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Abstract 
 
The problem of municipal solid waste (MSW) management is becoming an issue more and more relevant. Hydrothermal 
carbonization (HTC) is an emerging path to address the concerns arising from the management of MSW, promoting a from-waste-
to-resource action plan. In this study, the HTC was performed by using the stabilized organic fraction (SOF) of the MSW to evaluate 
the hydrochar characteristics and to determine the optimum temperature and residence time of the HTC process. Preliminary tests 
were achieved with SOF and two different liquid substrates, the landfill leachate (LL) and the concentrate fraction (CF) of landfill 
leachate from the reverse osmosis plant, respectively. The HTC was performed at different process temperatures and residence 
times, while the solid-to-liquid ratio was maintained at 1/10. Furthermore, the influence of hydrodynamic cavitation (HC) to enhance 
the homogenization of SOF and liquid substrate before the HTC was studied. Response Surface Methodology (RSM) was applied 
to determine the best HTC process conditions (process temperature and residence time) based on the experimental campaign 
developed through the Central Composite Face-Centered Design (CCF-CD). By statistical analysis, it was possible to understand 
how the process variables influenced the fixed carbon content, deashing efficiency and mass yield (considered as responses of the 
model). The optimum condition for the HTC process was at 232°C and 2.65 h. The preliminary results showed that the hydrochar 
from HTC of the cavitated blend of SOF and LL is a valid mixture for the production of eco-sustainable plasters to be used in the 
building sector in a circular economy approach. 
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1. Introduction 
 

Approximately 232 million tonnes of 
municipal solid waste, or 517 kg per capita, were 
produced in 2020 in the UE27. In the three years 
2018–2020, there was an increase of 3.7% in 
production overall (Eurostat, 2023). In 2021, in Italy, 
the production of municipal waste involved a quantity 
of about 30 million tons, the solution of which final 
mainly involves landfilling. Such a solution not only 
occupies more and more valuable space but also 
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causes air, water and soil pollution by discharging 
carbon dioxide carbon (CO2) and methane (CH4) into 
the atmosphere and chemicals and pesticides in the 
land and the groundwater. This, in turn, is harmful to 
human health, as well as the environment.  

Mechanical Biological Treatment (MBT) is 
widely used as a form of pretreatment to landfill or 
incineration. It is an essential phase of the waste cycle 
since allows, through a process of selection 
(mechanical) and treatment (biological), to: 

 recover a further part of recyclable materials; 
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 make an appropriate selection of waste to be 
sent for incineration/waste-to-energy plant, obtaining 
a lower emission of pollutants and a higher energy 
yield; 

 reduce the volume of material for final 
disposal and therefore the use of landfills and 
incinerators; 

 ensure the conditions of biological stability 
of the waste to minimise the formation of 
decomposition gases and leachate. 

In an MBT plant, the unsorted MSW is 
mechanically sorted into three fractions, i.e. material 
organic, recyclables and waste. The recyclable 
fraction includes materials such as glass, metals, 
plastics, rubber, rags, papers etc. which can be 
differentiated by separation and sieving. The 
recyclable components (glass, metals etc.) can be sent 
for recycling, while the components non-recyclable 
partly contribute to the production of solid fuel to be 
sent to waste-to-energy plants and parts are sent to 
landfill.  

The organic fraction is addressed to a 
biological stabilization process (aerobic digestion). 
The output of the aerobic digestion is called stabilized 
organic fraction (SOF), or off-specification compost, 
and it is codified by the European Waste Catalog 
(EWC) as EWC 19.05.03. This material is currently 
discarded and landfilled, with additional costs. 
According to the Urban Waste Report 2022 of ISPRA 
(ISPRA, 2022), in 2021 over 8.1 million tons of 
waste/materials were produced by mechanical 
biological treatment plants, which is about 560.000 
tons of SOF. Furthermore, leachate is generated from 
the MSW landfilling. Landfill leachate (LL) is a 
tainted liquid arising from the bottom of solid waste 
disposal facilities that contain both soluble organic 
and inorganic compounds as well as suspended 
particles (Naveen et al., 2017).  

