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Abstract
The distribution of inorganic elements between solid and liquid phases during biomass hydrothermal carbonization (HTC) 
is a poorly investigated topic despite its importance for process optimization. To fill in this gap, the distribution of inorganic 
elements and their forms were determined for three agro-food waste feedstocks converted at HTC temperatures of 180, 220, 
and 260 °C in 12 h. Satisfactory balances were achieved, with values between 80 and 92% for C and N, and 80 and 110% 
for most inorganic elements. At 180 °C, over 90% of P, Mg, Ca, K, Na, and Mn were removed from hydrochars whatever 
feedstock. At higher temperatures, P, Mg, Ca, and Mn were partly reincorporated into hydrochars (between 7 and 53%), 
possibly due to the formation of insoluble precipitates, while K and Na remained in the liquid. On the opposite, some minor 
elements, Cu and Al, remained in the hydrochars, whatever temperature. Si showed different removal behaviors accord-
ing to feedstock and temperature. These results show the possibility of optimizing the removal of inorganic elements from 
hydrochars using different temperatures.
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1  Introduction

In recent years, bioeconomy has emerged, prompting the 
recovery of abundant biomass waste from industry, agricul-
ture, and forestry, thereby reincorporating them following a 
circular economy approach [1]. As biomass waste comprises 
a wide range of materials, they exhibit highly heterogeneous 
physicochemical properties, varying according to biomass 
type and origin. As comprehensively reviewed in [2], bio-
mass waste contains variable amounts of organics and inor-
ganics; the first includes mainly cellulose, hemicellulose, 

and lignin, while the latter is constituted by ash-forming ele-
ments such as Ca, K, Si, Mg, P, Na, and also heavy metals.

The most widely employed thermochemical conversion 
processes for biomass upgrading are combustion, gasifica-
tion, pyrolysis, and hydrothermal conversion (carbonization, 
liquefaction, gasification—by order of increasing tempera-
ture severity [3]). Unlike the former processes, hydrother-
mal conversion allows for direct processing of high-mois-
ture content biomass, typically operating in a range of 5 to 
20% biomass-to-water ratio (B/W), and avoids the energy-
intensive drying step. Hydrothermal conversion thus targets 
largely non-valorized wet biomass residual streams such as 
sludge, manure, and food waste; it can also be used with dry 
biomass with the addition of water. Hydrothermal carboniza-
tion (HTC) typically operates between 180 and 300 °C under 
autogenous pressure from 10 to 50 bars. Residence times can 
vary from one to several hours [4]. HTC typically gives rise 
to 35 to 80 weight-dry-basis (wdb)% of solid, commonly 
denoted as hydrochar, 20 to 65 wdb% liquid fraction con-
taining water, organic and inorganic compounds, and 2 to 
5 wdb% gas mainly consisting of CO2 [4].

Hydrochars, like biochars from pyrolysis, have recently 
found many other applications besides their initial use as 
soil-improving material and solid fuel [5]. Among these 

Julie Michel and María J. Rivas-Arrieta are equal contributors.

 *	 Capucine Dupont 
	 c.dupont@un-ihe.org

1	 Department of Water Supply, Sanitation and Environmental 
Engineering, IHE Delft, Westvest 7, 2611 AX Delft, 
The Netherlands

2	 Univ Grenoble Alpes, CEA, LITEN, DEHT, 
38000 Grenoble, France

3	 Department of Chemistry, Umeå University, KBC-Huset 
(KB), Linnaeus Väg 10, Umeå Universitet, 901 87 Umeå, 
Sweden

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-023-05105-9&domain=pdf


	 Biomass Conversion and Biorefinery

1 3

applications, hydrochars are tested as adsorbent in water 
treatment of both organic and inorganic pollutants as well 
as in gas treatment of aromatic and polyaromatic hydrocar-
bons [6], or as carbon electrode in supercapacitors and bat-
teries [5, 7]. However, depending on the application, the 
content of inorganic elements may be an issue, since they 
may adversely affect the final properties of the products. 
For instance, heavy metal content limits the application of 
hydrochar as a soil amendment material [8]. In other appli-
cations, such as electrodes for Na-ion batteries, Si and Ca 
seem to lower the performances [9, 10]. Using suitable pro-
cessing routes that provide adequate separation or fractiona-
tion, the inorganic elements may be extracted or relatively 
enriched in an upgraded product, that is, the properties of 
the biomass waste may be tailored for a specific application.

Implementing a pretreatment step to extract inorganic 
elements may be crucial, particularly using biomass with 
high inorganic content. HTC has been evaluated as a means 
to remove inorganics, by extracting several inorganic ele-
ments to the processed liquid. Until now, research has often 
aimed at investigating P speciation and nutrient recovery 
for soil application from manure/sludge sources [11–13]. 
Wu et al. [13] determined that the reaction temperature was 
the only parameter significantly affecting the distribution of 
P, K, and N in the HTC products of cattle manure treated 
between 150 and 270 °C, from 0.5 to 6 h, and B/W from 
0.025 to 0.125. Temperatures above 240 °C increased the 
concentration of nutrients in the hydrochar, while lower tem-
peratures (150 °C) promoted their dissolution into the liquid. 
Similarly, Ghanim et al. [11] stated that increasing the reac-
tion temperature leads to a higher P concentration in the 
hydrochars, particularly at temperatures ≥ 200 °C, whatever 
the residence time, which ranged between 5 and 480 min, 
resulting in the formation of primarily inorganic P species 
and P associations with Ca, Mg, Al, and Fe, which have also 
been found more abundant in the hydrochar with increasing 
temperatures [14].

