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Abstract


The management of coffee and peapod waste presents significant environmental challenges, with millions of tons generated annually, leading to disposal issues and resource inefficiencies. Hydrothermal processes offer a promising valorization method, though biomass characteristics significantly influence the resulting products. Biomass characterization revealed distinct profiles for coffee cherry waste (moisture: 10.94%, ashes: 7.79%, volatile matter: 79.91%, fixed carbon: 1.36%, cellulose: 27.6%, hemicellulose: 12.5%, and lignin: 13.7%) and peapods (moisture: 7.77%, ashes: 4.22%, volatile matter: 74.18%, fixed carbon: 13.0%, cellulose: 20.2%, hemicellulose: 17.4%, and lignin: 5.0%). Experiments were conducted in 100 mL and 500 mL hydrothermal reactors with varying conditions for temperature (120–260 °C), time (1–4 h), stirring (none and at 5000 and 8000 rpm), biomass/water ratio (1:5, 1:10, 1:20, and 1:40), particle size (0.5–5 mm), and catalysts (acids and bases). The results showed that peapods produced over 30 times more platform chemicals than coffee. High temperatures (over 180 °C) degraded peapods, whereas coffee yields increased. Both biomasses were influenced similarly by reaction conditions: lower biomass/water ratios, smaller particle sizes, acid catalysts, and no stirring increased yields. Peapods consistently had higher yields than coffee in all conditions. Biochar analysis revealed anthracite from coffee and coal from peapods.
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1. Introduction


By effectively managing waste materials, waste management plays a critical role in preserving human health and environmental sustainability. Waste management encompasses various tasks, such as collection, transportation, handling, and disposal of waste, to mitigate pollution and promote resource conservation. In the realm of bioenergy and biomaterial production, biomass stands out as a plentiful, carbon-neutral renewable resource with the potential to meet diverse societal needs [1]. The concept of biorefinery, an innovative industrial approach, is evolving to convert renewable biomass into valuable fuels and products, driven by advancements in genetics, biotechnology, process chemistry, and engineering [2].



The importance of efficient waste management in reducing pollution, safeguarding natural resources, and fostering sustainable development underscores its significance. With the escalating global energy demands and mounting concerns over the economic and environmental impacts of fossil fuel usage, lignocellulosic biomass is gaining traction as a promising source of energy and chemicals [3].



Lignocellulosic biomass refers to plant-derived materials rich in cellulose, hemicellulose, and lignin, making it a valuable resource for bioenergy and biochemical production. It is sustainable, renewable, and cost-effective, offering a low-carbon footprint alternative to fossil fuels. Valorization of lignocellulosic biomass involves converting it into high-value bioproducts through various physical, chemical, and biological processes [4]. Techniques like pretreatment, hydrolysis, and fermentation are crucial for breaking down the complex structure of biomass into sugars and other compounds that can be further processed into biofuels and chemicals [5]. The process requires efficient utilization of cellulose, hemicellulose, and lignin components, overcoming the challenges posed by the heterogeneous and recalcitrant nature of lignocellulosic biomass [6].



Lignocellulosic biomass encompasses various types, including virgin biomass, waste biomass, and energy crops. Virgin biomass consists of plants grown specifically for biomass production, while waste biomass comprises byproducts from sectors like agriculture and forestry. Energy crops, such as switchgrass and elephant grass, are cultivated for their high yields of lignocellulosic biomass. Each type of lignocellulosic biomass offers unique characteristics and potential applications [7].



Waste biomass, a significant component of lignocellulosic biomass, offers a plethora of opportunities for valorization into valuable products. Various articles and processes focus on harnessing the potential of waste biomass for sustainable and efficient utilization. For instance, the article “Valorization of Boehmeria nivea stalk towards multipurpose fractionation: furfural, pulp, and phenolic monomers” by Zhen Zhang and colleagues explores the valorization of Boehmeria nivea stalk, a type of waste biomass, into furfural, pulp, and phenolic monomers. This study highlights the potential of waste biomass for producing multiple valuable fractions, contributing to the circular bioeconomy [5]. Additionally, the process of extracting and characterizing lignin from waste invasive weeds using a dioxane-based method, as discussed in the article by Arup Jyoti Borah and colleagues, showcases a sustainable approach to utilizing waste biomass for the production of lignin, a valuable chemical component. This research demonstrates the feasibility of extracting valuable resources from waste biomass, promoting resource efficiency and circular economy principles [8]. Furthermore, the catalytic conversion network for lignocellulosic biomass valorization, as outlined in the article “Catalytic conversion network for lignocellulosic biomass valorization: A panoramic view,” provides insights into the catalytic reaction routes and key steps involved in the selective preparation of various important products from waste biomass [9]. These studies collectively underscore the importance of waste biomass valorization and highlight innovative approaches to extracting valuable compounds from this abundant and underutilized resource.



Several studies have explored the valorization of coffee biomass, particularly spent coffee grounds (SCG), into valuable products. Burniol-Figols et al. (2016) integrated the recovery of chlorogenic acid and bioethanol production from spent coffee grounds, demonstrating the potential for extracting high-value compounds and producing biofuels from this waste biomass [10]. Tzani et al. (2023) developed and optimized a green extraction process for spent coffee grounds using natural deep eutectic solvents, showcasing an efficient and sustainable method for extracting valuable compounds from SCG [11]. Gu et al. (2023) conducted a comparative study of biofuel production based on spent coffee grounds transesterification and pyrolysis, assessing the process simulation, techno-economic, and life cycle aspects, highlighting the feasibility of producing biofuels from SCG through different conversion routes [12]. Colantoni et al. (2021) extensively characterized spent coffee grounds for energy purposes, identifying SCG as an excellent raw material for biomass with a high calorific value and a low ash content, producing 98% coffee pellets suitable for thermal conversion systems and assessing the emissions during combustion [13]. These studies collectively demonstrate the versatility of coffee biomass valorization, with potential applications in biofuel production, extraction of high-value compounds, energy generation through pelletization and combustion, and water treatment through biochar production, contributing to a circular economy by converting waste into valuable products, reducing environmental impacts, and promoting sustainable practices in the coffee industry.



Despite the growing interest in valorizing agricultural waste, peapods remain an underexplored resource, with a limited number of studies dedicated to unlocking their full potential, most of them being focused only on the obtention of biochar [14,15,16]. In contrast, coffee waste has received more attention, but the focus has primarily been on spent coffee grounds (SCG), leaving the waste generated from the coffee cherry itself largely unevaluated [17,18]. The coffee cherry, which accounts for a significant portion of the coffee plant’s biomass, is often discarded during processing, presenting a substantial opportunity for valorization [19]. However, research has yet to fully explore the potential of this waste stream, having neglected the possibility of extracting valuable compounds and bioactive molecules or even using it as a feedstock for bioenergy production. This oversight highlights the need for a more comprehensive approach to coffee waste valorization, one that considers the entire value chain and seeks to maximize the utilization of all available biomass. By expanding our focus beyond SCG, we can uncover new opportunities for sustainable resource recovery and contribute to a more circular economy in the coffee industry. This leads to the goal of the present manuscript, which is to compare and valorize the biomass waste of peapods and coffee cherries in order to evaluate how the structural components of lignocellulosic biomass can influence its prospects regarding valorization.



The aim of this article is to explore and optimize the hydrothermal valorization of coffee and peapod waste by characterizing their distinct biomass properties and understanding and comparing how these characteristics influence the yield and quality of platform chemicals and hydrochar. This research is innovative, as it tackles the significant issue of waste management for coffee and peapod wastes, which are often underutilized and contribute to environmental pollution. By employing hydrothermal processes, the study highlights the potential of transforming these wastes into valuable products, revealing critical insights into the optimal conditions for each type of biomass. This approach not only enhances resource recovery efficiency but also promotes a sustainable circular economy. The findings have the potential to improve industrial waste valorization practices, reduce environmental impacts, and provide economic benefits through the production of high-value chemicals and hydrochar.