In Italy, the regulation requires that it must be 
captured and appropriately treated on the same site of 
the landfill or transported in an ad hoc plant duly 
authorized for disposal in the sewers. Currently, 
physicochemical treatment methods such as reverse 
osmosis are widely used. Reverse osmosis membrane 
technology plants are employed for LL treatment, 
producing two fractions: the permeate (PF) (about 
75%) and the concentrate (CF) (about 25%). Since the 
permeate might be directed to the sewers, the 
concentrate remains a burden. In this context, 
alternatives are needed to valorize the SOF, together 
with landfill waste reduction, as well as the landfill 
leachate and/or concentrate, leading the waste 
management business towards a circular economy 
perspective.  

A valuable option is to use all these wastes as 
precursors in the production of carbon-based 
materials. This work arises from the project 
ECOPLASTER - Biostabilized for Ecosustainable 
Building -funded in 2022 by the Ministry of 
Environment and Energetic Security. The project 
intends to use the outputs of the municipal solid waste 
management chain, i.e. SOF, LL, and the CF as input 

for the hydrothermal carbonization (HTC) process. 
The HTC is a thermochemical valorization process 
during which the wet biomass remains heated at a low 
temperature range (150–350°C) over a few minutes to 
several hours under autogenic pressure (Villamil et al., 
2020). Three types of products are resulting from the 
process. The main output is a carbon-rich solid 
material known as hydrochar, which accounts for 
approximately 45-70% of the product mass. A gas 
phase, approximately 1-3% of the raw material, 
consisting mainly of CO2 (>90% of the gaseous 
products) with small amounts of CH4, H2, and CO. A 
liquid fraction (spent liquor), 5 and 25% of the mass 
of products, which is rich in bio-degradable soluble 
organic compounds (Magdziarz et al., 2021; Roman et 
al., 2021; Wilk et al., 2020). The HTC process has 
several advantages, including the ability to process 
heterogeneous wet biomasses without pre-drying or 
separation pre-treatment required by other 
thermochemical processes, since water acts as a 
reactant, solvent, and catalyst (Libra et al., 2011; 
Sharma et al., 2020). These advantages make the HTC 
process applicable to various wet residues, including 
agricultural and forestry residues (Başakçılardan 
Kabakcı and Baran, 2019), anaerobic digestate (Cavali 
et al., 2023), sewage sludge (Luo et al., 2020), algal 
biomass (Castro et al., 2021; Jabeen et al., 2023), olive 
mill sludge (Mendecka et al., 2020), pulp and paper 
mill sludge (Mohammadi et al., 2020) and off-
specification compost (Basso et al., 2015). 
Nonetheless, within the HTC process, there are 
present some disadvantages. These include the use of 
complex and costly systems which use substantial 
amounts of water and further costs for the separation 
of the solid and liquid phases, as well as the discharge 
of significant quantities of wastewater (Ercan et al., 
2023; Khan et al., 2019).  

However, current research examining the 
possible valorization of the spent liquor derived from 
the biomass HTC process highlights the commercial 
rentability in a circular economy approach (Khan et 
al., 2019). Possible solutions cited include processes 
from which the resultant by-product represents a 
benefit such as anaerobic digestion, nutrient recovery, 
bioplastic production, wet oxidation, and liquid 
fertilizer (González-Arias et al., 2023; Ipiales et al., 
2021; Langone and Basso, 2020; Tripathi et al., 2022; 
Zhang et al., 2023). 

In the project ECOPLASTER, the hydrochar 
(solid fraction) of the HTC process will be used for the 
production of an eco-sustainable plaster to be used in 
the building sector, while the spent liquor (liquid 
fraction) will be employed for the growth of 
microorganisms aimed at the production of 
bioplastics. This study provides preliminary results on 
the application of the HTC process to the stabilized 
organic fraction of MSW for hydrochar production, by 
using both landfill leachate and the concentrate 
fraction as liquid substrate. Several studies have 
investigated the HTC as thermal pre-treatment for 
different types of MSWs, or streams obtained from it. 
(Ischia et al., 2021) performed the HTC to valorize 
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municipal solid waste for biofuel production; the off-
specification compost was used by (González-Arias et 
al., 2021) to be co-processed by HTC with olive tree 
pruning and obtaining a coal-like product with a high 
carbon content; Periyavaram et al. (2023) analyzed the 
thermal behavior of hydrochar derived from HTC of 
food waste using leachate as moisture source; 
likewise, Śliz et al. (2022) reported the technical 
feasibility of an industrial scale layout of an HTC plant 
by using the wet fraction mechanically separated from 
mixed MSW or under sieve fraction as solid substrate 
and water as moisture source.  