Few articles have focused on a comprehensive study of 
the distribution of the inorganic elements during HTC with 
different biomass types. So far, only two articles have exam-
ined the fate of Si, Fe, Al, and Mn in addition to P, Ca, Mg, 
and K, using the inductively coupled plasma (ICP) method 
for measurement [15, 16]. Both measured the concentration 
of inorganic elements in the feedstock and resulting hydro-
chars, but not in the liquid fractions. Therefore, they could 
not establish any elemental balance. Note that it is assumed 
here that under HTC conditions, inorganic elements are not 
volatilized in the gas fraction. Their experiments showed 
that HTC seems to be an effective process to mobilize inor-
ganic elements from biomass and that the temperature can be 
optimized to target specific elements. However, the results 
were obtained for short residence times of 5 min and 1 h and 
it is hazardous to extrapolate them at longer residence times 

used in HTC. Mechanisms were hypothesized to explain 
the observations, but without really discussing the differ-
ences in behavior between feedstocks. The authors suggest 
that knowing the inorganic compounds in the solid—and 
not only the inorganic element concentration—would be 
required for that purpose.

Based on this background, this experimental study aims 
to complement the existing information on inorganic ele-
ment behavior during HTC by quantifying major and minor 
inorganic elements in both solid and liquid phases of HTC 
and therefore establishing for the first time elemental bal-
ances. For that purpose, HTC experiments were performed 
on three abundant agro-food wastes in a broad range of tem-
peratures and for long residence times of 12 h. In addition, 
an attempt was made to go beyond the analysis in terms 
of elemental composition only and characterize the inor-
ganic compounds in the feedstock and resulting hydrochars 
via X-ray diffraction (XRD) measurements. Based on these 
results, mechanisms were suggested to explain the behav-
iors observed for the different elements versus feedstock 
and temperature, and a discussion was made on the process 
implications of those results.

2 � Materials and methods

2.1 � Biomass feedstocks

Three agro-food wastes were selected based on their large 
availability in Europe. Apple waste was provided as pomace 
from the apple juice factory Värmdö Musteri AB, Sweden. 
Brewery waste was provided from Trondheim, Norway. 
Coffee material was spent grounds from the regular coffee 
shop “Barista,” Sweden. Samples were obtained from Biokol 
Sverige AB, Sweden. They were received dried and milled 
below 1 mm. Drying was performed only for the practical-
ity of the study, to make transportation and storage easier 
before experiments. Drying would not be necessary in HTC 
industrial process, as it can convert high-moisture materials. 
Water was added to the samples again for the HTC tests to 
keep a constant biomass-to-water ratio (Section 2.2.).

The moisture content of the materials was measured 
according to the standard UNE-EN 14774–2:2010, in order 
to account for internally bound moisture when determining 
B/W during HTC.

2.2 � HTC experiments

The HTC experiments were conducted in duplicates in a 2-L 
high-pressure floor stand Parr reactor, series 4530, USA. 
For each run, 65 g dry basis (db) of biomass and 1300 mL 
demineralized water were fed to the reactor to achieve a 5% 
B/W, apart from the 260 °C run of apple waste where 49 g 
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db was used due to material shortage but still maintaining 
a 5% B/W. Before the experimental runs, the reactor was 
purged with N2 for 2–3 min to inert the headspace. The reac-
tor was heated at 2 °C/min until the desired temperature 
(180, 220, or 260 °C) and kept at that temperature for 12 h. 
A U-shaped stirrer was used at a rate of 100 rpm to agitate 
the reactor. The maximum autogenous pressure reached in 
each run is given in Table S1 of Supplementary Materials.

At the end of the experiment, the reactor was let to 
cool down naturally overnight. Gas samples were taken 
in duplicates while the rest of the gas was vented off. The 
HTC hydrochar and liquid were separated using a series of 
sieves of 100, 45, and 20 µm. The retained hydrochar was 
rinsed with about 500 mL of demineralized water and dried 
overnight at 70 °C. The sieved liquid fraction was filtrated 
through 0.45-µm acetate-cellulose filters, firstly pre-rinsed 
with demineralized water and secondly with the processed 
liquid before collecting the liquid samples.

Herein, the obtained product fractions are denoted “XT-
p”; X is the initial letter of the biomass used as a feedstock 
(A, B, C), T is the HTC temperature, and p is the phase 
whether h for hydrochar or l for liquid.

2.3 � Characterization of biomass and HTC products

2.3.1 � Ash content and elemental characterization

Organic elements were determined differently in the 
different phases of the products. CHNS content of the 
solids was determined according to ISO 16948. Oxygen 
was obtained by difference between the total sample and 
C, H, N, S, and ash. Total organic carbon (TOC) and 
total nitrogen (TN) of the liquids were carried out by 
a Shimadzu TOCv-cpn analyzer. Gas composition was 
determined using a SCION 456-GC gas chromatograph 
with helium as a carrier gas; the oven column tempera-
ture was between 25 and 28 °C in all the measurements. 
The thermal conductivity detector (TCD) temperature 
was 140 °C, while the electron capture detector (ECD) 
temperature was 250 °C.

Ash content analysis of the solids was performed accord-
ing to ISO 18122:2015.

The contents of Al, Ba, Ca, Fe, Mg, K, Na, Cr, Cu, Mn, 
Ni, and Sr in the raw biomass, hydrochar, and HTC liquid 
products were determined by inductively coupled plasma 
optical emission spectroscopy (ICP-OES), PerkinElmer, 
Avio 200. The digestion procedure for the solid samples 
was adapted from the standards ISO 16967 for the determi-
nation of major elements (Al, Ca, Fe, Mg, K, and Na) and 
ISO 16968 for the determination of minor elements (Ba, 
Cr, Cu, Mn, Ni, and Sr). The raw biomass and hydrochars 
were microwave digested (Mars 5 Duo Temp CEM micro-
wave oven), adding 10 mL of 65% concentrated nitric acid 

to approximately 0.5 g of dried sample. The samples were 
heated at 165 °C for 10 min at 1600 W; the temperature 
was maintained 1 min and increased again at 175 °C for 
5 min. The liquid samples were adjusted to match the 5% 
nitric acid background of the calibration and rinsing solu-
tions of the spectrometer.

