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Abstract 

Hydrothermal carbonization makes feasible the integral and profitable recovery of industrial 

apple waste within a zero-residue bio-economy. 82-96% of the energy and 80-93% of the C in 

the apple bagasse are retained in the solids generated by hydrothermal treatment at 180 and 230 

ºC for 2 and 4 hours. Such processes stabilize the apple waste and lead to CO2 neutral solid fuels 

with calorific value close to 30 MJ/kg. The agrochemical properties of the solid by-products 

suggest their potential to improve soil quality. Aqueous streams containing valuable phenolic 

compounds and saturated fatty acids are generated simultaneously, which provide additional 

cost-effectiveness. The by-products characteristics can be suited to the final application by 

selecting the reaction temperature, whereas the process duration has less impact. Optical 

microscopy and reflectance measurements are presented, for the first time, as powerful tools for 

assessing the biomass transformation when subjected to hydrothermal treatment under different 

conditions. 
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1. Introduction 

The implementation of sustainable strategies based on the use of wastes as renewable resources 

is an actual challenge that is attracting great interest nowadays. Undoubtedly, the valorisation of 

industrial biomass residues would provide great benefits in terms of manufacturing costs, 

dependence on fossil fuels and environmental concerns (Cho et al., 2019; Tuck et al., 2012; 

Yang et al., 2019). 

A growing population demanding healthy and easily accessible foods has boosted the production 

of fruit and vegetable-based foodstuff and derivatives. This implies the generation of enormous 

amounts of residues that undergo uncontrolled degradation and, therefore, need to be properly 

managed. 

In particular, the bagasse derived from apple processing industries has been traditionally utilized 

as cattle feed. However, the rapid fermentation, low protein content and seasonal availability of 

this wet residue limit this application to a small fraction of the 20-25 million tons/year generated 

worldwide (Dhillon et al., 2013). Although in recent years apple waste is being included in the 

flows for composting, most of it is still dumped in landfills, causing severe water and soil 

contamination and air pollution. 

Numerous studies have pointed out apple pomace as a successful feedstock for polyphenols, 

pectins, dietary fibres, enzymes, organic acids, aroma and flavours compounds, etc. (Dhillon et 

al., 2013; Shalini and Gupta, 2010), and different microbial transformations have been proposed 

for obtaining biofuels (Hijosa-Valsero et al., 2017). Most of these approaches prove effective on 

a small scale but obtaining a single product is not economically feasible. Moreover, the amount 

of initial residue is reduced, but not completely eliminated. Such processes generate other wastes 

that still require further disposal. 
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Within the search for a technology capable of an integral recovery, the objective of this work has 

been to assess the potential of hydrothermal carbonization (HTC) as a sustainable tool for 

industrial apple waste management. Requiring lower temperatures than other thermochemical 

processes (such as carbonization and activation) and being compatible with the high moisture of 

apple bagasse, this environmentally-friendly route appears as an attractive alternative. Under 

temperatures of 180 and 230 ºC and the respective autogenous pressures of 9 and 25 bar, the 

lower dielectric constant of subcritical water favours the bio-polymers dissociation and provides 

an excellent medium for the transformation of apple pomace into a major solid by-product 

enriched in C (hydrochar) and an aqueous stream (Libra et al., 2011; Ruiz et al., 2013; Wang et 

al., 2018; Yang et al., 2019). It takes place in compact reactors for only few hours, while 

biological processes generally require days or months, and supresses emission of greenhouse 

gases. Pilot plants with different configurations currently on the market (i.e. Ingelia, TerraNova 

Energy, AVA-CO2, Artec Biotechnologie, Grenol) demonstrate the industrial feasibility of HTC 

technology for managing a diversity of biomass waste streams. 

A previous study focused on apple-based porous carbons (Guardia et al., 2019) provided first 

indications on the potential of  the hydrothermal carbonization for a sustainable recovery of 

apple bagasse. The present work goes one step further and illustrates that the synergies achieved 

by a HTC plant acting as a bio-refinery leads a zero-waste valorisation of this highly polluting 

waste. This multidisciplinary research is concentrated specifically on direct applications of both 

solid and liquid by-products rather than the standard use of the hydrochar as precursor of 

activated carbons. Along with energy densification of biomass, C sequestration and a stable 

hydrochar with potential as solid fuel and soil enhancer, an aqueous by-product enriched in 

numerous valuable polyphenols and fatty acids is simultaneously generated. 
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In addition, the great potential of optical microscopy for the characterization of hydrochars is 

outlined. It is found that the reflectance measurement, which is widely used to evaluate the true 

maturity stage reached by the organic matter in rocks and coals, also allows assessing the 

progress of the hydrothermal carbonization of biomass at diverse operation conditions. 