2. Materials and Methods


2.1. Biomass Characterization


In the case of the coffee cherry waste used in this study, the biomass (5 kg) was obtained directly form a farm in Santandercito, Cundinamarca, and for the peapods, it was recovered from a local farmer’s market (10 kg). To determine the characteristics of the initial biomasses, a characterization was performed. For the proximate assay, the following methods and technical reports were employed: moisture (NREL/TP-510-42621) [20], ash (NREL/TP-510-42622) [21], volatile matter (ASTM E872-82) [22], and fixed carbon (ASTM D5373-21) [23].



The chemical composition was tested using the “Methods for Dietary Fiber, Neutral Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal Nutrition” approach published in the Journal of Dairy Science [24]. After the characterization of their natural properties, both of the biomasses were dried to constant humidity for the hydrothermal processes and meshed into different sizes using ASTM calibrated sieves of 4, 10, 18, and 35 mesh for the obtention of samples with particle sizes of 0.5, 1, 2, and 5 mm, which would later be used for different assays.




2.2. Hydrothermal Experiments


In order to evaluate the range of reactions and how different temperatures affect the yield of hydrolysis and the effectiveness of the reactions that take place after the obtention of sugars, hydrothermal reactions of 1 h were performed at temperatures ranging from 120–180 °C (LHW) to 180–260 °C (HTC), with a constant biomass/water ratio (B/W) of 1:9 for each biomass. Liquid hot-water (LHW) experiments were performed in 100 mL batch reactors (Figure 1a) with 27 g water/3 g biomass, and hydrothermal carbonization (HTC) experiments were performed in 500 mL batch reactors (Figure 1b) with 90 g water/10 g biomass.



A 100 mL batch reaction (Figure 1a) was used to analyze the effect of time; the temperature (180 °C) and B/W ratio (1:9) were set, and the reaction was left for 4 h, with samples taken each hour.



Tests were conducted using various ratios of biomass to water (1:5, 1:10, 1:20, and 1:40) in the 500 mL batch reactor. The mixtures were placed into the reactor at three different temperatures: 180 °C, 220 °C, and 260 °C, under autogenous pressure for one hour. In these experiments, a particle size of 2 mm was employed for the coffee waste and a size of 1 mm was employed for the peapod waste.



Later, four different particle sizes—0.5 mm, 1 mm, 2 mm, and 5 mm—were employed in a series of studies to further investigate the impacts of biomass particle size on hydrothermal carbonization. The same temperatures were used in these studies, and an autogenous pressure system was in place for one hour in the 500 mL batch reactor, commencing when the temperature reached the desired point. A biomass-to-water ratio of 5 g/95 g of water, or 1:20, was utilized.



Stirring was the final variable to be assessed. The same temperatures (180 °C, 220 °C, and 260 °C) were used in a series of trials, with stirring at 5000 and 8000 revolutions per minute under autogenous pressure for one hour (measured after attaining the required temperature) in the 500 mL batch reactor. A 1 mm particle size was used for the peapod waste, and a 0.5 mm particle size was used for the coffee waste. A 1:20 biomass-to-water ratio (5 g biomass/95 g of water) was employed in the trials.




2.3. Characterization of Fractions


Vacuum filtration was employed to separate the liquid and solid fractions, and mass balance was maintained through measurement. pH and conductivity were measured in order to monitor the reactions that occurred. Moreover, the platform chemicals (PCs) were quantified by HPLC-RI. The yields were calculated using Equation (1).


  Yield =    ( grams   of   PC )   ( grams   of   lignocelullosic   structure   in   biomass )    × 100 %  



(1)







The yields of platform chemicals were calculated based on the initial reagents: lignin, hemicellulose, and cellulose. To determine the percentage of these components in the initial biomass, the biomass was characterized (see Section 2.1). After the reaction was carried out, the produced platform chemicals were quantified (see Section 2.4), and the concentration obtained via HPLC-IR was used to calculate the weight of the PCs. This weight was then divided by the initial lignocellulosic components’ weight to determine how much of them reacted to produce the platform chemicals. This value was then taken as the yield of the hydrothermal reaction.




2.4. Fraction Quantification and Characterization


The methodology used in previous articles [25,26,27] was utilized for the platform chemical quantification in the liquid phase. The Hitachi Elite LaChrom (Tokyo, Japan) utilized in the method’s implementation included a Hitachi L-2490 refraction index detector set at 40 °C, a SHODEX Sugar SH1821 column set at 60 °C, 0.005 M H2SO4 for the mobile phase, and a 0.5 mL/min flow rate. (More information is given in the Supplementary Materials, Figure S1 and Table S1.)



The solid fractions were analyzed via elemental analysis with a Thermo Flash 2000 following the NREL/TP-510-42620.




2.5. Homogeneous Catalysts


Firstly, to evaluate the effects of strong acids and bases, experiments were performed for 3 h, with samples taken at each hour using 4 different catalysts that replaced the water in the B/W ratio of 1:10 at 180 °C with the reactor of 100 mL. The catalysts used were as follows: H2SO4 (0.02 M), CH3COOH (0.2 M), NaHCO3 (0.2 M), and KOH (0.02 M), prepared with deionized water.



Then, to evaluate the effects of the catalysts at different temperatures, the water in the biomass/water 1:20 ratio (5 g biomass/95 g catalyst solution) was substituted with solutions of CH3COOH [0.1 M] and NaHCO3 [0.1 M] in the 500 mL reactor. Particle sizes of 1 mm for peapod waste and 0.5 mm for coffee waste were utilized in reactions carried out for one hour at 180, 220, and 260 °C.




2.6. Experimental Design


The experiments are presented in Table 1. All the experiments were performed for each biomass; hence, a total of 110 experiments were carried out (55 for peapod waste and 55 for coffee cherry waste), and they were repeated 3 times to ensure repeatability and exactitude in the results that are reported later in graphs and tables. Microsoft excel was used to calculate the averages, deviations, medians, and modes for the results obtained. The response variable that allowed for optimization was the yield of platform chemicals obtained with each experiment, calculated through the results of the HPLC quantification of the liquid phase. The factors chosen for the optimization were reactor size, time, temperature, B/W ratio, particle size, catalyst usage, and stirring. The factors chosen for optimizing hydrothermal valorization—reactor size, time, temperature, biomass/water ratio, particle size, catalyst usage, and stirring—were selected because they fundamentally influence the efficiency and effectiveness of the process. Reactor size affects the scale and heat distribution, while time and temperature control the reaction kinetics and product formation. The biomass/water ratio impacts the concentration and reactivity of the feedstock, and particle size affects surface area and reaction efficiency. Catalyst usage can enhance reaction rates and product selectivity, and stirring ensures uniform mixing, preventing localized variations in reaction conditions. Optimizing these factors is essential for maximizing yield, improving product quality, and achieving overall process efficiency.



Experiments 1–7 were performed to optimize the conditions in the LHW range and observe if enough energy was provided for an efficient transformation of biomass into platform chemicals. Afterwards, experiments 7–10 were performed, keeping all the variables constant, expect for time, to observe how the effect of time can influence the transformation of biomass. Experiments 11–14 had 4 levels for the evaluation of HTC influence in the hydrothermal process and biochar production. After experimenting with a range of temperatures, those of 180, 220 and 260 °C were selected for further study and to minimize the set of experiments. At these three temperatures, experiments to optimize the B/W ratio (15–26), particle size (27–35), stirring (36–41), and catalyst usage (36–55) were performed, each one with at least 3 levels for analysis.





3. Results and Discussion


The data provided in Table 2 show the chemical compositions of the coffee cherries and peapods used in this study (Figure 2), highlighting their potential uses and differences in composition.



Moisture content is an important parameter that can impact the storage, processing, and quality of materials. The initial biomass of coffee cherries has a similar moisture content (80.79%) to that of peapods (80.77%). This suggests that both biomasses may require similar drying or dehydration before further processing. The lower moisture content in the BHP (biomass for hydrothermal processes) samples for both materials (10.94% for coffee cherries and 7.77% for peapods) indicates that the drying process can effectively reduce the moisture levels.