Despite the many probable benefits, the 
potential application of LL or CF from reverse 
osmosis plants as liquid substrates for HTC remains 
less explored. This study aimed at comparatively 
evaluating the efficacy of landfill leachate and 
concentrate fraction as reaction media for the 
hydrothermal conversion of SOF derived from MSWs 
to hydrochar.  

Product yield and proximate and ultimate 
analyses were taken into consideration to understand 
the basic physicochemical properties of the resulting 
hydrochars and optimize the process parameters 
(residence time and temperature) of the hydrothermal 
carbonization to be used in an industrial scale-up. 
Moreover, to further enhance the homogenization and 
viscosity of the solid and liquid substrate mixture 
before the HTC process, the application of 
hydrodynamic cavitation (HC) was investigated. HC 
is a promising physicochemical process consisting of 
the phenomenon of formation, growth, and rapid 
collapse of vapor cavities due to the reduced local 
pressure (Lanfranchi et al., 2022). The HTC was 
carried out at different process temperatures and 
residence times, while the solid-to-liquid ratio was 
maintained constant. Furthermore, HC was performed 
at a temperature set point of 60°C in order to 
investigate its influence on the hydrochar physical-
chemical characteristics.  

Central Composite Face-Centered Design 
(CCF-CD) and Response Surface Methodology 
(RSM) were used to examine any potential 
relationships of the hydrochar production parameters 
(temperature and residence time) on the fixed carbon 
content (FC), deashing (DE) and mass yield (MY) of 
the hydrochars. In detail, FC, DE and MY were 
selected as response variables in the optimization 
process in order to obtain the HTC conditions at which 
the hydrochar characteristics were maximized to 
improve the efficiency of the admixture material to be 
used as plaster in the building sector for carbon-
capture (Gupta and Kua, 2017; Navaratnam et al., 
2021), moisture absorption (Mrad and Chehab, 2019) 
and thermal and acoustic insulation (Kahandawa 
Arachchi et al., 2021; Srikanth et al., 2022). The 
results of the present work will be used to define the 
optimal mixture of mortar and hydrochar for the 
production of eco-sustainable plasters to be employed 
in the building sector. 
 
 

2. Material and methods 
 
2.1. Collection of SOF and liquid substrates 
 

The stabilized organic fraction, the landfill 
leachate, and the concentrate fraction of the reverse 
osmosis of LL were obtained from the same MSWs 
management plant located in Viterbo, Italy. The SOF 
was collected from the MBT and locally sieved down 
to a particle size of approximately 2.5 mm before the 
laboratory experiments in order to remove any 
inorganic residues, e.g. glass, metal, plastic, paper, etc. 
The LL was spilled from the MSW landfill while the 
CF came from the reverse osmosis plant, both located 
in the same area as the MBT plant. The LL and CF 
were gathered in plastic containers and stored at a 
temperature of +4°C. The characteristics in terms of 
pH, biochemical oxygen demand (BOD), chemical 
oxygen demand (COD), conductivity, and total solids 
(TS) at 105°C of each liquid substrate are listed in 
Table 1. 

