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Abstract 

Unlike biochars, hydrochars often have initial phytotoxic effects that prevent their 

being directly applied to soil, an undesirable property thought to be due to the volatile 

organic compounds they contain. Thermal treatment in the 200 to 600 °C temperature 

range was proposed for mitigation purposes and it was shown that at a temperature of 

275 °C phytotoxicity is eliminated from the carbonaceous solids. The phytotoxic 

property was “recovered” or maintained in the separated liquid, which can be used to 
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generate heat in the HTC process, thereby achieving the safe disposal of harmful 

compounds at no additional cost. The post-treatment unlocks the potential of 

transforming the organic fraction of municipal solid waste into a soil amendment 

product in a zero-waste process. 

The absence of phytotoxicity was confirmed by the Zucconi method on seed 

germination. A gas-chromatographic method was also developed, based on the 

quantification of the total amount of substances detected by desorption, for a rough 

but quick estimation of hydrochar phytotoxicity. It was shown that the absence of 

these volatile compounds is in line with the absence of phytotoxicity as evaluated by 

the Zucconi method.  
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1. Introduction 

Carbon derived from renewable biomass, the so-called biochar, has been 

recommended as a climate change mitigation tool [1–4]. Biochar is considered to 

sequester carbon from the atmosphere into the soil. This carbon is the carbon dioxide 

taken from the atmosphere during plant growth. It can then be “fixed” in the solid 

residue during a thermochemical transformation of the biomass at temperatures 

between 180 and 700 °C. Removing carbon dioxide from the atmosphere reduces the 

concentration of greenhouse gas (GHG) in the medium term and thus has a mitigating 

effect on climate change, while adding biochar to soil induces carbon sequestration, 

thanks to its stability [5]. 

Applying carbon to soil improves soil health and fertility, which is advantageous for 

agricultural production. As soils containing charcoal, such as terra preta de Indio, are 

known for their high levels of soil fertility [4], it was considered that biochar would 

have the same effect and this gave rise to studies on using it to enrich soils.  

Many studies have now proved this hypothesis to be true: biochar improves the 

composition and water retention and increases nutrient uptake and crop yields [6–9] 

and also modifies soil microbial habitats and supply nutrients to soil microbes [10]. It 

has been said that biochar can be considered “as a slow releasing reservoir of nutrients 

in soils” [2,11]. However, at the same time warnings have also been given that its 

composition depends largely on the feedstock and that contamination may occur due 

to the presence of heavy metals and toxic compounds [9].  
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Hydrochar is a particular type of biochar with a unique feature: it is produced in an 

aqueous atmosphere by hydrothermal carbonization (HTC) [12–14]. The presence of 

water during the process makes it suitable for the transformation of residual wet 

lignocellulosic biomass, whereas drier feedstocks are preferred for other 

thermochemical transformations, such as torrefaction or pyrolysis. Prior to these latter 

processes, the biomass has to be dried thermally, i.e. the water must be removed, with 

serious disadvantages for the economic and ecological balance, which increase in 

proportion to the amount of water it contains. 

Due to their significant impact, wet feedstocks are in themselves a serious concern for 

climate change: during composting or uncontrolled decomposition (e.g. in landfills) 

greenhouse gases are emitted, especially methane [15–18]. Using these feedstocks in a 

different way would avoid these GHG emissions, for example, applying HTC to wet 

lignocellulosic feedstocks to be used as a soil conditioner would have a threefold 

mitigation effect on climate change: carbon sequestration, improved crop yields 

(which in a system perspective is seen as a benefit through, for example, reducing 

fertiliser inputs) and avoiding the GHG emissions released during bio-degradation of 

wet resources. 