The ash contents represent the inorganic mineral matter present in the materials. Coffee cherries have a higher ash content (7.79%) compared to peapods (4.22%). This suggests that coffee cherries may have a higher concentration of minerals, which can be relevant for certain applications, such as in the production of biofuels or in their use as a source of nutrients. In some other cases, where the inorganic matter cannot be valorized, it can harm the reactor.



The volatile matter and fixed carbon contents provide insights into the thermal behavior of the materials. Coffee cherries have a higher volatile matter content (79.91%) compared to peapods (74.18%), indicating that coffee cherries may be more reactive during thermal processing, such as in combustion or pyrolysis applications. However, peapods have a significantly higher fixed carbon content (13.0%) compared to coffee cherries (1.36%), suggesting that peapods may have a higher energy density and be more suitable for certain energy-related applications.



The composition of cellulose, hemicellulose, and lignin can influence the suitability of the materials for various applications, such as the production of biofuels, bioplastics, or other value-added products. Coffee cherries have higher cellulose (27.6%) and lignin (13.7%) contents compared to peapods (20.2% cellulose and 5.0% lignin). However, peapods have a higher hemicellulose content (17.4%) compared to coffee cherries (12.5%). These differences in structural component composition can impact the potential applications of each material. It is worth highlighting that lignin can act as a barrier to hydrothermal processes, decreasing production yields.



The elemental compositions, including carbon, hydrogen, oxygen, nitrogen, and sulfur, can provide insights into the chemical properties and potential uses of the materials. Coffee cherries have a higher carbon content (45.27%) compared to peapods (43.30%), which may indicate a higher energy density. Peapods have a higher hydrogen content (5.95%) compared to coffee cherries (4.86%), which can influence their chemical reactivity and potential for certain applications. Both materials have similar oxygen contents (48.26% for coffee cherries and 49.02% for peapods), while coffee cherries have higher nitrogen (1.471%) and sulfur (0.138%) contents compared to peapods (1.71% nitrogen and no sulfur detected).



3.1. Liquid Hot-Water Valorization (LHW)


In order to observe the tendency of production of platform chemicals along the liquid hot-water temperature range, Figure 3 was obtained. It can be seen that there was a high total production yield for peapod waste (PPW), starting at a 36.902% total yield at the lowest temperature. On the other hand, coffee cherry waste (CCW) had very little total production (0.167%) at 120 °C. This shows that a lower energy is needed for the extraction and hydrolysis of PPW to take place, demonstrating how a higher initial lignin content can allow the acidic water to break through the lignocellulosic structure and achieve hydrolysis into sugars. The overall tendencies of both biomasses were very similar (although with a much higher yield for PPW): there was an initial extraction from 120 to 140 °C, where there was not much difference in the total yield; afterward, there was a marked increase at 150 °C, followed by an almost linear increase up until 180 °C. This shows that for both biomasses, processes over 150 °C have enough energy to favor hydrolysis into sugars and other subproducts. The initial structure and components of PPW waste allow for a higher valorization potential without the need for catalysts or extreme conditions, in contrast to CCW, whose structure is more peel-like and whose components are harder to valorize.



In Table 3, sugars are produced in the highest quantities, these being the easiest to obtain due to their not needing too much energy to be transformed. On the other hand, due to the physicochemical characteristics and the high production of sugars at low temperatures (170 °C), enough energy is provided to the system to obtain levulinic acid from peapod waste in low quantities. This cannot be achieved with CCW due to its low hydrolysis yield, the presence of lignin, and the high content of ashes, which intervene in the transformation of the biomass into value-added products.



These results allow us to say that peapods are better for valorization into sugars, as low-energetic processes can be used without extra parameters like catalysts, as they already provide a high yield of transformation. On the other hand, using the same range of parameters, LHW valorization processes for CCW are not as successful and produce very little transformation, needing optimization of other parameters and higher energy in order to transform the waste into chemicals.




3.2. Influence of Time


After analyzing the influence of temperatures from 120 to 180 °C, an analysis of the reaction times was performed (Figure 4). Longer reaction times mean more energy being provided to the system and, perhaps, an increase in hydrolysis for those biomasses (like CCW) for which one hour is not enough.



It can be seen that PPW and CCW have opposite tendencies when it comes to reaction times. PPW has a very high initial yield that starts to drop as the time increases, reaching a minimum at hour 3, after which the yield decreases. This is due to the fact that the energy provided to the system after 4 h is so strong that it allows for a higher percentage of degradation to take place, increasing the yield of formic acid (Table 4) and hence decreasing the overall yield. On the other hand, CCW has a very small yield during the first two hours, after which the yield increases, the best yield of 20.785% being reached at 4 h. This shows that, depending on the biomass selected for hydrothermal valorization, longer times can lead to an increase in the production of platform chemicals, yet they can also lead to degradation and a drop in the amount of transformation. CCW needs a higher energetic process, whilst PPW can be valorized at lower temperatures and in shorter times.



Table 3 shows the production of individual platform chemicals and how it is influenced by time at a set temperature. The most remarkable results can be seen for the PPW samples, where the sugar yields decreased but the production of the other platform chemicals increased, showing that a transformation took place and that even though at 1 h only sugars and levulinic acid were produced, over longer times, formic acid and HMF can be produced by reactions of the sugars previously obtained. It can also be seen that in the most extreme conditions (4 h), the highest yield of production was achieved for formic acid, this being the product of degradation. Opposite to what was previously described, the hydrolysis of lignocellulosic structures into sugars was not completed by CCW; due to this, their production continued to increase up to hour 4. Levulinic and formic acid were only produced after 3 h of reaction, and, finally, HMF and furfural appeared after 4 h. This shows, again, that coffee needs more energy from the medium to transform its initial structure into platform products and that, even at higher energies, the total yields are still lower than those for PPW.




3.3. Hydrothermal Carbonization (HTC)


HTC is a process in which the obtained products are not only aqueous but also include biochar. The energy used in HTC is higher than in LHW, which leads to lower yields of platform chemicals and the degradation of sugars and levulinic acid to compounds such as formic acid. Figure 5 shows the total yields for temperatures from 200 to 260 °C (HTC). The last temperature of LHW (180 °C) produced total yields of 2.655% (CCW) and 72.170% (PPW), and there was an important drop in the yield for peapods, which was 21.043% at 200 °C, and an increase in the yield for CCW, which reached a valorization of 21.593%. This was due to the high lignin content present in coffee, which needs higher energy to be broken down in order to hydrolyze cellulose and hemicellulose. When PPW is subjected to HTC conditions, the heat not only hydrolyzes but also degrades the sugars, levulinic acid, and furfural, leading to an increase in the production of formic acid and volatile small compounds. Hence, in valorization processes involving high temperatures, coffee biomass presents higher interest than peapods.



When increasing the temperature over 220 °C, the behavior of the biomasses differed once again: the peapod waste yield increased slightly after the initial drop at 200 °C, but in the case of the CCW, the highest amount of valorization was achieved at 200 °C, after which the yield dropped consistently as the temperature became higher.



Table 5 shows the individual products obtained at the different temperatures in the HTC range. It can be seen that by increasing the amount of energy provided via temperature, the number of sugars in both coffee and peapods decreases. This is due to the hydrolysis mechanism, whereby at higher temperatures the water becomes more acidic and releases protons into the system, breaking down the lignocellulosic structures and hydrolyzing sugars as well. The reaction did not stop in the production of sugars, as was the case in LHW. Levulinic acid as well as furfural and HMF are very unstable molecules which can undergo degradation when too much energy is provided, which can lead to their transformation into formic acid, CO, and CO2. This can be seen in the case of the peapod waste, where the levulinic acid yield decreased as the total formic acid content increased as the temperature became higher.