 

2. Materials and Methods 

2.1. Hydrothermal treatment 

The solid waste from the hydraulic pressing of apples for cider production by a local cellar 

(Llagar Fanjul, Asturias, Spain) was used as raw material. It consisted mainly of peel, pulp and 

seeds. The chemical characteristics are summarized in Table 1. Contents in crude protein, fibre 

and total fat were previously reported (Guardia et al., 2019) 

The trials involved 500 g of the as received-apple bagasse and water in a ratio of 1:4 by weight 

(taking into account ~ 65 wt.% moisture of the wet feedstock). The mixture was loaded into a 3-

L stainless-steel lined pressure reactor ILSHIN and heated at temperatures of 180 and 230 ºC 

under the respective water vapour saturation pressure (9 and 25 bar). The apple waste was kept at 

the maximum temperature for 2 and 4 hours. 

The solid and liquid by-products were firstly separated by gravity filtration, and then 1.5 L of 

distilled water was poured on the solid to drag the (Guardia et al., 2019) remains deposited on 

the surface. The washing water was collected together with the HTC liquid phase.  

The hydrochars were finally air-dried in an oven at 105 °C for 24 hours. They are designated as 

HT-t, being T and t the temperature and the time of the reaction, respectively. Accordingly, the 

corresponding liquid streams are denoted as LT-t. 
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The severity of the HTC process was evaluated from the temperature (ºC) and holding time (t, 

min) by SHTC = log (t × exp [(T −100) /14.75]) (Wang et al., 2018). 

2.2. Characterisation of the solid by-products 

Organic petrography analyses were mainly focused on the measurement of reflectance of the 

organic components in the apple-derived hydrochars (Ro), and on the observation of their 

microscopic features. The studies by optical microscopy were performed on particulate pellets 

(whole sample) with randomly orientated particles by using reflected white light and blue light 

excitation (fluorescence mode). They were accomplished with a MPV-Combi (Leitz) 

microscope, and 50× oil immersion objectives following the ASTM D 7708-11 (2011), ISO 

7404/5 (2009) and ASTM D2798-09a (ASTM, 2010c) norms on reflectance measurements. The 

pellets were prepared by a modified procedure based on the ISO 7404/02 (2009) standard, 

without employing a press and temperature. 

Fluorescence, white light observations and optical photomicrographs were taken on a DM 4500P 

Leica microscope equipped with a DFC 420C Leica camera and the corresponding software to 

capture and analyse the images. 

Elemental analysis CHNS was accomplished by dry combustion in a LECO TruSpec Micro 

microanalyser, whereas the oxygen content was determined with a LECO TruSpec Micro-O. The 

moisture and ash contents were evaluated according to ASTM7582-10 in a LECO TGA701. A 

Heraeus muffle furnace was used to evaluate the volatile matter following UNE-019 (ISO562). 

The fixed C (dry basis) was derived from FC (%) = 100-VM-ash.   

The calorific value (expressed by the higher heating value, HHV) was evaluated with an 

automatic bomb calorimeter IKAWEEME C4000. 
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The hydrochar yield (Y), energy densification ratio (Ed), energy yield (Ey), C recovery in 

hydrochar (HCrec) and thermal stability index (TSI) (Calvelo Pereira et al., 2011) were evaluated 

as follows: 

Y (%) = (mass of dry hydrochar/mass of dry feedstock) ×100 

Ed = HHVhydrochar / HHVapple waste 

Ey (%) = Ed × Y 

HCrec (%) = ((% Chydrochar / % Cfeedstock) × Y 

TSI = FC/(FC+VM)  

The characterization of the porous structure was accomplished by the Brunauer-Emmett-Teller 

(BET) analysis of the N2 adsorption isotherm at 77 K (Micromeritics ASAP 2010). CO2 

adsorption at 273 K (Nova 4200e, Quantachrome Instruments) was carried out to confirm the 

absence of ultramicroporosity. The total volume in pores 5.5-12000 nm and the corresponding 

porosity were obtained by mercury porosimetry (Micromeritics AutoPore IV 9500), up to a 

maximum pressure of 228 MPa. The contact angle and surface tension of the mercury were set at 

130° and 485 dym/cm, respectively. 