However, using pristine hydrochar to improve crop yields is not as straightforward as it 

seems at first glance [11]. Unfortunately, with some exceptions, pristine hydrochars 

have a phytotoxic effect on plant growth. For instance, it has been found that the 

hydrochar water content is highly phytotoxic and has negative effects on seed 

germination and plant growth [19]. Hydrochar was considered to be unsuitable as a 
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soilless medium for tomato cultivation due to its negative effects on plant growth and 

fruit yield [20]. The same negative influence was also confirmed in cress germination 

tests for gaseous phytotoxic emissions, in barley germination and salad germination 

growth tests and in earthworm avoidance tests for toxic substances [21]. Although a 

number of examples of the poor performance of hydrochar versus biochar derived 

from pyrolysis can be found in the literature, there are also cases which permit a more 

optimistic view. 

In one study phytotoxicity was only found to be relevant during the initial period of 

application. When barley was regrown after harvesting, positive results were observed 

in plant growth instead of the negative results found in the first cultivation cycle [21]. 

Although this was unexpected, it stimulated the search for a remedy for hydrochar’s 

phytotoxic effects, and it was found that simply washing with nitric acid was enough to 

eliminate the negative effects on plant growth. When employed as a soilless growth 

medium it was found to stimulate seedling growth, unlike in the control experiment 

[19]. Co-composting of hydrochar also eliminated organic pollutants [22]. These 

procedures confirmed that hydrochar also has beneficial effects in soil amendment, 

although a removable component masks the benefit due to its predominantly 

phytotoxic properties. 

The main problem related to the attenuation of its undesirable properties is that the 

detrimental substances have not been identified and it is not known if the effect is due 

to a single highly phytotoxic substance or, which is more likely, to the accumulation of 

various harmful substances. In addition, the classical contaminants, such as heavy 
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metals, dioxins or polyaromatic hydrocarbons (PAH), were only detected in low 

concentrations [22]. Single substances, phenolics (e.g. guaiacol or 3-methoxyphenol) 

have been identified and used as markers of phytotoxicity in HTC process water [23]. 

Short chain aldehydes, ketones and furanics have been detected by headspace thermal 

desorption from the solid, coupled to gas chromatography-mass spectrometry (GC-MS) 

[24,25]. There is thus a need for a quick but reliable wide-ranging analysis to evaluate 

hydrochar phytotoxicity. A second drawback related to the cost of removing toxic 

substances is that even though the procedures are simple they involve additional 

costs. Washing hydrochar produces a wastewater stream that poses environmental 

risks due to the presence of these phytotoxic substances. Although these compounds 

are thought to degrade during composting, this process requires a large area of land 

since it is relatively slow and can last for months, in addition to which it may also give 

off unpleasant smells. 

From the above it can be concluded that hydrochar has a great potential for climate 

change mitigation when applied to soil, and this has even been quantified by a life 

cycle assessment [26]. However, intrinsic phytotoxicity requires post-treatments which 

are easy to carry out but further increase production costs. The purpose of the present 

work was thus to make hydrochar suitable for soil application by means of a simple 

post-treatment. 

We here describe a novel moderate temperature post-treatment of hydrochar (<300 

°C) that eliminates undesired properties and allows the use of residual wet biomass for 

soil amendment. Using the detection principle of a new analysis method based on the 
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soft desorption of the potentially toxic compounds, a procedure based on thermal 

treatment was developed for producing refined non-toxic hydrochar suitable for soil 

amendment material. The absence of phytotoxicity was confirmed by Zucconi tests on 

seed germination [27]. We also show that this undesirable property is “maintained” in 

the eliminated liquid. The side stream of the hydrochar upgrading is quite 

concentrated and as it contains mainly organic material it can be used directly for heat 

generation, with benefits for the energy balance of the process and avoiding additional 

disposal costs.  
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2. Materials and Methods 

2.1 Thermal finishing treatment 

A nitrogen down-flow (approx. 100 mL/min) was applied to hydrochar pellets (20 to 30 

g) placed on a porous glass frit in a tubular quartz reactor. The reactor was heated to 

the desired temperature in the range from 200 to 600 °C at a rate of 3 K/min and the 

temperature was maintained for 0 or 1 hour. The sample was then allowed to cool 

down to room temperature while maintaining the nitrogen flow. The solid obtained 

was labelled as refined or advanced hydrochar. During the treatment a liquid can be 

condensed, consisting of an aqueous and an organic phase, which separate slowly on 

standing. Mass yields for the solid (refined hydrochar) and for the liquid depend on the 

temperature of the treatment and are specified in Table 1. 