 
Table 1. Characteristics of each liquid substrate 

 
Liquid substrate LL CF 

pH 7.9 6.8 
BOD [mg/L] 2150 638 
COD [mg/L] 8380 2490 
Conductivity 

[mS/cm] 
25.6 23.7 

Total solids [%] 2.0 1.4 
 
2.2. HTC experiment 
 

A stainless-steel Parr 4560 mini-batch reactor 
with a volume of 600 ml was used for the 
hydrothermal carbonization treatment. The removable 
ceramic band heater was connected to the external 
control system (4848 reactor controller, Parr 
Instrument) which allowed the setting of both the 
temperature and the rotational speed of the stirrer. For 
each experimental run, the vessel was loaded with the 
solid and liquid substrate and purged with nitrogen to 
remove the air from the reactor. The reactor was 
heated up to the desired temperature with a heating 
rate of 3°C/min while the stirring rate was set to 200 
rpm. The residence time is referred to the holding time 
of the reactor after reaching the temperature set point. 
Then, the internal cooling coil connected with an 
external chiller allowed for an immediate decrease in 
temperature by the coolant. Thus, the liquor was 
separated by using a Büchner funnel with a vacuum 
pump and filter paper (Whatman filter paper, 8 μm). 
While the hydrochar was washed with distilled water 
several times and oven-dried at 105°C for 24 h to 
remove residual moisture, the liquid fraction was 
collected and maintained at +4°C for further analyses. 
The mass yield (MY) of the HTC process was 
calculated as the ratio of the mass of hydrochar (Mf) to 
that of the initial feedstock (M0) on a dry basis by 
using Eq. (1). 
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𝑀𝑌  ∗ 100 %                                                 (1) 

 
2.3. Hydrodynamic cavitation 
 

When the HTC process is scaled up to 
industrial size, the homogenization and viscosity of 
the solid and liquid substrate mixture become essential 
parameters affecting its pumpability. The pumpability 
of the slurry is limited by the type of pump, which 
generally have an upper limit of about 10-15% solids 
(dry basis) loading (Nagarajan and Ranade, 2021). 
Thus, hydrodynamic cavitation was selected as a pre-
treatment to enhance these characteristics.  

The HC was performed by using single-step 
homogenization with a controlled cavitation approach 
patented by SOLDO Cavitators (Soldo Cavitators, 
2023). The cavitation unit is composed of a feed tank 
and a 5.5 kW electric motor which provides power to 
a stainless steel rotor (cavitator) working at 20 L/min, 
3 bar, and 3600 rpm. The solid and liquid substrates 
were mixed at the desired solid-to-liquid ratio and 
pumped inside the cavitator in a closed loop until the 
flow temperature reached the set point of 60 °C. 
 
2.4. Chemical-physical analysis 
 

Proximate analysis was carried out following 
the standards EN 14774-2 for the moisture content, 
EN 15148 for the volatile matter (VM), and EN 14775 
for the ash content, by using a thermogravimetric 
analyzer (TGA-701, LECO Co., USA). Ultimate 
analysis was performed by using a LECO Truspec 
CHN analyzer, in compliance with UNI EN 15104 
standard method. Fixed carbon (FC) and oxygen were 
computed by difference. Moreover, the deashing 
efficiency (DE) of the HTC process was evaluated 
according to Eq. (2): 
 

𝐷𝐸  , ∗
∗ 100 %               (2) 

 

where AshSOF is the ash content of the stabilized 
organic fraction before the HTC treatment, 
AshHydrochar,i is the ash content of the hydrochar 
obtained from the HTC process regarding the i-th test. 
All measurements were conducted in triplicate and a 
mean value was reported. Furthermore, the specific 
surface area of the samples was examined with a BET 
analyzer (ASAP2460, Micromeritics, USA). 
 
2.5. Preliminary tests and experimental design 
 

Firstly, preliminary tests of HTC were 
conducted to understand the influence of the liquid 
substrate (landfill leachate and concentrate fraction) 
on the chemical properties of the hydrochar. The HTC 
was performed at different process temperatures (200, 
250, and 270 °C) and residence times (1, 3, and 6 h), 
while the solid-to-liquid ratio was maintained at 1/10. 
Then, the effect of the hydrodynamic cavitation on the 
chemical characteristics of the hydrochar was 
evaluated by considering a temperature set point of 