The agrochemical quality of the hydrochar was determined using standard protocols for organic 

amendments (Faithfull, 2002; Thompson, 2001). In short, the pH and electrical conductivity of 

the hydrochars were measured respectively on suspensions and extracts, both obtained at a 

sample-to-water ratio of 1:10. Total macronutrient, micronutrient, and heavy metal contents were 

determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) after 

digestion with nitric and perchloric acid. 

Potential phytotoxicity was evaluated by seed germination tests conducted in triplicate. Briefly, 

water extracts of hydrochars were prepared at a sample-to-water ratio of 1:10. Twenty seeds of 
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Lepidium sativum were incubated in the dark at 28 ºC on a filter paper with 5 mL of either water 

or extract diluted at a factor of 1:1 (undiluted), 1:2, 1:3, or 1:4. The percentage of seeds 

germinated (G) and average root length of the germinated seeds (L) were determined after 72 h. 

The germination index (GI) was calculated as proposed by Zucconi et al.(Zucconi et al., 1981), 

GI = (Gextract/Gwater) × (Lextract/Lwater) × 100 

To determine the water holding capacity (WHC), a tube with dry hydrochar was placed in 

reverse on a rack and immersed in water for 3 h. It was subsequently deposited on a tray with 

sand and a filter paper for 2 h. The tube was weighed and taken to a drying oven at 40 °C for 24 

h. Finally, it was weighed again and the water uptake calculated by difference (DIN ISO 14238-

2011). The water holding capacity (%) resulted from (water uptake/hydrochar mass) × 100. 

 

3. Results and Discussion 

3.1. Solid by-products 

 3.1.1. Microscopic features  

While scanning electron microscopy does not detect significant changes, optical microscopy 

provides clear insights into the transformations of the apple bagasse when subjected to 

hydrothermal treatment and the impact of the reaction conditions. The feedstock shows the 

typical vegetal structure made of cells with walls and cavities more or less distorted due to the 

pressing process for obtaining juice. The strong fluorescence in the short wavelengths (green) 

when irradiated with blue-violet light (inset), as well as the transparency of part of the organic 

material in reflected white light agree with the relatively high H content of the raw biomass 

(Table 1). 

It is observed that the hydrothermal treatment at 180 ºC for 2 hours converts the apple waste into 

an un-fluorescent solid, indicative of the loss of light volatiles. The product H180-2 still retains 
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the morphology and the original cellular network, although the structure is significantly 

distorted. Despite the highly macroporous network, the organic material shows greater 

densification and condensation, which gives rise to a more compact appearance from the 

microscopic point of view. This is more noticeable on the solid H180-4 obtained at longer 

reaction time. Although there is still great controversy about the mechanism of the hydrothermal 

carbonization of biomass, it is widely accepted that the process is initiated by the hydrolysis of 

the biopolymers. Subsequently, the hydrolysis products undergo a series of isomerization, 

dehydration, and fragmentation reactions to generate intermediates, which finally experience 

intermolecular dehydration, polymerization, aromatization, condensation, etc. (Funke and 

Ziegler, 2010; Libra et al., 2011; Toptas Tag et al., 2018; Wang et al., 2018). 

Vitrinite reflectance (Ro), measured in incident white light under oil immersion is the most 

robust parameter used in organic petrology to define the degree of coalification or maturity 

reached by a coal or organic matter (Taylor et al., 1998).  The proportion of light reflected 

(expressed as a percentage) increases with the level of maturation and it is related to the organic 

components aromaticity. By this way, the successful carbonization of apple bagasse, even under 

the mildest conditions, is revealed by a reflectance value Ro = 0.20 %, typical for peats (Suárez-

Ruiz et al., 2019). Additionally, this parameter does not report relevant differences between 

H180-2 and H180-4. As suggested by SHTC (Table 1), the reaction time does not affect 

significantly the severity of the HTC process. 

Optical microscopy also illustrates clearly the impact of the increase in the reaction temperature 

to 230 ºC. The cell cavities network of the raw biomass is still visible, but the organic matter in 

H230-2 and H230-4 appears clearly more compacted and densified than that in their counterparts 

obtained at 180 ºC. The higher carbonization degree achieved at 230 ºC is definitely confirmed 
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by the increment in the reflectance up to 0.40-0.42%. This increase reveals greater aromatization, 

condensation, loss of volatiles and, in general, a thermally evolved organic product, as in the 

case of the fossil organic substances (Taylor et al., 1998; van Krevelen, 1993). Following Taylor 

et al.,(Taylor et al., 1998) the reflectance value provides a first indication that a simple HTC of 

apple bagasse at 230 ºC for 2-4 hours generates solid by-products resembling lignite/sub-

bituminous coals. 