For the treatment of hydrochar (30.7 g) at 275 °C, a liquid was condensed at the 

reactor outlet at –78 °C. The amount collected (6.79 g) accounted for 22% of the mass 

yield and 1.01 g (16% of the liquid and 3.2% of the initial starting material) was water. 

In this case, 22.5 g of refined hydrochar remained (73.5% mass yield). 

The thermal treatments of the GP-1 and GP-2 samples were carried out on smaller 

scale, with 15.3 g and 9.10 g, respectively. Recovery of the solid carbon material was in 

the same range as previously, with 77.2% and 81.8% mass yield, respectively. 

2.2 Evaluation of phytotoxicity by chromatographic means 

This analytical procedure indirectly estimates the phytotoxicity of hydrochar samples 

with the aim of obtaining a faster response than it is possible with germination tests, 
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which may last for days. The procedure is based on the hypothesis that the phytotoxic 

substances are volatile compounds at temperatures up to 200–300 °C. Their presence 

is thus quantified by chromatographic means, whatever their degree of phytotoxicity. 

The hydrochars were analysed by means of a CDS 5000 Series Analytical Pyroprobe 

equipped with a ¼” Pt coil filament. 1 mg of the sample was placed in a quartz probe 

tube and heated to 120, 140, 160, 180, or 200 °C for 2 h, employing hydrogen as the 

carrier gas. The pyrolyzer was connected to a two-dimensional Agilent 7890 gas 

chromatograph in which the products were analysed online. The GC apparatus was 

equipped with an HP Innowax column (30 m x 0.250 mm x 0.25 µm) as the first column 

and a DB-5 as the second (5 m x 0.250 mm x 0.25 µm, placed in an LTM oven) with a 

capillary-flow modulator connecting both columns. The system incorporates two 

detectors, one fast detection FID for quantification and one Agilent Technologies 

5977A mass selective detector to identify single compounds. The results of the 

analyses were visualised and handled by means of GC image software. 

 

3. Results and Discussion 

3.1 Chromatographic estimation of the presence of potential phytotoxic substances 

Estimating the phytotoxic effects of materials is indispensable, although somewhat 

time-consuming due to the long plant response time, which means that analyses can 

last several days, even for relatively fast seed germination experiments. A novel, 

chromatographic prediction method was thus required to provide the maximum 
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information on as many compounds as possible. For this end an analysis was carried 

out to detect any water soluble and volatile substances that could hinder plant growth. 

Although the volatile content of carbons is generally determined by a standard 

method, its results are better suited to predicting or characterising combustion 

properties, since the analyses temperatures can reach 900 °C, which cause undesirable 

pyrolysis reactions in the case of volatile adsorbed molecules. The simplest method of 

quantifying a volatile content in a lower temperature range is by thermogravimetric 

analysis (TG), however this method provides no information on the substance removed 

from the solid. This method was therefore discarded in favour of a combination of 

desorption together with a gas chromatographic analysis. 

An analytical pyrolyzer desorption technique was used to treat 1-mg samples in the 

120–200 °C temperature range, connected to a gas chromatograph with a micro-fluidal 

modulator to provide two-dimensional images (Figure 1). This system facilitated the 

grouping of similar compounds for a deeper evaluation of the compounds at a later 

stage. To start with, all the organic compounds were considered as target compounds, 

regardless of their toxicological properties, for two reasons: the worst contaminants 

had not yet been identified, and the phytotoxic properties of some of the identified 

compounds were unknown. 
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Figure 1. Schematic description of the analysis procedure. 

 

To select the best desorption temperature, the analysis started at 120 °C and rose in 

20-K steps. The hydrochar studied was the organic fraction of municipal solid waste 

(see Supplementary Material). The total number of compounds detected increased 

with a pronounced gain from 180 to 200 °C. At 200 °C a higher number of higher 

weight compounds was detected, together with new lower weight substances, due to 

the fragmentation reactions induced by pyrolysis in the solid material of the more 

labile moieties. These reactions eliminated the higher weight material and produced 

highly volatile substances. As these thermal modifications at 200 °C were undesirable, 

the desorption temperature was set at 180º C for the entire study. 