HTC processes at low temperatures help with the valorization of coffee, but the overall yield decreases when the energy is increased too much. As for PPW, the amount of platform chemicals obtained through HTC is lower than that obtained through LHW, and if platform chemicals are desired, this range of temperatures may not be the best. On the other hand, in this range of temperatures, biochar is also obtained, so if this is the desired product, then HTC conditions should be used.





4. Biomass/Water Ratio Influence


The experiments were performed with four different mass ratios: 1:05, 1:10, 1:20, and 1:40, at 180 °C, 220 °C, and 260 °C, to compare the yields between the peapod and coffee biomass wastes.



Figure 6 shows the results at 180 °C. The test with the coffee waste showed a clear trend: As the biomass/water ratio decreased, the yields increased. On the other hand, with the peapod biomass, the highest yield was obtained with the 1:20 ratio (44.346%). At the 1:5 ratio, the yields were the lowest in both cases, though they increased at 1:10 and again at 1:20. However, at 1:40, when there was too little biomass compared to water and a small amount of lignin was present (for the PPW), the biomass underwent degradation. Coffee, on the other hand, showed an improvement due to the need for higher energy to break down the lignin barriers and hydrolyze the lignocellulosic structures into platform chemicals.



At 220 °C, it can be observed that the same trend was obtained with the peapod and coffee biomasses. As the biomass/water ratio decreased, the yields increased, and at the ratios of 1:20 and 1:40, no significant changes were observed. In Figure 7, it is notable that, using peapod biomass, the yields of platform chemicals were higher than when using coffee biomass and that at a higher temperature the differences between the yields using the 1:20 and 1:40 ratios were not meaningful. It was shown that at 220 °C and a ratio of 1:20, contact between the water and the biomass was favored. However, at a ratio of 1:40, the better contact was not enough to elevate the yield because the amount of biomass was not sufficient for the hydrothermal reaction to increase.



Finally, Figure 8 shows the results for the experiment at 260 °C. At this temperature, the obtention of biochar (solid) and formic acid (in the liquid) was favored. That is why the analysis of the total yield of the production of platform chemicals showed practically the production of formic acid alone. In the coffee waste experiments, a peak was observed when a 1:10 biomass/water ratio was used; even so, the yields for ratios of 1:05, 1:20, and 1:40 did not change importantly. In the peapod waste experiments, the same trend was observed as at 220 °C; the total yields increased as the biomass/water ratio decreased, but at a ratio of 1:40, the yield was lower than that achieved with a 1:20 ratio.



In conclusion, at a biomass/water ratio of 1:20, higher yields were obtained using PPW biomass. With CCW biomass, the best yield was obtained at a ratio of 1:40. If the purpose is to obtain formic acid, a ratio of 1:10 at 260 °C can be used. Additionally, it could be concluded that at a 1:20 ratio the contact between the water and the biomass particles was favored, obtaining better results, but with a ratio of 1:40 the quantity of biomass limited the yields of the reaction.




5. Particle Size Influence


Particle size can influence the amount of biomass that is in contact with the water that is being used to hydrolyze the lignocellulosic structures. It has been reported that smaller particles have a larger surface area-to-volume ratio, which enhances their reactivity and interaction with the hydrothermal solution. This can lead to better crystallinity, higher yields, and improved product properties [28]. Smaller particles facilitate mass transfer between the particles and the surrounding solution, allowing for more efficient heat and mass transfer. This can improve the overall efficiency and product quality of hydrothermal processes [29].



Figure 9 shows that at 180 °C there is a similar tendency in both CCW and PPW, but a higher number of products can always be obtained from peapod biomass due to its physicochemical properties previously described. For CCW, the particle size that improved the reaction was 0.5 mm, whilst for peapod waste, both the 0.5 mm and 1 mm samples had similar yields, proving that smaller particle sizes do have an influence on the reaction and hydrolysis of the water, although particle size can definitely be optimized according to the nature of the specific biomass.



Figure 10, again, shows a similar tendency in both biomasses. There is an overall decrease compared to the total yield obtained at 180 °C, decreasing around 20% for CCW and PPW. This shows that if platform chemicals are desired, conditions of 180 °C are best for the overall yield in higher-volume reactors. At this temperature, there is a clear increase when using a particle size of 1 mm, which can be considered the optimum for this variable under these conditions. Smaller particle sizes can lead to too much energy being provided to the particles and hence a degradation of the platform chemicals and the biochar formed [30]. Bigger particle sizes can ensure that there is not too much contact between the water and the biomass and hence not too much breakdown of the lignocellulosic structures.



Finally, at 260 °C (Figure 11), the tendency of both biomasses was maintained, with the best yields being obtained with the smaller particle sizes of 1 mm for PPW and 0.5 mm for CCW. It is worth noting that the yields again dropped compared to those obtained at 180 °C, since under these conditions, gases, formic acid, and biochar are produced in the highest quantities and the production of platform chemicals decreases.



These results show that the correct setting of the particle size can lead to an increase of up to 10% in the production of platform chemicals and that, even though the physicochemical structures of both the biomasses are very different and peapod waste is more effective for the production of platform chemicals, the effect of the parameter of particle size affects both biomasses very similarly, improving the overall yield at smaller particle sizes where hydrolysis is optimal.




6. Stirring Effect


The influence of stirring in hydrothermal carbonization (HTC) processes with biomass is a crucial aspect of optimizing the conversion of wet biomass waste into a coal-like material with a higher carbon content. Stirring plays a significant role in enhancing the efficiency and quality of the HTC process. It helps to improve heat transfer and mass transfer within the reactor, which is essential for the breakdown of complex biomass molecules into simpler compounds. This breakdown leads to the formation of a solid fuel with a higher carbon content, which is the primary goal of HTC. Stirring also helps to reduce the formation of unwanted byproducts and improves the overall uniformity of the reaction conditions.



Studies have shown that the stirring rate can significantly impact the properties of HTC products. For example, a study on the HTC of Typha australis found that the stirring rate did not interact with the temperature and the reaction time, indicating that the stirring rate had a consistent effect on the reaction outcomes [31]. Another study investigated the influence of stirring on pre-dried and wet biomass under selected HTC conditions and found that stirring had a significant impact on the solid mass yield and the solid fuel quality [31]. These findings highlight the importance of controlling the stirring rate in HTC processes to achieve optimal results.



Figure 12 shows how for both the coffee and peapod waste samples, the use of stirring decreased the total yields of the reactions. Similar to the other assays performed, in general, the peapod waste produced higher amounts of all the platform chemicals, producing 10% higher yields than the coffee waste biomass. Stirring decreases the amount of platform chemicals produced. This can be because a sample of biomass that is not subject to stirring can receive a lot of energy in its external parts, and by irradiating it with energy, said parts of the sample transform more easily into other platform chemicals. On the other hand, under stirring, the particles become more homogeneous and hence the external parts do not receive all the energy, which is dissipated more through the sample. More particles receive lower amounts of energy, in contrast to conditions without stirring, where fewer particles receive higher amounts of energy.



Samples taken at 220 °C (Figure 13) exhibited a different behavior. Both biomasses were affected in the same way, the use of stirring increasing the total yield compared to the non-stirred samples. In the case of CCW, the maximal increase was obtained at 5000 rpm, but the sample at 8000 rpm did not change much compared to the other sample; hence, either setting can be considered optimal for coffee samples. On the other hand, for PPW, there was a noticeable increase when a speed of 5000 rpm was used, which then dropped when a speed of 8000 rpm was used. This shows that there is an optimal speed at this temperature which helps hydrolysis take place. Agitation lower than said optimal speed will not facilitate the diffusion of heat through the sample, and higher agitation will probably make the sample go to the walls of the reactor and the molecules will not be able to interact enough with the hot water and hydrolyze efficiently.



Figure 14 presents the influence of stirring on hydrothermal reactions at 260 °C. This shows that, similarly to what happened at 180 °C, for both biomasses, the reactions performed without stirring yielded higher amounts of platform chemicals. This could have been for reasons similar to those noted previously and due to the fact that under these conditions the production of HTC and formic acid is favored; the reactions without stirring led to a higher carbonization of external particles as well as a higher degradation of platform chemicals into formic acid.