 3.1.2. Chemical characteristics  

Hydrothermal carbonization entails relevant chemical changes on apple waste, mostly affecting 

C and O content (Table 1). On the other hand, the acid medium facilitates the solubilization of 

inorganic compounds (Toptas Tag et al., 2018). Depending on the HTC conditions, 70-80% of 

ashes present in the feedstock pass to the aqueous phase.  

As previously reported (Funke and Ziegler, 2010; Libra et al., 2011; Toptas Tag et al., 2018; 

Wang et al., 2018), the hydrothermal carbonization concentrates the carbon present in the 

biomass and reduces the oxygen mainly via decarboxylation and dehydration reactions. In 

agreement with the insights provided by the reflectance values, the position of the hydrochars 

derived at 180 ºC on a van Krevelen-type diagram is close or in the range of lignite, whereas 

those synthetized at 230 ºC fit the profile of sub-bituminous coals (Suárez-Ruiz et al., 2019). The 

evolution trend reported in Figure 1 illustrates the sensitivity of aliphatic/low aromatic moieties 

against the severity of the HTC. Higher temperature and longer time of reaction promote the 

aromatic nature of the resulting solids, the content of fixed C being consistently increased from 

18.7 wt.% for apple bagasse up to 47.8 wt.% for H230-4 (Table 1). 
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Concerning other heteroatoms, no statistically significant effects of the HTC conditions were 

observed. The presence of H and N in the hydrochars accounts for ~5.7 and 1.8 wt.%, 

respectively, and no significant S (≤ 0.1 wt.%) is detected (Table 1). 

 3.1.3. Yield and C balance 

The output of hydrochar decreases notably as the reaction temperature increases due to enhanced 

primary decomposition of the apple bio-polymers and secondary evolution of the solid product 

(Libra et al., 2011). HTC conducted at 180 ºC during 2 hours yields 73 wt.% with respect to the 

initial feedstock, and this value drops to 53 wt. % when the process is accomplished at 230ºC for 

4 hours (Figure 2a). Within this range, the combination of the effects of temperature and time 

leads to an intermediate yield ~62 wt.% for the processes under medium conditions (180 ºC-4h 

and 230 ºC-2h). These results are really competitive compared to the output of 20-30% achieved 

by conventional (dry) pyrolysis of apple bagasse at 400-750 ºC. In contrast, C content in the 

present hydrochars (Table 1) is lower than that of apple-biochars (74-87 wt.%) due to higher O 

amount. Nonetheless, C content in the present hydrochars can easily reach 60% at 180 ºC and 

slightly above 70% at 230 ºC, being into the range generally found for medium C-containing 

biochars synthesised  at 400-600 ºC (Lehmann and Joseph, 2009). 

Like the biochars obtained by standard pyrolysis at temperatures below 400 ºC, hydrochars 

correspond to transitional materials in which the carbonization degree is limited (Klasson, 2017). 

According to the International Biochar Iniciative (IBI) and European Biochar Certificate (EBC, 

2012), a mass fraction of C > 60% and O/C ratio < 0.4 would classify the apple-hydrochars as 

biochar of Class 1, but the H/C above 0.7 (Figure 1) prevents them from being considered 

biochar. 

The high efficiency of the HTC process is also supported by the successful C balance. 

Remarkably 93-80% of the C fraction initially present in the feedstock remains in the hydrochar 
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and, unlike biological processes, the treatment takes only few hours. For further comparison, C 

sequestered in the apple-biochars obtained at high temperatures of 450-700 ºC is limited to 45% 

and harmful tars and gases are evolved. 

 3.1.4. Porous structure 

Regarding to the porous structure of the apple-hydrochars, CO2 and N2 adsorption does not 

reveal noticeable presence of micropores (width < 2 nm). Mercury porosimetry (Figure 3) 

confirms a porosity mainly formed by cavities with a size wider than 50 nm, only ~10% of the 

total volume corresponding to pores in the range 5-50 nm. With the exception of H230-4, the 

porous network of the apple derived-hydrochars displays a general pattern with a total porosity 

~50-60%, a pore volume ~1-1.25 cm3/g and 30-40 m2/g of specific surface area. Major textural 

changes are observed for the hydrochar obtained under more severe conditions. In a first 

approximation, somewhat ultramicroporosity development is observed but its contribution to the 

overall structure does not become relevant. Optical microscopy reveals that HTC at 230 ºC 

produces the melting of some fractions of the organic matter of apple bagasse, which 

accompanied by volatiles release, promotes the development of large vacuoles in H230-4. In 

some cases, they derive from pores coalescence. As a result, the porosity of H230-4 raises to 

73% and reaches 61 m2/g of specific surface area. Its high pore volume of 2.41 cm3/g is widely 

distributed in mesopores around 30 nm and larger cavities of 3-9 μm (Figure 3). 