In the liquid samples, the P content was determined 
by inductively coupled plasma mass spectrometry (ICP-
MS), Thermo Fisher XSeries II. The samples were pre-
pared by adding four drops of concentrated sulfuric acid 
to 10 mL of HTC liquid, previously filtrated using 0.45-µm 
cellulose-acetate membrane filters, to obtain a 1% sulfu-
ric acid concentration. Due to experimental constraints in 
the laboratory, another method, also well-validated, was 
used for the raw biomass and hydrochars. Samples were 
digested using sulfuric acid, selenium, salicylic acid, and 
hydrogen peroxide, as described in [17]. The P content 
was measured by colorimetry using a UV/VIS Lambda 
365 Spectrophotometer, PerkinElmer, at a wavelength 
of 880 nm using the molybdenum blue method [17]. To 
ensure the consistency between the results for solids via 
UV/VIS and liquids via ICP-MS, some solid digestates 
could be characterized both by UV/VIS ICP-MS. The rela-
tive difference between measurements on the same sample 
using the two methods was below 10%.

The analyses of the raw biomass and hydrochars were 
carried out in triplicates, while the analysis of the liquid 
fraction was carried out in duplicates.

The quantification of Si in raw biomass and hydrochars 
was carried out by dissolving between 15 and 50 mg ash 
(according to standard ISO 18122:2015) in 1.5 g sodium 
hydroxide melt over a burner. Demineralized water of 
400 mL and 20 mL 1:1 hydrochloric acid solution were 
added to the ash solution to form a silicic acid solution, 
which was used for the colorimetric determination of the 
Si content at 650 nm via the molybdenum blue complex, 
using a UV/VIS Lambda 365 Spectrophotometer, Perki-
nElmer, following the procedure described in [15] based 
on [18]. The analyses were carried out in duplicates.

All the values presented correspond to the mean and 
standard error of the mean.

2.3.2 � Structural characterization

The structure of the biomass and hydrochars was analyzed 
by XRD using a D8 Advance Bruker AXS diffractometer 
with a copper cathode (λKα = 15,418 Å). The 2θ angle 
was varied from 5° to 80° using a step size of 0.05° and a 
counting time of 1 s. The different organic and inorganic 
crystalline phases were identified with the PDF4 + data-
base supplied by the ICDD. Phase identification was made 
using EVA software.
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2.3.3 � pH measurement

The pH of the liquid product was measured using a pH 
3310 WTW precision meter. Measurements were con-
ducted in duplicates after filtration of the liquid.

2.3.4 � Macromolecular composition

Cellulose and hemicellulose were measured using a 
method adapted from TAPPI standard T249 cm-85, and 
lignin using TAPPI standard T222 om-83–1988. Extrac-
tives were measured by gravimetry, after extraction suc-
cessively by hot water and acetone under pressure. The 
methods are described in detail in [10].

2.3.5 � Scanning electron microscopy–energy‑dispersive 
X‑ray spectroscopy (SEM–EDS)

Observations were performed in a Zeiss LEO 1530 Field 
Emission Gun SEM microscope with a Bruker EDS detec-
tor. EDS cartographies were performed with a 20 kV oper-
ating voltage with a 10 mm working distance. The mate-
rials were coated with 20 nm of carbon, by a CCU-010 
SAFEMATIC Eden Instrument.

2.4 � Calculations

The solid yield was calculated according to Eq. 1:

With solid yield expressed in w%, and hydrochar mass 
and raw material mass in kg.

To compare the results, the content units were con-
verted in mg per kg of raw biomass on dry basis (mg/kg 
raw db) according to Eq. 2 for hydrochars and Eq. 3 for 
liquids.

where hydrochar content raw db is in mg/kg raw db, the hydro-
char content is the element mass in the hydrochar in mg/kg 
db, and solid yield is in w%.

where liquid content raw db is in mg/kg dry db, concentra-
tion final the element concentration in the liquid in mg/L, 
DL the dilution factor (no unit), Vinitial the volume of water 
introduced in the reactor (L), and mraw biomass the mass of 
feedstock filled in the reactor in kg db.

(1)solid yield =
hydrochar mass

raw material mass
× 100

(2)
hydrochar contentrawdb = hydrochar content × solid yield

(3)

liquid contentrawdb = concentrationfinal × DL ×
Vinitial

mrawbiomass

It should be noted that, as explained in previous studies 
[7], the total liquid yield can only be calculated by differ-
ence with solid and gas yields; it is therefore not presented 
as a result. In addition, when calculating the concentration 
of elements in the liquid, the assumption was made that 
the volume of liquid produced during HTC was negligi-
ble compared to the initial volume of water added in the 
reactor (1.3 L). This assumption seems reasonable since 
the feedstock mass was around 0.06 kg, and assuming it 
would be fully converted into a liquid of 1 kg/L density, 
the volume produced would represent 0.06 L, that is, less 
than 5% of the initial volume.

3 � Results and discussion

3.1 � HTC product mass yields

Solid yields are reported in Table  1. As explained in 
Sect. 2.4, they represent the ratio of the final dried hydrochar 
mass to the initial biomass mass in wdb%.

Hydrochar yields varied between 36 and 51 wdb%, the 
remaining being mostly liquid, with a few percent of gas. 
The increase in temperature favored the production of liq-
uid and gas at the expense of hydrochar, which showed a 
decrease in yield of around 10% in absolute between values 
at 180 and 260 °C. Such results are consistent with HTC lit-
erature under these conditions [4]. The relatively low hydro-
char yields are logical considering the long residence times 
as well as the feedstocks, which are not lignin-rich lignocel-
lulosic biomass compared with wood, as it is reported in 
Table 2—lignin being known to hardly degrade under HTC 
conditions. Interestingly, the yields were almost the same 
for brewery and apple waste but higher for coffee waste. 
This difference is obviously related to the composition of 
this feedstock, discussed in terms of elements in the sec-
tions below.

3.2 � Organic component analyses and distribution

The elemental composition is reported in Table 1 for both 
feedstocks and hydrochars.