60°C. Response Surface Methodology (RSM) and 
Central Composite Face-Centered Design (CCF-CD) 
were used to examine any potential relationships 
between the hydrochar production parameters 
(temperature and residence time) and the impacts on 
the fixed carbon content, deashing, and mass yield. A 
three-level, 2-factor CCF-CD was employed. HTC 
process temperature (X1) and residence time (X2) were 
assumed as independent variables and coded at three 
levels (−1, 0, and +1), corresponding to the minimum, 
medium and maximum levels. Each process factor 
level was carefully selected based on preliminary 
tests. For the hydrochars, the chosen responses were 
fixed carbon content (Y1), deashing efficiency (Y2), 
and mass yield (Y3) of the HTC process. The software 
Minitab v17.1.0 (Minitab Ltd., Coventry, UK) was 
used to implement the statistical model. The statistical 
significance of the regression coefficients was 
examined by using analysis of variance (ANOVA) and 
regression analysis. This was accomplished by using 
the Fisher's F-test at a 95% confidence level, following 
the methodology outlined by Buratti et al. (2018). 
Multi-response analysis, based on Derringer's 
desirability function, was used to concurrently 
optimize the response variables (Derringer and Suich, 
1980). The desired response of FC content, DE, and 
MY was the maximum of the target goal. The same 
importance was assumed for each response during the 
optimization analysis.  

The method is described more exhaustively by 
Barbanera et al. (2018). Three replications of 
experiments under optimum conditions were 
conducted to validate the optimized models by 
comparing the experimental data to the expected 
values. 
 
3. Results and discussion 
 
3.1. Characterization of preliminary tests 
 

The characteristics of biomass before and after 
the HTC process in terms of proximate and ultimate 
analysis, mass yield, and deashing efficiency are 
shown in Table 2. 

Preliminary results indicate that tests 
performed at 250°C and a residence time of 3 h with 
LL rather than CF produce hydrochar with improved 
characteristics. Dehydration, decarboxylation, 
hydrolysis, and condensation are the main reactions 
that occur during the hydrothermal carbonization 
process (Nawaz and Kumar, 2023; Wang et al., 
2022a). The balance between these different reactions 
determines the carbon content of the resulting 
hydrochar. At moderate temperatures (250 °C) and 
residence times (3 hours), the HTC process primarily 
involves dehydration and decarboxylation reactions, 
which lead to an increase in the carbon content 
(Djandja et al., 2023), resulting in about +22% and 
23% by using LL and CF respectively. However, as 
the reaction temperature and residence time increase 
(270°C and 6 hours), hydrolysis and condensation 
reactions become more prevalent, leading to a 
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decrease in the carbon content (Danso-Boateng et al., 
2022) of about –5% and –21% by using LL and CF 
respectively. Thus, at lower temperatures and 
residence times, the increase in carbon content due to 
dehydration and decarboxylation reactions outweighs 
the decrease due to hydrolysis and condensation 
reactions. However, at higher temperatures and longer 
residence times, the decrease in carbon content due to 
hydrolysis and condensation reactions outperforms the 
increase due to dehydration and decarboxylation 
reactions, resulting in a net decrease in carbon content. 
Furthermore, for both the hydrochar obtained with LL 
and CF the ash content increased first and then lightly 
decreased as the temperature and residence time 
increased. A similar trend was found in literature 
(Chen et al., 2021). The reason might be attributed to 
the decrease of the organic compounds while the ash 
increased with the increment of the reaction 
temperature and residence time from 220 °C and 1 
hour to 250 °C and 3 hours. However, with the further 
increase of the HTC process parameters (270 °C and 6 
hours), the degradation of organic components 
promotes the decomposition of inorganics into the 
liquid fraction. Thus, despite a higher carbon content 
(+14.15%), the HTC of SOF with concentrate fraction 
promotes the formation of ashes (+7.19%) in 
comparison to using landfill leachate. Furthermore, by 
using the CF the deashing efficiency of the process 
resulted in a reduction of –51.69%. Higher ash content 
in hydrochar reduces its porosity as the inorganic 
materials can fill up the pore spaces. Additionally, ash 
could also coat the surface of hydrochar particles and 
reduce their specific area available for reactions or 
adsorption (Masoumi and Dalai, 2020). Thus, the 
reduction in porosity and specific area of the produced 
hydrochar might be unsuitable for the application as 
an admixture for plaster production. For this reason, 
the hydrodynamic cavitation was performed only on 
the mixture of SOF and LL. The mixture cavitated at 
a temperature set point of 60 °C was submitted to the 
HTC at a process temperature of 250 °C and a 
residence time of 3 hours to evaluate the effect of the 
HC on the hydrochar properties. The characteristics of 
the hydrochars from the HTC process of the mixture 

of SOF and LL before and after undergoing HC are 
reported in Table 3. 