 3.1.5. Apple-hydrochars as biofuel 

The O/C ratios of the present apple-hydrochars suiting the values for coals (Figure 1) suggest the 

feasibility of exploiting them as solid biofuels with low environmental impact. According to 

previous studies on biomass (Toptas Tag et al., 2018; Zhang et al., 2019), hydrothermal 

treatment brings up a notable increment in the calorific value of the apple wastes from 18.7 

MJ/kg to values of 23.7-29.7 MJ/kg (Figure 2b). Such energy densification, in agreement with 
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the progressive decrease in volatile matter and higher C content, ultimately leads to apple-

hydrochars with HHV comparable to those of lignite/sub-bituminous coals (Suárez-Ruiz et al., 

2019). 

The reaction temperature affects markedly the energy densification ratio, being of around 1.30 

for the HTC at 180ºC and ~1.57 when accomplished at 230 ºC (Table 1). However, the reduction 

in the solid mass (Figure 2a) makes energy yield virtually independent of the temperature and 

decreases over reaction time (Table 1). 

It is noteworthy that a mere hydrothermal treatment of apple wastes at 230 ºC generates a carbon 

material with the same HHV as the biochar produced by conventional pyrolysis at 750 ºC 

(Guardia et al., 2019). Moreover, 96-82% of the feedstock energy remains in the HTC solid by-

products (Table 1), whereas the dry carbonization of apple bagasse recovers only 39%. Finally, 

the potential of hydrochars as biofuels is enhanced by an ash content as low as ~1%, compared to 

6-7% of inorganic impurities contained in the apple-biochars. 

 3.1.6. Apple-hydrochars for soil improvement 

All the hydrochars examined in this study exhibit a pH between 4.0 and 5.1 (Table 2). For 

comparison, the apple-biochars produced at 400-750 ºC usually show a pH of ~7.5. The typical 

acidic nature of the hydrochars (Fu et al., 2019) derives from the presence of oxygenated groups 

(mainly carboxylic acids) on their surface (Libra et al., 2011). Therefore, the increment of pH 

with HTC time, and especially with temperature, reflects the progressive loss of surface O 

induced mainly by decarboxylation reactions (Yang et al., 2018). Although hydrochars are 

generally not considered competitive materials for pH correction of alkaline soils, they can be 

useful for enhancing soil pH buffering, cation exchange capacity and nutrient retention (Libra et 

al., 2011; Taskin et al., 2019; Zhang et al., 2019). 
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Electrical conductivity has been used as a preliminary measure of the content of soluble ions, 

including plant nutrients, in solid by-products. Compared to the values typically found in 

standard soil amendments, such as compost (Reddy and Crohn, 2012; VanderGheynst et al., 

2004), the electrical conductivity of the present apple-hydrochars is low (Duman et al., 2018). 

Moreover, it decreases with the severity of HTC treatment due to enhanced mobilization of salts 

from the solid to the liquid phase. These hydrochars are not likely to cause salinity issues in soils 

(Martínez-Ballesta et al., 2006), but they are poor in primary macronutrients (N, P, K), secondary 

macronutrients (Ca, Mg, Na, S), and micronutrients (Mn, Zn, Cu, Fe) (Tables 1 and 2). None of 

them meet the requirements set out in the European Union legislation to be categorized as solid 

organic fertilizers (Regulation (EU) 2019/1009,2019). However, the high content in organic C 

and the low presence of the contaminants examined in this work (i.e. Cd, Pb, and As (Table 2)) 

meet the requirements for EU soil improvers intended to maintain or enhance the chemical, 

physical, and biological properties. 

The highly macroporous structure of these materials could enhance the microbial growth and 

activity by providing suitable habitat for microorganisms (bacteria, fungi, actinomycetes and 

lichens typically ranging in size from 0.5 to 5 µm) and the cavities may also act as deposits of 

clay, silt and silica particles. Macropores usually result beneficial for aeration and hydrology of 

soil (Troeh, 2005) and for the movement of roots. 

Having a much larger porous development, H230-4 might be expected to display greater capacity 

to retain water. The lack of a relationship between the porosity and WHC and the drop of the 

latter with the increase in temperature and reaction time (Table 2) is explained by the 

concomitant decrease of the O content in the resulting hydrochars (Table 1). 