Carbon contents in the raw biomass are 42.8 wdb% (apple 
waste) and 50.3 wdb% (coffee waste), which represents a high 
fraction of the materials. The values for H and N vary from 
6.9 wdb% (apple waste) to 7.8 wdb% (coffee waste), and from 
0.6 wdb% (apple waste) to 3.3 wdb% (brewery waste), respec-
tively. Sulfur contents of all feedstocks are below 0.3 wdb%, 
which is close to the detection limit. Such ranges of values 
are in agreement with what was found for similar feedstock 
[19–22] and lignocellulosic biomass in general [2, 23].
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The organic composition of hydrochars and liquids is 
reported in Table 1. The distribution of the amount of C 
and N contained in the feedstock and the products is shown 
in Fig. 1.

The elemental balances, expressed in weight percentage, 
could be carried out for C and N. In both cases, they were 
between 80 and 90% for C recovery and 87 to 92% for N 
recovery. Such values are similar to those found in the same 
set-up in [7]. This closure can be considered satisfactory for 
such a type of experiment and the missing elements may 
be explained by several sources of experimental errors, as 
discussed in detail in [7].

As expected, hydrochars displayed lower H:C and 
O:C ratios than the feedstock, due to dehydration and 
decarboxylation reactions, and C content increased with 
increasing reaction temperature [15]. Overall, the C con-
tent of the hydrochars ranged from 61 to 76 wdb%, which 

Table 1   Organic composition of the raw materials and products at different temperatures from the solid, liquid, and gas phase

Solids Liquids Gas

Solid yield Ash C H N S O (by 
differ-
ence)

pH TOC TN CO2

wdb% wdb% mg/L wdb%

Apple raw 2.4 ± 0.1 42.8 ± 0.1 6.9 ± 0.1 0.6 ± 0.0 0.3 ± 0.1 47.1 4.0 ± 0.1
180 °C 47 ± 1 0.3 ± 0.1 61.2 ± 1.2 6.1 ± 0.0 1.0 ± 0.0 0.1 ± 0.0 31.4 3.4 ± 0.1 2900 ± 100 40 ± 7 2.0 ± 0.1
220 °C 42 ± 1 0.3 ± 0.1 69.7 ± 0.9 5.6 ± 0.1 1.1 ± 0.0 0.1 ± 0.0 23.3 3.8 ± 0.1 2700 ± 500 38 ± 10 4.05 ± 0.01
260 °C 38 ± 1 0.6 ± 0.1 75.1 ± 0.2 5.7 ± 0.2 1.1 ± 0.0 0.1 ± 0.0 17.4 4.0 ± 0.1 5000 ± 1000 80 ± 20 5 ± 2
Brewery raw 3.6 ± 0.1 46.1 ± 0.2 7.2 ± 0.1 3.3 ± 0.0 0.2 ± 0.0 39.5 4.1 ± 0.1
180 °C 45 ± 1 0.9 ± 0.1 63.2 ± 0.3 7.0 ± 0.1 3.2 ± 0.0 0.3 ± 0.0 25.5 4.0 ± 0.1 6670 ± 70 930 ± 10 1.62 ± 0.02
220 °C 37 ± 1 0.5 ± 0.1 71.5 ± 0.5 7.1 ± 0.1 3.9 ± 0.0 0.3 ± 0.0 16.7 4.4 ± 0.1 6660 ± 10 875 ± 3 3.74 ± 0.02
260 °C 36 ± 1 0.9 ± 0.1 76.0 ± 0.0 7.3 ± 0.0 4.1 ± 0.0 0.2 ± 0.0 11.5 5.0 ± 0.1 5790 ± 30 884 ± 8 5.29 ± 0.03
Coffee raw 2.1 ± 0.1 50.3 ± 0.3 7.8 ± 0.0 2.4 ± 0.1 0.1 ± 0.0 37.2 5.9 ± 0.1
180 °C 52 ± 1 0.3 ± 0.1 64.7 ± 0.9 8.0 ± 0.1 2.5 ± 0.0 0.2 ± 0.0 24.4 3.9 ± 0.1 6390 ± 10 514 ± 7 1.1 ± 0.1
220 °C 46 ± 1 0.5 ± 0.1 72.5 ± 0.5 8.0 ± 0.1 2.9 ± 0.1 0.2 ± 0.0 15.8 4.4 ± 0.1 5700 ± 40 482 ± 1 3.3 ± 0.3
260 °C 42 ± 1 0.6 ± 0.1 76.0 ± 0.2 8.3 ± 0.1 3.0 ± 0.0 0.1 ± 0.0 12 4.9 ± 0.1 4980 ± 9 492 ± 0 4.6 ± 0.7

Table 2   Macromolecular composition of the raw biomass in wdb%

Macromolecule 
composition, wdb%

Apple waste Brewery waste Coffee waste

Lignin 12 ± 1 17 ± 1 23.3 ± 0.6
Extractives 48 ± 4 30.0 ± 0.6 22 ± 1
Sugars
Glucose 18 ± 2 16.5 ± 0.4 8.68 ± 0.00
Xylose 3.11 ± 0.08 12.1 ± 0.3 0.27 ± 0.02
Mannose 1.23 ± 0.04 0.63 ± 0.04 22.6 ± 0.3
Galactose 2.3 ± 0.2 0.91 ± 0.01 11 ± 2
Arabinose 3.9 ± 0.8 7.04 ± 0.07 2.32 ± 0.06
Total cellulose 16 ± 2 15.8 ± 0.3 -
Total hemicellulose 14 ± 1 22.6 ± 0.4 -

Fig. 1   Carbon (A) and nitrogen 
(B) balances at the different 
temperatures for the solid, 
liquid, and gas fractions. The 
values were converted to grams 
of element per kilogram of raw 
biomass dry basis. Carbon in 
the liquid is calculated from 
the total organic carbon of the 
total C. Carbon in the gas phase 
is deduced from the produced 
CO2. Nitrogen in the liquid is 
deduced from the measured 
total nitrogen. Standard devia-
tions are experimental between 
the replicates
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agrees with typical values from literature. More detailed 
comparisons with HTC experiments led on similar feed-
stock look hazardous due to the different operating con-
ditions used, notably the residence time [24–27]. Nota-
bly, at the highest temperature of 260 °C, C content was 
approximately 76 wdb% for the three hydrochars, what-
ever the initial C content (42–50 wdb%) in the feedstock.