In the first attempt to validate the analytical method, comparative samples were 

prepared by washing pristine hydrochar at different pH (pH 3.5, pH 6.0, pH 9.5 and 

deionized water) to remove the phytotoxic substances. The subsequent analysis 

confirmed that on average 50% of the initial volatile compounds had been eliminated 

(see Supplementary Material) and validated the analysis procedure, although the 

efficiency of the washing method had not been confirmed or optimised. However, the 

results showed that it was necessary to test whether desorption of the volatile 
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substances would eliminate the phytotoxic substances, as suggested by the results of 

the proposed analytical method. 

 

3.2 Thermal elimination of substances hindering plant growth 

With the aim of developing a simple general method of eliminating phytotoxic 

compounds from pristine hydrochar, the carbonaceous material was treated at 

different temperatures in the range from 200 to 600 °C to remove increasing amounts 

of gases and liquids. At 200 °C 12% of the mass was lost and 40% at 300 °C (Table 1, 

Entries 2 and 5). The standard analysis of volatile content for carbon, although carried 

out at higher temperature (900 °C), confirmed that this part had been clearly reduced. 

A value close to zero was not reached, since the pyrolysis reactions still removed labile, 

higher weight content during the procedure. As the volatile content diminished, the 

fixed carbon content increased with increasing temperatures. For instance, after 

treatment at 300 °C the fixed carbon value had increased by 60% over the pristine 

hydrochar value, by 30.7% versus 18.8%, respectively (Table 1, Entry 5). Inorganic 

elements, especially Ca, Al, Fe, and Si, were concentrated successively within the 

carbon material when the treatment temperature was raised (see Table S1, 

Supplementary Material). This is due to the elimination of volatile matter, as occurs in 

biochar produced from sewage sludge at different temperatures [28,29]. 
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Table 1. Physico-chemical properties of hydrochar treated at different temperatures. 

 

Hydrochar 
treatment 

temp. Mass loss 
Volatile 
Matterb 

Ash 
Contentc 

Fixed 
Carbond 

Entry [°C] [wt%] [wt%]e [wt%]e [wt%]e 

1a --  68.2 13.2 18.8 

2 200 12.3 63.9 14.5 21.7 

3 250 26.8 57.3 17.4 25.4 

4 275 28.3 55.3 17.4 27.3 

5 300 39.6 47.7 21.6 30.7 

6 400 57.6 26.5 29.9 43.6 

7 600 64.3 12.8 35.9 51.3 

a Parent sample (pristine hydrochar). b Determined by heating to 900 °C for 7 min in a 

closed vessel. c Ash determined by heating to 815 °C for 1 h in air. d Calculated as dry 

hydrochar minus Ash and Volatiles. e Based on dry solid. 

 

After the treatment, the refined hydrochar had lost its characteristic smell, even at the 

lowest treatment temperatures. Compounds like guaiacol and its methylated and 

methoxylated derivatives, which smell smoky and vanilla-reminiscent, were detected 

by GC-MS in the condensed liquid. The treatment can thus be said to reduce 

hydrochar’s characteristic smells and can be considered as facilitating the use of 

hydrochar as a solid fuel, since the smell of pristine hydrochar can be unpleasant and 

may involve health issues.  
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The effluent obtained was a relatively concentrated organic stream which could be 

used to produce energy. This has two advantages for the entire HTC process: first, a 

waste stream is avoided, which is of paramount interest, as the separated compounds 

probably involve environmental issues. In contrast, treatments such as washing create 

wastes that have to be disposed of. Secondly, the plant’s energy balance can be 

improved and made independent of external energy sources (provided that the heat 

demand of the second process can be supplied by the flue gas from the central heating 

unit). The power available for this purpose should be estimated roughly. 