These results show that, depending on the range of temperatures, the process can be favored or disfavored by stirring. Both biomasses are influenced similarly by the effect of stirring and temperature, and specific temperature conditions may require stirring assistance.




7. Catalyst Effect


Homogeneous acid catalysts play a crucial role in hydrothermal valorization processes, particularly in the dehydration and hydrolysis reactions of biomass components. Bronsted acids, such as mineral acids (e.g., sulfuric acid and hydrochloric acid) and organic acids (e.g., formic acid and acetic acid), are commonly employed in these processes. The mechanism involves protonation of the oxygen atoms in the biomass molecules, facilitating the cleavage of glycosidic bonds and ether linkages. This leads to the formation of reactive intermediates, which subsequently undergo dehydration or hydrolysis reactions, yielding valuable products like furans, phenolics, and sugars [32].



Homogeneous basic catalysts also play a significant role in hydrothermal valorization processes, particularly in transesterification and hydrolysis reactions. Alkali metal hydroxides (e.g., sodium hydroxide and potassium hydroxide) and alkali metal carbonates (e.g., sodium carbonate and potassium carbonate) are commonly used as homogeneous base catalysts. The mechanism involves the formation of an alkoxide ion from the alcohol, which then attacks the carbonyl carbon of the ester or triglyceride, facilitating the cleavage of the ester bond. This leads to the formation of fatty acid salts, which can be further converted into valuable products like biodiesel and fatty acids [33].



Figure 15 shows how when using catalysts (both acidic and basic) in a reactor of 100 mL, the total yield of coffee waste is increased up to seven times in only one hour. Sulfuric acid is a better catalyst than acetic acid, KOH, and NaHCO3 in hydrothermal processes for biomass conversion, due to its higher acidity and greater ability to facilitate the cleavage of glycosidic bonds and ether linkages. Its higher acidity allows it to more effectively protonate oxygen atoms in biomass molecules, facilitating the cleavage of these bonds and linkages, which is a crucial step in the conversion process. Additionally, sulfuric acid forms stable complexes with glycosidic bonds, enhancing their cleavage, and is more reactive than base catalysts, leading to higher yields of valuable products. Furthermore, sulfuric acid is more compatible with biomass, forming complexes that facilitate conversion, whereas KOH and NaHCO3 can react with biomass components in ways that hinder the conversion process. Overall, sulfuric acid’s unique combination of properties makes it a more effective catalyst for hydrothermal biomass conversion.



On the other hand, peapod biomass’s reaction with catalysts is not always good for the yield of platform chemicals. The use of acid catalysts increases the total yield, whilst the use of basic catalysts decreases the total yield of the hydrothermal reaction. The use of acid catalysts in hydrothermal processes for biomass conversion, including that of peapods, generally increases the total yield of platform chemicals compared to using basic catalysts. This is because acid catalysts, particularly strong acids like sulfuric acid, are more effective at cleaving the glycosidic bonds and ether linkages in biomass components.



Peapods, which have a low lignin content, are primarily composed of cellulose and hemicellulose. Acid catalysts can effectively protonate the oxygen atoms in these carbohydrate polymers, facilitating the cleavage of the glycosidic bonds that hold the monosaccharide units together [34]. This leads to the formation of reactive intermediates, such as monosaccharides and furan derivatives, which can then be further converted into valuable platform chemicals. In contrast, basic catalysts like KOH and NaHCO3 are less effective in cleaving the glycosidic bonds and ether linkages in peapods. Instead, basic catalysts are more commonly used in transesterification and hydrolysis reactions, which are important for the conversion of lipids and proteins in biomass. However, since peapods have a low lignin content, the presence of lipids and proteins is also limited, reducing the effectiveness of basic catalysts in these processes.



Furthermore, the high acidity of sulfuric acid and other mineral acids can also promote the dehydration of monosaccharides into furans, such as 5-hydroxymethylfurfural (HMF) and furfural [35]. These furan derivatives are important platform chemicals that can be further converted into a wide range of valuable products, including biofuels and biochemicals.



Figure 16 shows the total yields of reactions with catalysts performed for 2 h in a 100 mL reactor. The total yields of the reactions with catalysts for both coffee cherry waste and peapod waste exhibited distinct trends. For coffee cherry waste, the use of strong acids and basic catalysts resulted in a slight decrease in the total yield after two hours. This could be attributed to the fact that strong acids and bases can lead to over-processing of biomass, resulting in the degradation of valuable compounds and a decrease in the overall yield. In contrast, weak acid and base catalysts continued to increase the yield of the reaction, suggesting that these catalysts are more effective in facilitating the conversion of biomass components without causing excessive degradation.



For peapod waste, the use of strong acids and basic catalysts also resulted in a decrease in the total yield after two hours. However, the use of weak bases significantly increased the yield of the reaction. This could be due to the fact that peapods have a lower lignin content compared to coffee cherry waste, making them more susceptible to degradation by strong acids and bases. Weak bases, on the other hand, are more effective in facilitating the conversion of peapods without causing excessive degradation, leading to an increase in the total yield. Overall, the choice of catalyst and its strength plays a crucial role in determining the total yield of the reaction, and the optimal catalyst for a specific biomass feedstock depends on its composition and properties.



In Table 6, each of the individual platform chemicals obtained are presented. It is worth noting that the use of certain catalysts can lead to the production of specific products that otherwise would not be produced. Levulinic acid, for instance, cannot be produced in one hour at 180 °C from CCW, but by using H2SO4, KOH, and CH3COOH, said PC can be obtained. This happens for coffee with formic acid as well, where the use of acetic acid leads to a high production of formic acid, which would not have been possible before. Peapod biomass behaves similarly, and the use of catalysts leads to the production of formic acid, HMF, and furfural, which is not possible with water only.



The aim was to analyze the difference between the catalyst in a reactor of 100 mL and in a reactor of 500 mL. For this reason, a set of experiments was conducted with the catalyst in a reactor of 500 mL, and CH3COOH and NaHCO3 were used at a concentration of 0.1 M each. In Figure 17, the total yields obtained at different temperatures are shown, contrasting the results obtained with peapod and coffee biomasses.



The same trend was observed in the coffee and peapod experiments at the three temperatures. The catalyst with CH3COOH obtained better yields than those obtained with sodium bicarbonate and without it. This occurred because using an acid catalyst favored the liquid products, whereas the basic ones favored the solid phase. At 180 °C, it is remarkable that using peapod biomass obtained higher yields than using coffee biomass. When the temperature went up, the difference in the total yields was not notable.



The use of CH3COOH as a catalyst in the hydrothermal valorization of biomass can lead to better yields compared to using NaHCO3 or no catalyst at all. Acetic acid acts as an effective acid catalyst, promoting the hydrolysis of biomass components like cellulose, hemicellulose, and lignin. The acidic conditions facilitate the cleavage of glycosidic bonds and ether linkages, leading to the depolymerization of these biopolymers into smaller, more reactive fragments. Additionally, acetic acid can catalyze dehydration reactions, which are crucial for the formation of furan-based platform chemicals like 5-hydroxymethylfurfural (HMF) and furfural from the dehydration of hexoses and pentoses, respectively.



On the other hand, NaHCO3, being a mild base, may not provide sufficient catalytic activity for the effective depolymerization and dehydration of biomass components. Its role is primarily to neutralize the acidic products formed during the hydrothermal process. In the absence of any catalyst, the hydrothermal valorization process may proceed at a slower rate, leading to lower yields of desired products. Therefore, the use of acetic acid as a catalyst can significantly enhance the hydrothermal valorization of biomass by promoting the depolymerization of biopolymers, catalyzing dehydration reactions, and facilitating the formation of valuable platform chemicals and other products [36].