The C content in the liquid after reaction is assimi-
lated to the TOC content. While it slightly decreases with 
temperature from 6670 to 5800 mg/L for brewery waste 
and 6390 to 4980 mg/L for coffee waste, it significantly 
increases from 2900 to 5300 mg/L for apple waste. Other 
authors have reported a decrease with temperature for 
digestate and manure [28]. A high TOC at lower reac-
tion temperatures can indicate hydrolysis reactions tak-
ing place and releasing organic compounds into the 
liquid, such as organic acids. A further reduction of the 
TOC could indicate polymerization reactions [25]. The 
increase observed for apple waste has no obvious explana-
tion and might be due to experimental errors.

A small portion of the initial C introduced, less than 4%, 
ends in the gas phase, mainly composed of CO2. As the tem-
perature increases, the quantity of CO2 produced increases for 
all feedstocks, from 1–2 wdb% of the initial dry biomass at 
180 °C to 5 wdb% at 260 °C. Such results are in accordance 
with results obtained on the same set-up [7]. They can be 
explained by the decarboxylation reactions that occur above 
180 °C from the degradation of carboxyl and carbonyl groups 
and lead to CO2 and CO production, respectively [29, 30].

The N content decreased for the three samples with respect 
to the raw biomass and increasing reaction temperature. Such 
result is in agreement with the measurements in [15] for some 
of their samples, but not all, the trends being apparently 
feedstock-dependent. However, one should keep in mind that 
the values measured are low and, in some cases, such as the 
apple-based materials, close to the detection limit.

The S content, as discussed above, was around the 
detection limit in the biomass samples and was also logi-
cally found around this limit in the hydrochars.

3.3 � Inorganic element analysis and distribution

Ash contents are reported in Table 1, while inorganic con-
tents of solids and liquids are reported in Table 3 and Table 4, 
respectively. The distribution of inorganics between hydrochar 
and liquid is represented in Fig. 2, Fig. 3, and Fig. 4 for apple, 
brewery, and coffee materials, respectively.

3.3.1 � Ash content

The range of values in the three biomass samples was 
between 2.1 and 3.6 wdb%, which is relatively moderate, Ta
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and aligned with literature on similar feedstock [19, 20, 
31].

The ash content in the hydrochars was systematically 
lower than in the feedstock, with a decrease between 
0.3 wdb% (C180-h and A220-h) and 0.9 wdb% (B180-h). 
Such a decrease is significant, as the experimental uncer-
tainty is ± 0.1 wdb%. It means that less than a third of the 
ash content of the corresponding feedstock remains in the 
hydrochars.

Both C180-h and A180-h have an ash content of 
0.3 wdb%, which increases to 0.6 wdb% at 260 °C. The 
trend is different for brewery waste, with the lowest ash 
content of 0.5 wdb% measured at the intermediate tem-
perature of 220 °C, while for 180 and 260 °C, the ash 
content was significantly higher (0.9 wdb%). Afolabi et al. 
[24] obtained hydrochars of spent coffee grains in which 
the ash content only slightly varies between an initial value 
of 1.2 to 1.0 wdb% at 180 °C and 1.3 wdb% at 220 °C and 
5 h residence time (considering the same uncertainty of 
measurement as in the present study, ± 0.1 wdb%). In other 
studies, ash of apple pomace hydrochars has been reported 
as low as 0.02 wdb%—the initial feedstock containing 
2 wdb% ash—at intermediate temperatures of 220–225 °C, 
but has increased to 1.5 wdb% at a higher temperature of 
260 °C [27], which is also the case for brewery waste. It 
is logical not to find clear trends valid for all feedstocks, 
since ash content is a lumped value. It is particularly use-
ful to define the material suitability as solid fuel, but hides 
the relevant parameters here. Indeed, ash content is deter-
mined by the content in different inorganic elements, sus-
ceptible to behave differently—and interact—during the 
HTC process. These latter measurements are presented 
and discussed below.

3.3.2 � Closure of the elemental balances

The elemental balance, expressed in weight percentage, 
was found to be between 80 and 110% for the majority of 
the inorganic elements in all experiments. To our knowl-
edge, no similar elemental balance on HTC experiments 
has been carried out previously. Such closure can be seen 
as satisfactory when compared with other experimental 
studies on inorganic element distribution in thermal pro-
cesses, such as gasification [32]. For a few elements, in 
particular P, Cu, and Al, the closure was slightly less sat-
isfactory though, between 64 and 87% for P, while for Cu 
and Al, the range was a bit broader, between 78 and 125%.

3.3.3 � Inorganic element concentrations in feedstock

Raw coffee waste was found to be particularly rich in K, with 
a value higher than 8000 mg/kg db, and to a lower extent in Ta
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Fig. 2   Balance of the inorganics between the raw material and the 
hydrochar (solid) and liquid at the different temperatures of 180, 220, 
and 260  °C from apple waste. The different elements were repre-
sented on different scale, depending on the content. The values were 

converted on milligram of element per kilogram of raw biomass in 
order to compare them together. Standard deviations are experimental 
between the replicates
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hydrochar (solid) and liquid at the different temperatures of 180, 220, 
and 260 °C from brewery waste. The different elements were repre-
sented on different scale, depending on the content. The values were 
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order to compare them together. Standard deviations are experimental 
between the replicates



Biomass Conversion and Biorefinery	

1 3

Mg, with a value slightly higher than 1000 mg/kg db, and Ca 
and P, with values a bit lower than 1000 mg/kg db. Similar 
orders of magnitude have been found in previous studies on 
similar feedstock [33, 34]. Ballesteros et al. [33] also meas-
ured significant amounts of Ba, Co, and Ni, which was not 
the case in our sample. Such differences, and in general dif-
ferences in the overall composition of spent coffee grounds, 
are not surprising and can be explained by the diversity in 
origins, soil chemistry, processing, and extraction methods 
used to obtain the final coffee product.