 

15 

The stability of C in char-based products is important for maintaining not only their properties as 

soil improvers, but also their capacity to sequester C and mitigate climate change (Zhang et al., 

2019). A number of studies have correlated the C stability of biochars with their volatile matter 

content and atomic ratios, particularly O/C and H/C (Crombie et al., 2013; Harvey et al., 2012; 

Spokas, 2010). Based on profiles for biochars (Enders et al., 2012; Spokas, 2010), VM below 

80% and O/C ratio of 0.4 found for the apple-hydrochars obtained at 180 ºC (Table 1) suggest a 

moderate capacity to sequester C in soil (Spokas, 2010). By contrast, the O/C ratio of 0.2 of the 

hydrochars produced at 230 ºC is typical for highly stable carbonaceous materials with half-life 

of 1000 years (Spokas, 2010). On the other hand, the H/C ratios of our hydrochars point to mean 

residence times of 100-300 years (Weber and Quicker, 2018). The reliability of the various 

indicators to assess stability is still controversial but, regardless of the method used, it is found 

that the hydrochar stability increases with reaction temperature and time (Calvelo Pereira et al., 

2011; Leng et al., 2019). Similar trends are deduced from the thermal stability index (TSI), 

which provides information about the stability of the C stable fraction in hydrochars. 

Seed germination tests are commonly used for ecotoxicological assessment of soil amendments 

(Cárdenas-Aguiar et al., 2019; Kebrom et al., 2019). Following Zucconi et al. (Zucconi et al., 

1981) and Emino and Wattman (Emino and Warman, 2004), a germination index (GI) below 

50% suggests high phytotoxicity and values between 50-80% are indicative of moderate 

phytotoxicity. GI > 80% reveals no phytotoxicity and values surpassing 100% are related to 

phytostimulation. The germination index summarized in Table 2 reveals that the potential 

phytotoxicity of the apple-hydrochars is notably reduced by increasing temperature and time of 

the reaction. Likely, the more severe conditions ensure degradation of certain condensation 

intermediates that result toxic to plants. In addition, dilution of hydrochars also has an effect, 
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notably favoring seed germination (Bargmann et al., 2013; Melo et al., 2019). Thus, the solid 

H230-4 exhibits a moderate phytotoxicity at a dilution rate of 1:2 and non-toxic effects at 1:3 and 

1:4. Other alternatives to reduce the phytotoxicity might be incubation with compost (Busch et 

al., 2013), application to soil several weeks prior to sowing (Bargmann et al., 2014), repeated 

washing of the hydrochar with hot water (Bargmann et al., 2014) or post-thermal treatment (Hitzl 

et al., 2018). 

3.2. Liquid by-products 

The analysis of the liquid stream generated in the whole process is also addressed in order to 

approach HTC as a potential bio-refinery. The aqueous phase partially derives from the release 

of moisture of apple bagasse and chemical dehydration reactions induced by the hydrothermal 

treatment. For complete recovery, the water used for dragging the hydrochar surface has been 

added. 

The agrochemical properties summarized in Table 3 indicate that none of liquid by-products 

obtained by HTC of apple waste are suitable for direct use in agriculture. They have acidic pH, 

low electrical conductivity, and very small contents of organic C, primary and secondary 

macronutrients, micronutrients, and contaminants. It is observed little effect of the reaction time 

on the agrochemical parameters examined, and higher temperatures tend to increase pH just 

slightly, while decreasing electrical conductivity and the presence of organic carbon and 

nutrients. Additionally, all of the aqueous streams inhibit seed germination even with dilution 

ratios of 1:4. The high phytotoxicity can be attributed to some organic compounds formed during 

HTC that are solubilized and remain in the liquid streams (Becker et al., 2013). 

Despite the characteristic polyphenols of apples and derived juices/ciders are not found since 

they degrade at high temperatures (Chen et al., 2014), the HTC process generates polyphenols of 
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low molecular weight and other decomposition products of interest for industry. The formation 

of these substances can be tailored by acting on the temperature of the process and, at a lesser 

extent, on the duration. 

As illustrated by Table 4, the aqueous phases obtained at 180ºC are mainly enriched in 4-

hydroxyphenylacetic acid and dihydroxyphenyl-oxoacetic acid. Both metabolites derive from 

apple procyanidins. The former is a phenolic acid characteristic of wine that up-to-now had not 

been reported in apple. It has shown many uses in the pharmaceutical and agrochemical industry 

and its biosynthesis or extraction from natural sources are subject of different approaches (Shen 

et al., 2019). Regarding dihydroxyphenyl-oxoacetic acid, it displays antiproliferative and 

proapoptotic effects (Jo et al., 2013). 