The liquid products’ energy was estimated on the basis that the heating energy of the 

pristine solid is maintained within the solid product and effluents, so that the energy 

balance was determined with the mass balance and the heating values of the refined 

hydrochars (see Figure 2). It can be seen that in the finishing temperature range of 250 

– 300 °C, 30 – 40% of the energy contained in pristine hydrochar is eliminated from the 

solid. This can thus be utilized to generate heat for the HTC process and finishing, 

which was estimated to be approximately 25% of the energy contained in pristine 

hydrochar [30]. This rough estimation confirmed that the finishing process can be 

implemented in the traditional HTC process and that interesting synergies could be 

created. A graphical description of the production process of advanced hydrochar with 

the proposed energy management system is depicted in Figure 3. 
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Figure 2. Energy distribution between solid and liquid/gaseous effluent of the finishing 
process, based on the higher heating value (HHV) of the solid and mass balance. 

 

 

 

Figure 3. Scheme of the production process for advanced hydrochar without phytotoxic 
properties. In the first step lignocellulosic biomass such as the organic fraction of 
municipal solid waste is transformed by hydrothermal carbonization to produce pristine 
hydrochar and then treated thermally (in the absence of water) to obtain advanced 
hydrochar. The co-produced liquid stream, involving phytotoxic and malodorous 
substances can be used to generate heat for the HTC process. The second thermal 
process can be powered by the flue gas from the first. 

 

As the finishing process was designed to eliminate phytotoxic substances, its efficacy 

should be evaluated by the chromatographic method, involving desorption in a 

pyrolyzer and subsequent gas chromatographic analysis. Figure 4 shows that, as 
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expected, the treatment effectively removes the volatile organic substances. After the 

treatment at 200 °C almost 90% of the compounds had been desorbed and at 250 °C 

this proportion was 98%. At higher desorption temperatures no further volatile 

compounds were detected, so that 275 °C was considered as the standard 

temperature for the production of refined hydrochar. 

 

 

Figure 4. Relative amounts of organic compounds desorbed during analysis at 180 °C 
and a heating ramp of 20 K/ms. Temperatures are those of the thermal treatment to 
produce advanced hydrochar samples. 

 

Once having optimised the removal of potentially phytotoxic organic compounds, it 

only remained to confirm the success of the process by tests on plant seeds. 

 

3.3 Evaluating the phytotoxic properties of hydrochar samples 

The Zucconi test was applied to determine the phytotoxic properties of the hydrochar 

samples. The numbers of germinated seeds exposed to aqueous extracts of the 

samples were counted, the length of the roots were compared to a blank experiment 

0

20

40

60

80

100

12
2 0 0 0 0

re
la

ti
ve

 a
m

o
u

n
t/

%



18 
 

and the germination index (GI) was calculated. In general, the GI values were classified 

into high (GI < 50), moderate (50 < GI < 80) and non-confirmed phytotoxicity (80 < GI < 

100). The material can be considered as phytonutrient or phytostimulant when these 

values are over 100. 

The results of the test are given in Figure 5. The high phytotoxic potential of pristine 

hydrochar was considerably reduced after the treatment at 200 °C. For the treatments 

at higher temperatures, phytotoxicity was completely absent and different degrees of 

phytostimulation were detected in all cases, i.e. in the 250 – 600 °C temperature 

range. When the liquid waste was tested for phytotoxic properties it was found to be 

highly phytotoxic and prevented any germination, confirming that the thermal 

treatment did not destroy the phytotoxicity but transferred this property to the waste. 

 

 

Figure 5. Results of the Zucconi test applied to hydrochar samples and the liquid 
effluent of the treatment at 275 °C. Classification: < 50% high phytotoxicity, 50–80 
moderate phytotoxicity, 80–100 absence of phytotoxicity, >100 phytostimulation. 
Temperatures are those applied during the thermal treatment to produce advanced 
hydrochar. 
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A range of desorbed compounds was identified by mass spectrometry (see 

Supplementary Material) and they were similar to those identified by Berge et al. in 

HTC process water [31]. This effluent   consisted of either aldehydes, cyclic ketones 

(e.g. 2,3-dimethyl-2-Cyclopenten-1-one or 2-Cyclopenten-1-one) or monoaromatic 

compounds with aliphatic moieties and were similar to other compounds known to be 

ecotoxic to various freshwater organisms [32].  