Similarly, apple waste appeared to be specifically rich 
in K, with a value of around 7350 mg/kg db. Ca, Mg, and 
P were again the other main elements, with values between 
500 and 1000 mg/kg db. Such values seem in agreement 
with Skinner et al. [35], who reviewed apple pomace com-
positions in these ranges.

Contrary to the other feedstocks, brewery waste showed 
a high content of Si, with a value of around 5300 mg/kg db. 
Its P content was also found in a similar high range, with 
around 4500 mg/kg db, while Ca and Mg were also present, 
in slightly lower but still high amounts, with values close 
to 2000 mg/kg db. Significant concentrations of K and Na 
were found too, with values of several hundred mg/kg db. 
The Ca content is in accordance with [36] but not the con-
centrations of Si, Mg, and P, lower in their case. The high 
Si content seems logical as the parent material of brewery 

waste consists of barley and its husks. Indeed, plants are 
known to take Si from the soil in the form of silicic acid, 
which then accumulates around cellulose micropores of the 
husks in the form of nanoparticles [37].

All feedstocks also showed Al, Cu, Fe, Mn, and Sr traces. 
The concentrations were similar, with values ranging from 2 
to 30 mg/kg db, except in the case of brewery waste, slightly 
richer in Fe, with values close to 100 mg/kg db. Such values 
agree with literature [38]. Values were found to be below 
the detection limit for As, Cd, Cr, Ni, Pb, and Ba—for this 
latter, except in brewery waste, the value remaining however 
small (4.5 mg/kg db).

3.3.4 � Major inorganic elements in HTC products

K and Na were mainly present in the liquid product, what-
ever temperature and feedstock, as highlighted in Fig. 2, 
Fig. 3, and Fig. 4. About 1 to 4% of K and Na remained in 
the solid phase for all the experiments, in accordance with 
other HTC experiments using different biomass types such 
as swine manure [28] and sea lettuce [39]. According to 
Smith et al. [15], K and Na are present in biomass as ionic 
salts (NaNO3, KNO3, NaCl, and KCl). As these alkali metal 
salts are readily soluble in water, their large decrease in the 
hydrochars was expected. Moreover, the acidic conditions 
given by the initial feedstock and the HTC process benefit 
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sented on different scale, depending on the content. The values were 

converted on milligram of element per kilogram of raw biomass in 
order to compare them together. Standard deviations are experimental 
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hydrolysis reactions, thus promoting the removal of K and 
Na. Indeed, the pH of the reaction liquids was acidic. In 
general, the pH of the HTC liquid product increased with 
increasing reaction temperature. Despite the differences in 
initial pH for coffee and brewery waste, their HTC liquid 
had an almost identical pH between 3.9 (C180-l) and 5.0 
(B260-l) after reaction at each temperature. On the other 
hand, all the HTC products obtained from apple waste 
revealed a more acidic pH between 3.4 (A180-l) and 4.0 
(A260-l). Such acidic values are overall in agreement with 
literature, but, as discussed above, it is questionable to make 
more detailed comparisons with previous studies on similar 
feedstocks [25, 26], due to the different operating conditions. 
These acidic values can be partly explained by the hemicel-
lulose degradation from HTC temperatures of about 180 °C 
and the associated production of low molecular weight acids 
like acetic, formic, lactic, levulinic, and propionic [25]. Sub-
sequently, as temperature increases, pH increases due to the 
re-polymerization of these intermediate products dissolved 
in the liquid phase into the solid phase.

On the contrary to K and Na, the distribution of Ca, Mg, 
and P between solid and liquid varied with temperature in 
the range tested, and that for all feedstocks. At 180 °C, only 
3 to 8% (respectively for Mg in A180-h and P in C180-h) 
of Ca, Mg, and P remained in the hydrochars. However, as 
temperature increased, between 7 and 53% of Ca, Mg, and P 
were found in the hydrochars (for respectively P in B220-h 
and Ca in C220-h), which means there was a higher retention 
of these elements at higher temperature. For P, the retention 
was the highest at 260 °C for all feedstock. Such a result 
extends the trend observed in [15] from 200 to 250 °C. How-
ever, an exception could be seen for coffee waste hydrochars, 
which retained more Ca and Mg at 220 °C than at 260 °C.

As the organic matter is initially hydrolyzed at the lowest 
HTC temperatures, organic P has been shown to dissolve 
into the processed liquid, where organic functional groups 
may be substituted by metals, forming inorganic phospho-
rous species that precipitate back to the solid phase [40]. 
This process may be prompted at higher process tempera-
tures, leading to the accumulation of some P in the hydro-
chars. Increasing temperature also promotes an increase in 
pH, as observed in the present experiments. This prompts 
the precipitation of P, mainly as orthophosphates, with some 
metals, such as alkaline earth metals Ca and Mg [12]. Such 
a mechanism may explain why their concentration in the 
hydrochars also increases with increasing temperature for 
brewery and apple waste hydrochars. Ghanim et al. [11] 
suggested that P precipitates mainly consist of Mg and Ca 
phosphates and apatite (Ca5(PO4)3(F, Cl, OH)).

Ca and Mg in lignocellulosic biomass can be present as 
ionic salts, a minority incorporated into macromolecules, 
and for Ca, the remaining fraction is predominantly in the 
form of calcium oxalate, an acid-soluble compound [41]. 