Other phenolic compounds present in L180-2 and L180-4, although in much less quantity, are 4-

hydroxybenzoic acid (with anti-pigmentation activity), 2,4-dimethoxycinnamic acid, 3-

hydroxybenzoic acid, 4-caffeoylquinic acid and 5-caffeoylquinic acid (chlorogenic acid). The 

prolongation of treatment at 180°C up to 4 hours favours the formation of most of the above 

compounds, the enrichment in 4-hydroxyphenylacetic acid being especially remarkable. 

Furthermore, the liquid by-products obtained at 180 ºC also contain saturated fatty acids such as 

stearic acid and palmitic acid. Both compounds have no particular use in nutrition due to their 

association with higher cholesterol levels and cardiovascular disease, but they are valuable 

emulsifiers and surfactants in the cosmetic industry. Additionally, L180-2 and L180-4 contain 

myristic acid and pentadecanoic acid (Figure 4). 

All these fatty acids are also present in rather similar amounts in the liquids obtained by HTC at 

230°C (Figure 4), but the increment of temperature results in a notable impoverishment in 

phenolic contents. With the exception of the much higher quantity of 3-hydroxybenzoic acid, the 
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phenolic compounds summarized in Table 4 are not detected in L230-2 and L230-4 or their 

amount is significantly lower. Their total quantity is limited to 30-34 mg/100 g of liquid by-

product in contrast to 71.23 and 89.38 mg/100 g in L180-2 and L180-4, respectively. 

In view of these results, the simple and energy-efficient HTC raises as very promising against the 

time-consuming and high cost of large-scale extractions, avoiding also the use of high amounts 

of solvents and ensuring the microbiological safety of the resulting extracts. 

 

4. Conclusions 

Hydrothermal carbonization of apple bagasse at 180 and 230ºC for 2 and 4 hours acts as a 

successful bio-refinery, which allows the integral and profitable valorisation of this highly 

polluting waste. Such sustainable process leads to energy densification of 1.3-1.6 with 80-93% of 

C recovering and generates stable carbonaceous solids to be applied as CO2 neutral fuel (30 

MJ/kg) and soil improver. Furthermore, the aqueous streams contain valuable phenolic 

compounds and saturated fatty acids. The by-products are mainly determined by the reaction 

temperature. The biomass transformation degree under different HTC conditions is reliably 

assessed by optical microscopy and reflectance measurement. 

 

Supplementary data. E-supplementary data of this work can be found in online version of the 

paper. 
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Figures Captions 

 

Figure 1. Evolution of the position of the apple waste in a van Krevelen diagram as a function of 

the conditions of the hydrothermal carbonization 

Figure 2. Effect of HTC conditions on the yield (a) and calorific power (b) of the solid by-

products 

Figure 3. Pore size distribution and specific surface area determined by Hg porosimetry for the 

apple-derived hydrochars 

Figure 4. Fatty acids present in the liquid stream from hydrothermal carbonization of apple 

waste 

 

 

 

Tables captions 

 

Table 1. Characteristics of the apple waste and the hydrochars obtained under different 

conditions 

Table 2. Agrochemical properties of the apple-derived hydrochars  

Table 3. Agrochemical properties of the liquid phase from HTC of apple waste 

Table 4. Phenolic compounds present in the aqueous by-product from HTC of apple waste 
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Figure 2. 
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Figure 3. 
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Figure 4. 

 

L180-2 L180-4 L230-2 L230-4 
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Table 1.  

Sample SHTC 
 Ultimate analysis (% ms)  Elemental analysis (% daf) HCrec 

(%) 

Ed 

 

Ey 

(%) 

TSI 

  Ash VM FC  C H N O 

Apple waste -  2.3 79.0 18.7  47.1 6.4 0.5 45.9 - - - - 

H180-2 4.43  0.8 70.1 29.1  59.9 5.5 1.6 32.9 91 1.27 93 0.29 

H180-4 4.74  1.1 64.7 34.2  62.7 5.5 1.6 30.1 80 1.33 82 0.35 

H230-2 5.91  1.0 56.1 42.9  72.3 6.0 1.7 19.9 93 1.55 96 0.43 

H230-4 6.21  0.8 51.4 47.8  73.7 5.7 2.0 18.5 80 1.59 83 0.48 

SHTC: severity of the hydrothermal treatment; VM: volatile matter; FC: fixed C; Ed: energy densification 

ratio; Ey: energy yield; HCrec: C recovery; TSI: thermal stability index 
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Table 2.  