The hydrodynamic cavitation performed at a 
temperature set point of 60°C showed significant 
advantages in terms of hydrochar properties. In detail, 
HC as pre-treatment of HTC provided higher 
disintegration and homogenization of the solid/liquid 
mixture leading to higher carbon and fixed carbon 
content (+11.37% and +33.68% respectively), lower 
ash formation (–12.33%) and upgraded DE 
(+63.91%), lending support for producing hydrochar 
with raised porosity. 
 
3.2. Central composite face-centered design and 
analysis 

 
The CCF-CD experimental design was 

established from the results of the preliminary 
analysis. In detail, the HTC process was performed by 
using the mixture of SOF and LL cavitated at a 
temperature set point of 60°C. The factors and their 
coded values are shown in Table 4. A total number of 
13 tests were carried out, including 4 runs of factorial 
points, 4 runs of face-centered points, and 5 replicates 
at the central point useful to evaluate the pure error. 

 
3.2.1. Elemental analysis of hydrochars 

Table 5 displays the results of the proximate 
analysis of hydrochars from the CCF-CD 
experimental design. The trials were performed in 
random order for minimising the effects of unexpected 
variability on the observed responses. The changes in 
the elemental composition of raw SOF and the 
obtained hydrochars are also given in the Van 
Krevelen diagram (Fig. 1), which is a plot of the 
atomic H/C ratio versus the atomic O/C ratio. The 
hydrochars had significantly lower H/C and O/C 
atomic ratios than the raw SOF. This mainly results 
from the dehydration and decar-boxylation reactions 
occurring during HTC (Si et al., 2023; Venna et al., 
2021). The dehydration and decarboxylation 
reactions, which reduce the amount of H and O 
elements and increase the presence of C, were caused 
by the rise in HTC temperature (Budiman et al., 2022). 

 
Table 2. Characteristics of raw SOF and hydrochars from preliminary tests 

 
Liquid substrate   LL CF LL CF LL CF 

HTC temperature [°C]  200 200 250 250 270 270 
Residence time [h]  1 1 3 3 6 6 

Ultimate analysis [wt%daf] 
 Raw SOF       

C  22.40 23.60 22.60 30.40 29.20 28.97 24.12 
H  3.20 4.42 2.87 2.79 2.36 1.87 2.42 
N  1.37 0.88 0.83 1.17 1.27 1.67 1.84 
O  17.80 23.56 17.55 11.79 9.15 12.82 14.05 

Proximate analysis [wt%db] 
Ash 55.82 47.54 56.15 53.85 58.02 47.54 57.57 
VM 41.79 46.77 36.73 41.72 36.82 46.77 39.38 
FC 2.39 5.69 7.12 4.43 5.16 5.69 3.05 

DE [%] - 38.04 11.32 24.48 16.14 28.45 22.11 
MY [%] - 72.75 88.16 78.28 80.68 72.28 74.72 

Note: db: dry basis; daf: dry and ash-free bases 



 
Cardarelli et al./Environmental Engineering and Management Journal 22 (2023), 10, 1689-1702 

 

 1694

Table 3. Proximate and ultimate analysis of hydrochars before and after HC 
 

Mixture Not cavitated Cavitated  
HTC temperature [°C] 250 250 

Residence time [h] 3 3 
Ultimate analysis [wt%daf]   

C  30.40 34.3 
H  2.79 3.77 
N  1.17 1.44 
O  11.79 12.55 

Proximate analysis [wt%db]   
Ash 53.85 47.94 
VM 41.72 45.86 
FC 4.43 6.68 

DE [%] 24.48 67.86 
MY [%] 78.28 37.45 

Note: db: dry basis; daf: dry and ash-free bases 
 

Table 4. Independent process variables, range values, and coded levels in experimental design 
 

Independent variables Symbols 
Coded levels 

–1 0 1 
HTC temperature [°C] X1 220 250 280 

Residence time [h] X2 1.5 3 4.5 
 

Table 5. Ultimate analysis of hydrochars from CCF-CD experimental design 
 

Run order 1 2 3 4 5 6 7 8 9 10 11 12 13 
X1 [°C] 250 250 250 220 250 250 280 220 220 250 280 250 280 
X2 [h] 1.5 3 4.5 3 3 3 4.5 1.5 4.5 3 1.5 3 3 