The phytotoxic properties of the different hydrochar samples had already been 

evaluated by a chromatographic procedure and predicted a very low amount (2% of 

the initial amount) in the sample treated at 250 °C and the complete absence of 

phytotoxicity for higher treatment temperatures. The Zucconi test results fit well with 

these predictions and validate the suitability of this analysis for predicting the 

phytotoxicity level of hydrochar samples. 

In order to extrapolate the thermal treatment to other types of hydrochar samples, 

two samples of garden pruning biomass (GP-1 and GP-2) were treated at 275 °C, giving 

phytotoxicity levels of 41 and 48, respectively, for pristine hydrochar. After the 

treatment, these values rose to 89 and 83, indicating absence of phytotoxicity.  

3.4. Implications for environmental performance and energy balance 

The production of advanced hydrochar requires an additional energy supply for the 

thermal treatment, which increases the potential environmental impact, including 

climate change. A previous life cycle assessment study on hydrochar use in agriculture 

showed that from a climate change perspective the benefits of carbon sequestration 

and temporary storage outweighed the impacts of hydrochar production, transport 
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and application to soils [26]. In Spain, the difference between climate change benefits 

and climate change impacts is equal to 1 kg CO2, achieved with the application and 

temporary storage of 1 kg of biogenic HTC carbon for a temperate agricultural soil (or 

treatment of 6 kg of wet green waste with a 70% water content). This difference of 1 

kg CO2 is equal to the production of 26 MJ of electricity in Spain (using the current 

Spanish electricity mix), which is twelve times higher than the additional energy 

needed for thermal treatment (1.15 MJ/kg of pristine hydrochar). The additional 

energy requirements for the thermal post-treatment are therefore not expected to 

significantly change the climate impact of advanced hydrochar systems. In fact, as 

argued below, full scale implementation of the thermal treatment is expected to 

optimise energy use and to reduce the impact on climate change. We now plan to 

carry out a full life cycle assessment of advanced hydrochar production to determine 

the environmental performance of advanced hydrochar for other types of 

environmental impact than climate change, plus the potential environmental benefits 

of increasing crop yields. 

The optimised process as described in Figure 3 consists of two steps. Using the organic 

side stream and the flue gases from the HTC heat generation unit, the energy demand 

of the overall process should be in the range of the bare HTC process, or only slightly 

higher. However, the process could be intensified by changing the process-type to one-

step torrefaction at 275 °C. This has not yet been studied in detail, but two 

fundamental differences can be expected: the HTC process involves a reaction 

sequence of hydrolysis, chemical transformation and subsequent polymerization. This 

sequence clearly changes the macromolecular structure of the material, so that 
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different material properties can be expected for the carbonaceous product. On the 

other hand, HTC avoids the evaporation of approximately 66 to 75% of the feedstock 

moisture, which should be beneficial for the energy balance. In short, although a one-

step torrefaction cannot be ruled out at this stage, it does not seem a likely alternative 

to the two-step HTC with subsequent “dry” thermal treatment. 

 

4. Conclusions 

Even though hydrochar has significant potential as soil amendment material it also 

involves an initial phytotoxic effect. It has been shown here that a simple finishing 

procedure by thermal treatment at an optimum temperature of 275 °C is able to 

eliminate all its phytotoxic substances and thus produce refined hydrochar suitable for 

application to agricultural soils. The absence of phytotoxic properties was confirmed 

by subsequent seed germination tests. 

A fast analysis procedure was designed to predict hydrochar’s phytotoxic potential and 

was shown to be valid, as the amount of volatile compounds detected by gas 

chromatography after thermal desorption at 180 °C was proportional to the phytotoxic 

activity of the material. 

The thermal treatment thus unlocks the high potential for the conversion of the 

organic fraction of municipal solid waste into a soil amendment product, while the 

analytical procedure allows the careful application of the material with rigorous real-

time control. 
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