Therefore, the initial acidic and subcritical water condi-
tions may have promoted some Ca migration into the pro-
cessed liquid at 180 °C. Ca is also found, along with Mg 
and Mn, in the biomass cell walls, possibly bonded to car-
boxyl groups, which are degraded under HTC conditions 
via decarboxylation. This fraction of Ca, Mg, and Mn is 
thought to be ion-exchangeable [41]. Consequently, Ca 
could be liberated only to be re-adsorbed by the remain-
ing or newly formed functional groups on the surface of 
hydrochars, which may enhance their cation exchange 
capacity [15].

The content of Si was measured on the feedstock and 
hydrochars only, as the method is not suitable for liquids. Si 
showed a large decrease compared to the raw biomass for 
brewery waste. This decrease was favored by the increase 
in temperature. Indeed, 22% of Si remained in the hydro-
chars at 180 °C (B180-h), while merely 3 and 5% remained 
at 220 and 260 °C (B220-h and B260-h) respectively. For 
apple waste hydrochars, the Si content also decreased with 
temperature, retaining 92% Si at 180 °C (A180-h) and 51% 
at 260 °C (A260-h). The trend seemed the opposite with 
coffee waste hydrochars, Si being more retained at higher 
temperatures. However, this trend must be taken with cau-
tion due to the low initial Si content of the raw coffee waste 
(17 mg/kg db), close to the limit of detection estimated for 
the method when considering blank samples (8 mg/kg db).

Overall, these results are consistent with previous find-
ings in which HTC was proven effective in leaching Si out of 
the biomass structure. For instance, Smith et al. [15] found 
that around 20% of Si remained in willow hydrochars at 
200 °C and Poerschmann et al. [42] determined that around 
50% of Si present in brewery waste was extracted at 200 and 
240 °C. However, for other biomass types rich in Si, such as 
rice hulls (36,000 mg/kg), sewage sludge (332,400 mg/kg), 
and digestate (67,100 mg/kg), several authors found little 
or no Si removal under HTC conditions [15, 16, 43]. For 
instance, rice hull hydrochars retained 80% Si at 200 °C and 
74% at 260 °C, while digestate released around 15% Si at 
190 °C but the element was reincorporated again at 250 °C.

These differences suggest that Si extraction from the 
solid matrix may depend on the relative chemical stability 
in which it is present within the biomass matrix. As sug-
gested in [16], Si is very stable in rice hulls as silica hydrate, 
which provides rigidity to the plant, or is linked with cova-
lent bonds to organic materials, or present as extraneous 
minerals such as quartz and clay [2], which tend to be even 
more thermally stable at the range of HTC temperatures. Si 
can also be dissolved as Si(OH)4 in plant tissues [44], which 
may be easier to extract during HTC. Furthermore, hop is 
biochemically degraded during the brewery process, which 
might lead to more accessible Si species.

As a complement to the bulk elemental analyses, the 
SEM–EDS pictures—given as Supplementary Material 
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S2 to S10—seem to show that whatever the feedstock and 
hydrochars, the distribution of elements is homogenous, 
without any preferential location for the inorganics.

3.3.5 � Minor inorganic elements in HTC products

Other elements, such as Al and Fe, remained mainly in the 
hydrochars for all the tested temperatures and feedstocks.

Most Cu initially present in the biomass remained in the 
solid phase after HTC. Some Cu seems to be extracted at 
260 °C for coffee and brewery waste, but no significant con-
centrations were found in the liquid fraction to close the 
balance. This latter result should be then taken with caution.

Mn showed a similar behavior as Ca and Mg, with a large 
release in liquid at 180 °C and reincorporation into the solid 
phase at 220 and 260 °C. The element Sr seemed to follow 
the same behavior too, but those results should be taken 
cautiously considering the very small amount of Sr present 
in the feedstock, especially in the case of coffee and apple 
waste. Mn could be released from the biomass matrix early 
in the HTC process during hydrolysis when the protein com-
plexes break down [45]. The further accumulation of Mn in 
the solid phase could be explained by its association with 
P as a precipitate, classified as non-apatite inorganic P, as 
suggested in [12].

It must be noted that the content of Fe, Cr, and Ni in 
the hydrochar and liquid products exceeded the amount of 
these elements fed to the reactor for all experiments. For 
instance, Fe content of the hydrochars was between 240 and 
720% for coffee waste, 120 and 200% for brewery waste, 
and 220 and 530% for apple waste, with respect to the initial 
concentrations in the raw biomass. Such values are thought 
to be due to the leaching of Fe from the reactor made up 
of stainless steel grade 316, as shown by additional tests 
performed using demineralized water (see Supplementary 
Material S11). The values measured for Cr and Ni may 
therefore have the same explanation, even if for those two 
elements, the initial amounts in the raw biomass were close 
to the limit of detection. Thus, the results should be consid-
ered with caution.

3.4 � XRD analyses on feedstock and hydrochars

The XRD patterns are shown in Fig. 5 for the feedstock and 
hydrochars produced at different temperatures.

Raw apple waste presents three broad peaks at around 15, 
23, and 35°. They are typically observed for lignocellulosic 
biomass and are generally attributed to semi-crystalline cel-
lulose [46]. These peaks, which remain at 180 °C, tend to 
disappear at higher process temperatures, logically indicat-
ing the decomposition of this form of cellulose. The increase 
of peak intensity between the raw material and the hydro-
char obtained at 180 °C could come from the degradation of 

the amorphous compounds, such as hemicelluloses, at this 
temperature. It is indeed known that hemicelluloses begin 
to be hydrolyzed at 180 °C while cellulose requires a higher 
temperature above 220 °C to be significantly degraded [29].

The raw coffee waste shows a different feature than raw 
apple waste, between 15° and 25°. Indeed, besides the typi-
cal bump observed for apple waste, sharper peaks, which 
are difficult to explain, appear at 16, 20, 21, and 25°. How-
ever, these sharp peaks could also be observed in literature 
for spent coffee grounds [33, 47]. XRD patterns for coffee 
waste hydrochars showed the presence of n-heneicosane 
(PDF 00–031-1705) from 180 °C and for all the HTC tem-
peratures studied. Its presence is much less obvious in the 
raw biomass; however, it could be masked by the presence 
of other amorphous compounds that are decomposed after 
HTC. Heneicosane has been detected in fresh and fermented 
coffee beans [48] and is known to naturally occur in certain 
plants as a waxy solid [49].