Ultimate analysis [wt%daf]
C  34.70 36.60 37.68 30.13 34.40 35.00 35.13 30.43 33.40 33.20 34.18 33.00 34.85 
H  4.03 3.98 4.11 3.61 3.68 4.13 3.48 3.81 3.93 3.67 3.45 3.83 3.40 
N  1.32 1.38 1.75 1.04 1.50 1.46 1.24 0.89 0.98 0.89 1.28 1.52 1.15 
O  14.19 10.15 12.38 17.58 11.41 12.53 7.76 21.03 15.28 11.65 10.67 12.93 9.70 

Note: db: dry basis; daf: dry and ash-free bases 

 
Likewise, the increase in residence time only 

influenced the O/C ratios, which decreased. While 
dehydration and decarboxylation are the predominant 
reaction pathways, demethanation has a negligible 
influence on the HTC process. 
 
3.2.2. BET analysis of hydrochars 

As shown in Fig. 2, the specific surface area of 
all hydrochars was larger than that of the raw SOF. As 
the HTC temperature increased from 220 °C to 250 
°C, the surface area gradually increased. This might be 
due to the release of gases from the decomposition of 
unstable components and the removal of VM during 
the hydrothermal process, resulting in the formation of 
open pores and cracks on the surface of the hydrochar 
(Fu et al., 2022; Wu et al., 2023; Yang et al., 2023). 

However, at higher HTC temperatures and long 
residence times, the surface area decreased, which 
might be due to the secondary polymerization of 
soluble intermediates produced during the hydrolysis 
phase led to the blocking of pores (Magdziarz et al., 
2021; Xu et al., 2013; Yang et al., 2023). Even though 
the values for the surface area were generally low for 
raw SOF and hydrochars produced at all conditions, 
ranging from around 7 to 12 m2/g, they are consistent  
with previous studies on biomass-derived hydrochars. 
Low surface area values for hydrochars  derived  from  

municipal solid waste, sewage sludge, livestock 
manure, spent coffee grounds, and macroalgae, have 
been reported in the literature (Fu et al., 2022; 
Mlonka-Mędrala et al., 2022; Venkatesan et al., 2022; 
Wilk et al., 2023; Xu et al., 2013; Yang et al., 2023). 
Nevertheless, the combination of thermal and 
chemical or physical activation might explain the 
surface area increase (Jais et al., 2021; Ogungbenro et 
al., 2017; Zhang et al., 2021). 

 
3.3. Effect of independent variables 
 

The proximate analysis of hydrochars from the 
CCF-CD experimental design, together with their 
respective experimental responses are listed in Table 
6. By applying multiple regression analysis to the 
experimental data, the relationship between the 
response variables, fixed carbon content (Y1), 
deashing efficiency (Y2), and mass yield (Y3) of the 
HTC process, and the input variables, HTC process 
temperature (X1) and residence time (X2), was 
expressed by second-order polynomial equations with 
interaction terms. The final models generated in coded 
factors are shown as described by Eqs. (3-5). 
 

         (3) 1 1 2

1 1 2 2 1 2

–99.18  0.8427  1.263 –

0.001743 – 0.4149  0.00550

Y X X

X X X X X X
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Fig. 1. Van Krevelen diagram for hydrochars under different conditions 
 

 
 

Fig. 2. BET surface area of the hydrochars from CCF-CD experimental design 
 
 

2 1 2

1 1 2 2 1 2

–1635.0  13.376  3.76 –

0.026446 – 0.534  0.0058

Y X X

X X X X X X

  


                   (4) 

 

3 1 2

1 1 2 2 1 2

 1939.2 –14.675 –15.60  

0.02866  1.723  0.0093

Y X X

X X X X X X

 
 

                     (5) 

 
Analysis of variance (ANOVA) was performed 

for the adequacy and fitness of predicted models and 
the results are presented in Table 7. The calculated F-
values of 70.97, 197.38, and 182.08 for Y1, Y2, and Y3 
respectively, demonstrated that the regression models 
are highly significant (p < 0.0001).  