 
Property H180-2 H180-4 H230-2 H230-4 

pH 4.0 4.4 4.9 5.1 

Electrical conductivity  (dS/m) 0.86 0.58 0.79 0.42 

Water holding capacity (%) 19.0 14.3 4.6 1.5 

P (mg/kg) 610 445 988 869 

K (mg/kg) 1820 1407 2287 1109 

Ca (mg/kg) 1093 1042 847 707 

Mg (mg/kg) 335 239 451 389 

Na (mg/kg) 29 25 26 25 

Mn (mg/kg) 6 5 7 7 

Fe (mg/kg) 183 177 173 159 

Zn (mg/kg) 5 8 5 7 

Cu (mg/kg) 9 9 8 9 

Al (mg/kg) 107 80 94 112 

Si (mg/kg) <0.2 <0.2 <0.2 <0.2 

Pb (mg/kg) <0.5 <0.5 <0.5 <0.5 

Cd (mg/kg) <0.2 <0.2 <0.2 <0.2 

Se (mg/kg) <0.2 <0.2 <0.2 <0.2 

Cr (mg/kg) 11 7 7 8 

Ni (mg/kg) 14 14 5 10 

S (mg/kg) 840 863 847 825 

Sr (mg/kg) 2 2 2 2 

Ba (mg/kg) 2 2 2 2 

Ti (mg/kg) 2 2 2 2 

Co (mg/kg) <0.2 <0.2 <0.2 <0.2 

As (mg/kg) <0.4 <0.4 <0.4 <0.4 

GI (%) at dilution ratio of 1:1 0.0 6.7 0.5 48.1 

                                          1:2 0.0 

 

7.9 1.3 73.3 

                                          1:3 1.9 22.0 20.4 82.4 

                                          1:4 22.9 48.1 50.9 95.8 
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Table 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Property L180-2 L180-4 L230-2 L230-4 

pH 4.2 4.3 4.8 4.8 

Electrical conductivity  (dS/m) 1.17 1.39 0.89 0.96 

Dry matter (g/L) 5.7 7.4 2.5 3.4 

Dissolved organic C (g/L) 4.4 5.1 2.3 2.5 

Total N (mg/L) 78 100 16 26 

NO3-N (mg/L) 8 7 4 6 

NH4-N (mg/L) 143 176 78 95 

P (mg/L) 46.1 59.7 30.1 35.0 

K (mg/L) 236.8 246.0 188.3 201.4 

Ca (mg/L) 14.9 36.9 18.7 23.2 

Mg (mg/L) 20.98 28.27 14.15 16.42 

Na (mg/L) 2.6 26.8 2.0 3.6 

Mn (mg/L) 0.2 0.5 0.14 0.2 

Zn (mg/L) 0.15 0.30 0.09 0.10 

Cu (mg/L) 0.03 0.18 0.04 0.03 

Fe (mg/L) 0.7 4.4 1.2 1.6 

Al (mg/L) 1.85 6.81 0.76 0.75 

Si (mg/L) <0.004 <0.004 <0.004 <0.004 

Pb (mg/L) <0.005 <.0005 <0.005 <0.005 

Cd (mg/L) <0.004 <0.004 <0.004 <0.004 

Se (mg/L) <0.01 <0.01 <0.01 <0.01 

Cr (mg/L) <0.004 <0.004 <0.004 <0.004 

Ni (mg/L) 0.29 0.51 0.00 0.00 

S (mg/L) 6.6 8.4 4.8 5.9 

Sr (mg/L) 0.09 0.20 0.05 0.06 

Ba (mg/L) 0.08 0.14 0.05 0.06 

Ti (mg/L) 0.04 0.36 0.05 0.05 

Co (mg/L) 0.09 0.20 0.05 0.06 

As (mg/L) <0.01 <0.01 <0.01 <0.01 
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Table 4 

 

Compound (mg/100 g sample) L180-2 L180-4 L230-2 L230-4 

4-Hydroxyphenylacetic acid 40.13 51.91 10.04 8.62 

Dihydroxyphenyl-oxoacetic acid 18.63 20.68 0 0 

4-Hydroxybenzoic acid 8.81 9.39 3.56 4.22 

2,4-Dimethoxycinnamic acid 2.3 6.05 5.13 7.52 

3-Hydroxybenzoic acid 0.69 0.91 11.65 13.81 

4-Caffeoylquinic acid  0.4 0.26 0 0 

5-Caffeoylquinic acid 

 (Chlorogenic acid) 

0.27 0.18 0 0 

TOTAL 71.23 89.38 30.38 34.17 