The raw brewery waste XRD shows a less defined crys-
talline cellulose feature. It can be explained by the fact that 
brewery waste results from the fermentation of barley, induc-
ing degradation of the cellulose. This cellulose structure 
seems to reappear at 180 °C, which can also be attributed 
to the degradation of the other amorphous compounds. A 
sharp peak at 21° appears at a higher temperature (260 °C) 
that can be attributed to silicate (SiO2 cristobalite beta, syn, 
PDF 01–077-8630). Indeed, this feedstock had the highest 
Si content, and while Si was largely removed from solid, 
the amount remaining in hydrochar may be sufficient for 
detection in XRD. Silicon oxide compounds have also been 
detected in hydrochars derived from sugarcane bagasse [14] 
and algal biomass [50].

3.5 � Synthesis of the results

Figure 6 summarizes the trends observed regarding inor-
ganics’ behavior during HTC for the three biomass types 
studied and the related mechanisms in the solid and liquid 
phases. Note that these mechanisms may vary when consid-
ering other operating conditions than those tested, as well 
as other biomass types, because the inorganic elements may 
be present in different forms and thus behave differently dur-
ing HTC.

An important aspect is that no single trend is valid for 
all inorganics. Such a result explains the lack of agreement 
between authors about the influence of HTC on ash content 
from different feedstocks.

Mechanisms of release/reincorporation of inorganics 
from/in the solid vary in the temperature range considered, 
including solubilization of salts for release and precipitation 
for reincorporation. Those mechanisms are influenced by 
the degradation of the organic matter, in particular via the 
acidic conditions created by hemicellulose degradation into 
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organic acids, and a concentration effect, as inorganics will 
be more concentrated inside the solid after the degradation 
of some organic matter in it.

In the range of temperatures tested, high tempera-
ture does not seem to be beneficial in terms of inor-
ganic release. The lowest temperature tested is the one 
at which more inorganic elements are released. At higher 

temperatures, while some inorganic elements, such as K 
and Na, continue to be released, others, such as Ca, Mg, 
or P, tend to be reincorporated into the solid.

The optimal temperature depends on the inorganic 
elements sought to be released, which depends on the 
application of the hydrochars and/or the liquids pro-
duced. In addition, releasing inorganics from the solid 

Fig. 5   XRD patterns of A 
apple waste–based materials, B 
brewery waste–based materi-
als, and C coffee waste–based 
derivate materials. Structures 
of Δ C21H44 n-heneicosane 
(PDF 00–031-1705) and ○ 
SiO2 silicon oxide, cristobalite 
beta, syn (PDF 01–077-8630) 
are represented. ◊ indicates 
unidentified peaks
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fraction may be one objective of the HTC treatment but 
not the only one, and the HTC process may be part of a 
value chain consisting of several treatments. A compro-
mise may therefore need to be found in terms of optimal 
temperature depending on the other properties targeted 
and the combination with downstream treatments. Typi-
cally, if the final product is intended to be used in Na-
ion batteries, the focus would be on removing Ca and Si, 
known to decrease electrochemical performances [51]. 
A temperature of 180 °C could then be optimal, and the 
“clean” hydrochar would undergo post-treatment by high-
temperature pyrolysis to be turned into a material having 
the required hard carbon structure [7].

As a final remark, one should keep in mind that the 
residence time influence was not tested here. The choice 
of 12 h was made to get an extreme case—the longest 
residence time possible considering the experimental 
constraints in the laboratory, but additional experiments 
would be required to investigate the inorganic distribu-
tion at intermediate residence times and check if there are 
observable differences and therefore room for optimiza-
tion in a process viewpoint.

4 � Conclusion

Although inorganic elements are determining properties for 
end-uses of HTC products, their distribution between solid 
and liquid versus feedstock and operating conditions remains 
overlooked in literature.

To fill in this gap, a systematic campaign of experiments 
was carried out in a 2-L reactor using three agro-food wastes 
and three temperatures covering the HTC range between 180 
and 260 °C, with the focus put on closing the balances for 
both organic and inorganic elements.

Satisfactory balances were achieved, with values between 
80 and 92% for C and N, and 80 and 110% for most inorganic 
elements, slightly less satisfactory values being obtained for 
P (64–87%) and Cu and Al (78–125%).

The experiments showed that whatever feedstock, a large 
amount (> 90%) of the inorganic elements initially present 
were released in the liquid phase at the lowest HTC tem-
perature tested (180 °C). With increasing temperature, some 
reincorporation into the solid phase (between 7 and 53%) 
occurred for P, Mg, Ca, and Mn, while elements such as K 
and Na remained in the liquid, and Cu and Al remained in 

K Released Released Released

Na Released Released Released

Ca Released Reincorporated Reincorporated

Mg Released Reincorporated Reincorporated

P Released Reincorporated Reincorporated

Si Released Released Released

Al Remained Remained Remained

Mn Released Reincorporated Reincorporated

Zn Released Released/Reincorporated Released/Reincorporated

Cu Remained Remained Remained
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Fig. 6   Identified reaction mechanisms participating in the distribution of inorganic elements during HTC of coffee, brewery, and apple waste for 
12 h as a function of reaction temperatures of 180, 220, and 260 °C
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the solid. Si behavior was more feedstock-dependent, show-
ing a considerable extraction from the solids in brewery 
waste (up to 97%) and apple waste (up to 49%) but not in 
coffee waste. It was the only inorganic compound leading to 
crystalline structure (SiO2) in the hydrochars.

From a process viewpoint, this study confirms that HTC can 
be a treatment step aiming to release inorganics from solid and 
turn them into the liquid phase. For that purpose, low tempera-
tures such as 180 °C appear optimal; however, other criteria may 
need to be considered when optimizing the process, particularly 
the other properties targeted for the products.
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