It is noteworthy that the yields obtained in the new experiments differed significantly from those obtained with the same catalyst in the 100 mL reactor. For example, using NaHCO3 (0.2 M) at 180 °C in the reactor of 100 mL, total yields of 10.108% and 53.286% were obtained using coffee and peapod biomasses, respectively. In contrast, using NaHCO3 (0.1 M) at 180 °C in the 500 mL reactor resulted in total yields of 24.261% (coffee biomass) and 36.210% (peapod biomass). These variations can be attributed to differences in catalyst concentration and mass and heat transfer in the reactors with different volumes. The smaller reactor had more homogeneous temperature control due to it is placement in an oven at the required temperature [37]. The bigger reactor was heated using resistors and sensors to regulate the temperature, with the biomass and water being heated to the desired temperature. The difference in the heating systems produced differences in the results that were obtained. Additionally, the 100 mL reactor was used at 30% of its capacity, whereas the 500 mL reactor was used at 20%. These differences could have changed the mass transfer in the systems.



In Table 7, the differences in the platform chemicals obtained when using NaHCO3 and CH3COOH as catalysts are shown and can be attributed to their distinct catalytic properties and the reaction mechanisms they promote.



When NaHCO3 was used as the catalyst, no furfural was obtained, and the amount of 5-hydroxymethylfurfural (HMF) produced was practically zero. This can be explained by the fact that NaHCO3 is a mild base which does not effectively catalyze the dehydration reactions required for the formation of furan-based compounds like furfural and HMF from pentoses and hexoses, respectively [38,39].



In contrast, when CH3COOH was used as the catalyst, no levulinic acid was produced. This was because the formation of levulinic acid typically requires stronger acid catalysts, such as mineral acids (e.g., sulfuric acid and hydrochloric acid), which can effectively catalyze the dehydration and rehydration reactions involved in the conversion of HMF to levulinic acid [40,41].



However, both NaHCO3 and CH3COOH catalysts promoted the production of formic acid in both biomasses, which is a common product in hydrothermal processes involving biomass. The formation of formic acid can occur through various pathways, including the dehydration of carbohydrates, the decarboxylation of lactic acid, and the hydrolysis of formic acid esters [42,43]. The higher yield of formic acid obtained using CH3COOH at 220 °C with peapod biomass can be attributed to the more effective catalytic activity of acetic acid in promoting these reactions.



Regarding sugar yields, the highest yield was obtained using CH3COOH at 220 °C with coffee biomass. This can be explained by the fact that acetic acid can effectively catalyze the hydrolysis of cellulose and hemicellulose present in biomass, leading to the formation of monomeric sugars [44]. The higher lignin content in coffee biomass compared to peapod biomass may also contribute to the higher sugar yields, as lignin can act as a barrier, hindering the accessibility of the catalysts to the carbohydrate fractions [45].




8. Biochar Characterization (Van Krevelen)


Van Krevelen diagrams illustrate the distribution of carbon, oxygen, and hydrogen in biochars [46]. The solid fractions obtained at 260 °C were characterized using elemental analysis and positioned in a Van Krevelen diagram (Figure 18). In general, it can be concluded that the biomass and biochar obtained from peapods have higher H/C ratios than those from coffee. Within the biomass zone, the initial biomass of peapod waste exhibits higher H/C and O/C ratios compared to coffee waste biomass, resulting in peapod biomass being more oxygenated and less like coal than coffee biomass.



Most of the results obtained at 260 °C from peapod and coffee biomasses with modification of the variables are observed near the coal and anthracite zones. This indicates that parameters such as particle size, biomass/water ratio, and stirring do not significantly impact the characteristics of the solid products resulting from the hydrothermal reaction. The starting material in both cases differed a bit: CCW has a higher carbon content than PPW, which can thus be characterized as a typical biomass, whilst coffee is almost outside the range for biomasses.



On the other hand, when catalysts were used, the H/C and O/C ratios of the biochars were higher. For example, the solid obtained from peapod biomass without a catalyst at 260 °C and with a biomass/water ratio of 1:20 had an O/C ratio of 0.16 and an H/C ratio of 0.56. However, when using NaHCO3 as a catalyst, the solid produced had an O/C ratio of 0.25 and an H/C ratio of 0.70. From this, it was concluded that if it is desired to obtain a solid with characteristics similar to anthracite and coal, it is better to use only water as a catalyst, but if it is desired to functionalize a biochar by adding specific elements (Na, S, K, Ca, etc.) to modify its characteristics, it is a good idea to add catalysts to the process.



Figure 17 presents the characterization of a solid sample obtained at 180 °C with a 1:20 water/biomass ratio to make a comparison between solids obtained at 180 and 260 °C. The pink triangle that is in the lignite zone is the peapod biochar obtained at 180 °C (O/C = 0.34, H/C = 1.09). Compared to the set of experiments made at 260 °C, at 180 °C, the O/C ratio was higher, which meant that the biomass was less carbonized in this condition and could not be classified as coal. The same behavior was observed at 180 °C with coffee biomass (pink pentagon next to the lignite zone). The solid obtained via the hydrothermal reaction at 180 °C (O/C = 0.34, H/C = 0.85) with coffee biomass had a similar O/C ratio to the hydrothermal process performed under the same conditions with peapod biomass but a lower H/C ratio. Compared to the 260 °C experiment, the O/C and H/C ratios were remarkably higher and made the product less coal-/anthracite-like. This shows that temperatures of 260 °C actually transform the initial biomass into fossil carbon-like structures that could be used to make energy sources greener.



The difference in the final products obtained from the hydrothermal carbonization (HTC) of peapod waste and coffee cherry waste can be attributed to their varying initial compositions, particularly their lignin contents. Lignin is a complex aromatic polymer present in plant biomass, and it is known to be more resistant to thermal degradation compared to other components like cellulose and hemicellulose. During the HTC process, biomass undergoes a series of reactions, including hydrolysis, dehydration, decarboxylation, and condensation polymerization, leading to the formation of a carbonaceous solid product (biochar) with a higher carbon content and a more aromatic structure [47].



Peapod waste (as shown in Table 1) typically has a lower lignin content compared to coffee cherry waste. The lower lignin content in peapod waste means that there are fewer aromatic structures present initially, and, during the HTC process, the reactions primarily involve the depolymerization and repolymerization of cellulose and hemicellulose components. As a result, the biochar obtained from peapod waste may have a lower degree of aromaticity and a lower carbon content, resembling a coal-like material.



On the other hand, coffee cherry waste is known to have a higher lignin content [26]. The presence of a significant amount of lignin in the initial biomass contributes to the formation of a more aromatic and carbon-rich biochar during the HTC process. The lignin undergoes condensation reactions, leading to the formation of aromatic structures and a higher degree of aromaticity in the final product. Consequently, the biochar obtained from coffee cherry waste may exhibit properties more similar to anthracite, which is a highly aromatic and carbon-rich form of coal [48].




9. Conclusions


The characterization of coffee cherry waste (CCW) and peapod waste through various analytical techniques has highlighted distinct differences in their composition and behavior during hydrothermal conversion. Coffee cherry waste demonstrated higher moisture (10.94%) and ash contents (7.79%) compared to peapod waste, which had lower moisture (7.77%) and ash contents (4.22%) but was higher in fixed carbon (13.0%) and hemicellulose (17.4%). Conversely, CCW had higher volatile matter (79.91%) and cellulose contents (27.6%), indicating its different chemical makeup.



Optimal extraction conditions varied significantly between the two biomasses. Peapod waste achieved its highest yield (70.994%) at 180 °C, beyond which degradation occurred. Coffee cherry waste initially produced minimal platform chemicals at this temperature, but an extended reaction time increased its yield to 20.789%. Within the hydrothermal carbonization (HTC) range, CCW reached its peak yield (21.592%) at 200 °C—a temperature that negatively impacted the peapod waste, reducing its yield to 21.043%.



Process parameters such as biomass-to-water (B/W) ratio, particle size, stirring, and catalyst type affected both biomasses similarly. Lower B/W ratios (1:20 and 1:40) and smaller particle sizes (0.5 and 1 mm) enhanced the yields of platform chemicals. Stirring had a minimal impact, while acid catalysts proved more effective than alkaline ones in facilitating the hydrothermal reactions.



