters such as B/W ratio, particle size, and stirring can influence the yield of platform
chemicals, under the conditions of a 500 mL batch reactor, they have little impact on the
characterization of the biochar. The biggest change in the elemental ratios, which still
maintained the biochar in the same characterization, is presented in the stirring parameter,
where the highest stirring condition produced higher O/C and H/C ratios, decreasing the
carbonization of the sample. On the other hand, parameters such as temperature, time, and
the use of catalysts have a more significant influence on the production of biochar.
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4. Conclusions

The findings of this study on the valorization of pea pod waste through hydrothermal
processes highlight several key insights. The total yields obtained under different tempera-
ture conditions (180 ◦C, 220 ◦C, and 260 ◦C) varied significantly, with the 180 ◦C conditions
producing the highest yields of sugars, HMF, and furfural. The 220 ◦C conditions favored
the production of Levulinic acid, while the 260 ◦C conditions primarily resulted in the
formation of formic acid.

Interestingly, the use of a 1:20 biomass-to-water (B/W) ratio consistently led to a 10%
increase in product yields across the different temperature conditions. This suggests that
the 1:20 B/W ratio is the most suitable for pea pod waste valorization, as it promotes
hydrolysis without excessive degradation of the desired products.

The study also investigated the influence of particle size on the efficiency of the
hydrothermal processes. The findings validate that smaller particle dimensions (0.5 and
1 mm) provide enhanced heat and mass transfer, decreased diffusion barriers, and improved
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digestibility, collectively leading to elevated yields and improved process effectiveness.
The 1 mm particle size was selected as the optimal condition for further optimization.

Furthermore, the study explored the impact of agitation on the hydrothermal processes.
Interestingly, higher yields of formic acid and Levulinic acid were obtained in experiments
conducted without agitation at 180 ◦C and 260 ◦C, respectively. In contrast, at 220 ◦C,
the production of sugars and formic acid was increased with the correct speed of stirring.
These observations highlight the complex interplay between reaction conditions and the
formation of specific platform chemicals.

Lastly, the study examined the influence of catalysts on the hydrothermal processes.
The results indicate that basic catalysts have no significant impact on the production of
platform chemicals, while acid catalysts lead to an increase of up to 135.55% in the yields of
all the target compounds.

This comprehensive study on the valorization of pea pod waste through hydrothermal
processes provides valuable insights into the optimization of reaction conditions, the
influence of particle size and agitation, and the role of catalysts. These findings contribute
to the development of efficient and sustainable strategies for the conversion of agricultural
waste into valuable platform chemicals.
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