This study emphasizes that the initial physicochemical characteristics of the biomasses, especially their hemicellulose, cellulose, and lignin contents, played a crucial role in determining the optimal conditions for platform chemical production. These findings suggest that a one-size-fits-all approach is ineffective for hydrothermal valorization. Instead, specific optimization tailored to the unique properties of each biomass is necessary to maximize yield and efficiency.
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Figure 1. Reactor used for the hydrothermal valorization processes. (a) Batch reactor of 100 mL (b) Batch reactor of 500 mL. 
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Figure 2. Parts of the waste used for the hydrothermal valorization. 
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Figure 3. Production of total platform chemicals via LHW for coffee and peapod wastes. 
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Figure 4. Total yields of platform chemicals from CCW and PPW at 180 °C from 1 to 4 h. 
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Figure 5. Total yields of CCW and PPW in experiments lasting one hour in the HTC temperature range. 
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Figure 6. Total yields of CCW and PPW in experiments at 180 °C lasting one hour, in which the B/W ratio was modified. 
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Figure 7. Total yields of CCW and PPW in experiments at 220 °C lasting one hour, in which the B/W ratio was modified. 
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Figure 8. Total yields of CCW and PPW in experiments at 260 °C lasting one hour, in which the B/W ratio was modified. 
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Figure 9. Total yields of CCW and PPW in experiments at 180 °C lasting one hour, in which the particle size was modified. 
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Figure 10. Total yields of CCW and PPW in experiments at 220 °C lasting one hour, in which the particle size was modified. 
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Figure 11. Total yields of CCW and PPW in experiments at 180 °C lasting one hour, in which the particle size was modified. 
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Figure 12. Total yields of CCW and PPW in experiments at 180 °C lasting one hour, in which the agitation was modified. 






Figure 12. Total yields of CCW and PPW in experiments at 180 °C lasting one hour, in which the agitation was modified.



[image: Chemengineering 08 00098 g012]







[image: Chemengineering 08 00098 g013] 





Figure 13. Total yields of CCW and PPW in experiments at 220 °C lasting one hour, in which the agitation was modified. 
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Figure 14. Total yields of CCW and PPW in experiments at 260 °C lasting one hour, in which the agitation was modified. 
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Figure 15. Total yields of CCW and PPW in experiments at 180 °C lasting one hour, in which the catalysts were modified. 
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Figure 16. Total yields of CCW and PPW in experiments at 180 °C lasting one hour, in which the catalysts were modified. 
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Figure 17. Total yields of CCW and PPW in experiments lasting one hour in a 500 mL reactor with catalysts: (a) 180 °C, (b) 220 °C, and (c) 260 °C. 
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Figure 18. Characterization of samples obtained from the different hydrothermal reactions with CCW (pentagons) and PPW (triangles). (Nomenclature for the samples is presented in the Supplementary Materials). 






Figure 18. Characterization of samples obtained from the different hydrothermal reactions with CCW (pentagons) and PPW (triangles). (Nomenclature for the samples is presented in the Supplementary Materials).



[image: Chemengineering 08 00098 g018]







 





Table 1. Set of experiments performed for the optimization of conditions.
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	Experiment
	Reactor Used
	Time
	Temperature (°C)
	B/W Ratio
	Particle Size
	Catalyst
	Stirring





	1
	100 mL
	1 h
	120
	1:9
	2 mm
	W/O
	W/O



	2
	100 mL
	1 h
	130
	1:9
	2 mm
	W/O
	W/O



	3
	100 mL
	1 h
	140
	1:9
	2 mm
	W/O
	W/O



	4
	100 mL
	1 h
	150
	1:9
	2 mm
	W/O
	W/O



	5
	100 mL
	1 h
	160
	1:9
	2 mm
	W/O
	W/O



	6
	100 mL
	1 h
	170
	1:9
	2 mm
	W/O
	W/O



	7
	100 mL
	1 h
	180
	1:9
	2 mm
	W/O
	W/O



	8
	100 mL
	2 h
	180
	1:9
	2 mm
	W/O
	W/O



	9
	100 mL
	3 h
	180
	1:9
	2 mm
	W/O
	W/O



	10
	100 mL
	4 h
	180
	1:9
	2 mm
	W/O
	W/O



	11
	500 mL
	1 h
	200
	1:9
	2 mm
	W/O
	W/O



	12
	500 mL
	1 h
	220
	1:9
	2 mm
	W/O
	W/O



	13
	500 mL
	1 h
	240
	1:9
	2 mm
	W/O
	W/O



	14
	500 mL
	1 h
	260
	1:9
	2 mm
	W/O
	W/O



	15
	500 mL
	1 h
	180
	1:5
	2 mm
	W/O
	W/O



	16
	500 mL
	1 h
	180
	1:10
	2 mm
	W/O
	W/O



	17
	500 mL
	1 h
	180
	1:20
	2 mm
	W/O
	W/O



	18
	500 mL
	1 h
	180
	1:40
	2 mm
	W/O
	W/O



	19
	500 mL
	1 h
	220
	1:5
	2 mm
	W/O
	W/O



	20
	500 mL
	1 h
	220
	1:10
	2 mm
	W/O
	W/O



	21
	500 mL
	1 h
	220
	1:20
	2 mm
	W/O
	W/O



	22
	500 mL
	1 h
	220
	1:40
	2 mm
	W/O
	W/O



	23
	500 mL
	1 h
	260
	1:5
	2 mm
	W/O
	W/O



	24
	500 mL
	1 h
	260
	1:10
	2 mm
	W/O
	W/O



	25
	500 mL
	1 h
	260
	1:20
	2 mm
	W/O
	W/O



	26
	500 mL
	1 h
	260
	1:40
	2 mm
	W/O
	W/O



	27
	500 mL
	1 h
	180
	1:20
	0.5 mm
	W/O
	W/O



	28
	500 mL
	1 h
	180
	1:20
	1 mm
	W/O
	W/O



	29
	500 mL
	1 h
	180
	1:20
	5 mm
	W/O
	W/O



	30
	500 mL
	1 h
	220
	1:20
	0.5 mm
	W/O
	W/O



	31
	500 mL
	1 h
	220
	1:20
	1 mm
	W/O
	W/O



	32
	500 mL
	1 h
	220
	1:20
	5 mm
	W/O
	W/O



	33
	500 mL
	1 h
	260
	1:20
	0.5 mm
	W/O
	W/O



	34
	500 mL
	1 h
	260
	1:20
	1 mm
	W/O
	W/O



	35
	500 mL
	1 h
	260
	1:20
	5 mm
	W/O
	W/O



	36
	500 mL
	1 h
	180
	1:20
	1 mm PPW, 0.5 CCW
	W/O
	5000 RPM



	37
	500 mL
	1 h
	180
	1:20
	1 mm PPW, 0.5 CCW
	W/O
	8000 RPM



	38
	500 mL
	1 h
	220
	1:20
	1 mm PPW, 0.5 CCW
	W/O
	5000 RPM



	39
	500 mL
	1 h
	220
	1:20
	1 mm PPW, 0.5 CCW
	W/O
	8000 RPM



	40
	500 mL
	1 h
	260
	1:20
	1 mm PPW, 0.5 CCW
	W/O
	5000 RPM



	41
	500 mL
	1 h
	260
	1:20
	1 mm PPW, 0.5 CCW
	W/O
	8000 RPM



	42
	100 mL
	1 h
	180
	1:9
	2 mm
	H2SO4

(0.02 M)
	W/O



	43
	100 mL
	1 h
	180
	1:9
	2 mm
	CH3COOH

(0.02 M)
	W/O



	44
	100 mL
	1 h
	180
	1:9
	2 mm
	NaHCO3

(0.02 M)
	W/O



	45
	100 mL
	1 h
	180
	1:9
	2 mm
	KOH

(0.02 M)
	W/O



	46
	100 mL
	2 h
	180
	1:9
	2 mm
	H2SO4

(0.02 M)
	W/O



	47
	100 mL
	2 h
	180
	1:9
	2 mm
	CH3COOH

(0.02 M)
	W/O



	48
	100 mL
	2 h
	180
	1:9
	2 mm
	NaHCO3

(0.02 M)
	W/O



	49
	100 mL
	2 h
	180
	1:9
	2 mm
	KOH

(0.02 M)
	W/O



	50
	500 mL
	1 h
	180
	1:20
	1 mm PPW, 0.5 CCW
	CH3COOH

(0.1 M)
	W/O



	51
	500 mL
	1 h
	180
	1:20
	1 mm PPW, 0.5 CCW
	NaHCO3

(0.1 M)
	W/O



	52
	500 mL
	1 h
	220
	1:20
	1 mm PPW, 0.5 CCW
	CH3COOH

(0.1 M)
	W/O



	53
	500 mL
	1 h
	220
	1:20
	1 mm PPW, 0.5 CCW
	NaHCO3

(0.1 M)
	W/O



	54
	500 mL
	1 h
	260
	1:20
	1 mm PPW, 0.5 CCW
	CH3COOH

(0.1 M)
	W/O



	55
	500 mL
	1 h
	260
	1:20
	1 mm PPW, 0.5 CCW
	NaHCO3

(0.1 M)
	W/O










 





Table 2. Characterization of initial biomasses for comparison.
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	Assay
	Coffee Cherries (%)
	Peapods (%)





	Moisture (Initial Biomass)
	80.79
	80.77



	Moisture (BHP)
	10.94
	7.77



	Ashes
	7.79
	4.22



	Volatile Matter
	79.91
	74.18



	Fixed Carbon
	1.36
	13.0



	Cellulose
	27.6
	20.2



	Hemicellulose
	12.5
	17.4



	Lignin
	13.7
	5.0



	C
	45.27
	43.30



	H
	4.86
	5.95



	O
	48.26
	49.02



	N
	1.47
	1.71



	S
	0.14
	-










 





Table 3. Individual platform chemicals produced from PPW and CCW.
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T (°C)

	
YSugar (%)

	
YLevulinic acid (%)




	
Coffee

	
Peapods

	
Peapods






	
120

	
0.167

	
36.903

	
-




	
130

	
0.213

	
37.228

	
-




	
140

	
0.323

	
37.610

	
-




	
150

	
2.347

	
56.265

	
-




	
160

	
2.391

	
53.023

	
-




	
170

	
2.654

	
62.089

	
0.685




	
180

	
2.655

	
70.994

	
1.176











 





Table 4. Individual platform chemicals obtained from LHW at 180 °C for 1 to 4 h.
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Time (h)

	
YSugar (%)

	
YLevulinic acid (%)

	
YFormic acid (%)

	
YHMF (%)

	
YFurfural (%)




	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods






	
1

	
2.655

	
70.994

	

	
1.176

	

	
-

	

	
-

	

	
-




	
2

	
2.658

	
46.704

	

	
1.885

	

	
4.242

	

	
0.531

	

	
-




	
3

	
4.843

	
6.276

	
0.862

	
1.986

	
1.229

	
7.212

	

	
1.342

	

	
1.120




	
4

	
7.112

	
2.217

	
3.775

	
2.206

	
8.524

	
15.187

	
0.656

	
1.829

	
0.718

	
2.215











 





Table 5. Individual platform chemicals obtained at HTC temperatures over 1 h.
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Temperature (°C)

	
YSugar (%)

	
YLevulinic acid (%)

	
YFormic acid (%)

	
YHMF (%)

	
YFurfural (%)




	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods






	
200

	
8.554

	
1.322

	
3.019

	
3.501

	
10.020

	
14.439

	
-

	
0.960

	
-

	
0.821




	
220

	
2.209

	
1.093

	
1.837

	
3.406

	
5.531

	
17.436

	
0.119

	
0.097

	
0.124

	
-




	
240

	
1.350

	
1.122

	
1.594

	
2.423

	
5.210

	
20.263

	
0.120

	
-

	
0.119

	
-




	
260

	
0.992

	
0.956

	
1.172

	
1.976

	
4.868

	
21.758

	
0.106

	
0.960

	
0.104

	
-











 





Table 6. Platform chemicals obtained at two different hours at 180 °C in a 100 mL reactor.
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Time (h)

	
Catalyst

	
YSugar (%)

	
YLevulinic acid (%)

	
YFormic acid (%)

	
YHMF (%)

	
YFurfural (%)




	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods






	
1

	
W/O

	
2.716

	
63.895

	
-

	
1.058

	
-

	
-

	
-

	
-

	
-

	
-




	
1

	
H2SO4 (0.02)

	
8.766

	
76.401

	
4.353

	
1.648

	
0.917

	
-

	
-

	
1.300

	
-

	
-




	
1

	
CH3COOH (0.2)

	
1.303

	
45.057

	
-

	
-

	
5.333

	
40.114

	
-

	
-

	
-

	
-




	
1

	
KOH (0.02)

	
3.632

	
36.857

	
3.771

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
1

	
NaHCO3 (0.2)

	
2.998

	
31.000

	
5.228

	
1.058

	
1.883

	
22.286

	
-

	
-

	
-

	
-




	
2

	
W/O

	
2.679

	
58.847

	
-

	
2.375

	
-

	
5.345

	
-

	
0.549

	
-

	
-




	
2

	
H2SO4 (0.02)

	
9.413

	
51.789

	
3.297

	
1.717

	
0.777

	
-

	
0.044

	
1.944

	
0.499

	
-




	
2

	
CH3COOH (0.2)

	
1.423

	
3.433

	
-

	
11.509

	
6.480

	
-

	
-

	
2.013

	
-

	
-




	
2

	
KOH (0.02)

	
2.226

	
4.002

	
2.739

	
4.235

	
-

	
20.890

	
-

	
1.397

	
-

	
2.103




	
2

	
NaHCO3 (0.2)

	
4.783

	
46.363

	
6.843

	
2.375

	
1.590

	
53.511

	
-

	
0.549

	
-

	
-











 





Table 7. Platform chemicals obtained at three different temperatures in a 500 mL reactor.
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Temperature (°C)

	
Catalyst

	
YSugar (%)

	
YLevulinic acid (%)

	
YFormic acid (%)

	
YHMF (%)

	
YFurfural (%)




	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods

	
Coffee

	
Peapods






	
180

	
W/O

	
25.581

	
14.46

	
1.637

	
3.285

	
6.613

	
16.699

	
1.301

	
4.572

	
1.151

	
6.499




	
180

	
CH3COOH (0.1)

	
26.177

	
35.107

	
-

	
-

	
35.981

	
81.978

	
-

	
15.332

	
0.351

	
3.136




	
180

	
NaHCO3 (0.1)

	
16.18

	
4.738

	
0.613

	
3.246

	
7.469

	
28.182

	
-

	
0.045

	
-

	
-




	
220

	
W/O

	
10.156

	
1.533

	
1.327

	
3.406

	
5.681

	
21.625

	
-

	
0.869

	
-

	
1.01




	
220

	
CH3COOH (0.1)

	
43.782

	
3.495

	
-

	
-

	
75.654

	
102.025

	
2.679

	
4.426

	
1.598

	
4.534




	
220

	
NaHCO3 (0.1)

	
16.586

	
1.836

	
0.961

	
2.57

	
10.124

	
23.041

	
-

	
-

	
-

	
-




	
260

	
W/O

	
10.188

	
0.545

	
1.434

	
2.167

	
9.321

	
28.777

	
0.053

	
-

	
0.027

	
-




	
260

	
CH3COOH (0.1)

	
0.326

	
1.169

	
-

	
-

	
98.42

	
101.369

	
-

	
-

	
-

	
-




	
260

	
NaHCO3 (0.1)

	
16.354

	
1.042

	
1.664

	
2.5

	
13.187

	
32.848

	
-

	
-

	
-

	
-
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