There is only a 0.01% chance that these large 
F-values could occur due to noise, confirming the 
validity of the predicted model. Furthermore, the 
adequacy of the model was analyzed by the evaluation 
of the determination coefficient (R2 > 0.95) and the 
lack of fit (LOF) test. An R2 value of 0.9807, 0.9930, 
and 0.9924 for Y1, Y2, and Y3 respectively, ensured that 
only 1.93%, 0.7%, and 0.76% of the total variations 
are not explained by the regression models, validating 

the precision of the deduced models. Moreover, the 
values of R2

adj (0.9668, 0.9879, 0.9869) were very 
high and in reasonable agreement with the R2 values, 
confirming that the regression models were highly 
significant. 

 The acceptability of the quadratic models was 
also verified by the lack of fit (LOF) test. A p-value 
higher than 0.05 means that LOF is insignificant due 
to relative pure error. Thus, the lack of fit p-values 
(0.265, 0.093, and 0.120 for each model) confirms that 
the models can be effectively employed for the 
prediction. 

 
3.3.1. Effect on fixed carbon content 

The influence of the independent variables on 
the responses and their interactions were evaluated by 
plotting response surface graphs and contour plots. 
Fig. 3 shows the effects of process temperature and 
residence time on fixed carbon content. The FC 
content increased with the increase in process 
temperature from 220 to 250°C and then decreased at 
the higher process temperature of 280°C. 
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Table 6. Proximate analysis of hydrochars from CCF-CD experimental design 

 
Run order 1 2 3 4 5 6 7 8 9 10 11 12 13 

X1 [°C] 250 250 250 220 250 250 280 220 220 250 280 250 280 
X2 [h] 1.5 3 4.5 3 3 3 4.5 1.5 4.5 3 1.5 3 3 

Proximate analysis [wt%db]
Ash 45.76 47.89 44.09 47.64 49.01 46.88 52.39 43.84 46.41 50.58 50.44 48.71 50.90 
VM 48.78 45.59 50.08 46.95 44.12 46.17 43.13 51.47 48.91 42.60 46.06 44.34 44.49 

FC (Y1) 5.46 6.52 5.83 5.41 6.87 6.95 4.48 4.69 4.68 6.82 3.50 6.95 4.61 
DE (Y2) [%] 60.45 67.51 70.17 37.86 65.63 67.98 49.78 35.10 38.77 67.68 45.06 66.88 47.56 
MY (Y3) [%] 47.73 37.47 37.37 72.04 38.73 37.72 52.94 81.76 72.87 35.29 60.16 37.55 56.90 
Note: db: dry basis; daf: dry and ash-free bases 

 
Table 7. ANOVA of response surface quadratic models 

 
Source DF F-Value Prob > F 

Fixed carbon content    
Model 5 70.97 < 0.0001 

X1 1 18.06 0.004 
X2 1 6.76 0.035 

X1X1
 1 153.47 < 0.0001 

X2X2 1 54.36 < 0.0001 
X1X2 1 5.53 0.051 

Lack-of-Fit 3 1.94 0.265 
R2 = 0.9807; R2

adj = 0.9668    
Deashing efficiency    

Model 5 197.38 < 0.0001 
X1 1 73.08 < 0.0001 
X2 1 25.48 0.001 

X1X1 1 729.38 < 0.0001 
X2X2 1 1.86 0.215 
X1X2 1 0.13 0.731 

Lack-of-Fit 3 4.42 0.093 
R2 = 0.9930; R2

adj = 0.9879    
Mass yield    

Model 5 182.08 < 0.0001 
X1 1 157.31 < 0.0001 
X2 1 34.32 0.001 

X1X1 1 540.20 < 0.0001 
X2X2 1 12.20 0.010 
X1X2 1 0.20 0.664 

Lack-of-Fit 3 3.68 0.120 
R2 = 0.9924; R2

adj = 0.9869    
 

This result is in agreement with previous 
studies (Zhang et al., 2016). Moreover, according to 
the F-values and p-values of Table 7, it can be noted 
that for the FC content X1, X2, X1X1, and X2X2 are 
significant model terms because their p-values were 
higher than 0.05. From the F-values, the process 
temperature (X1) had a slightly greater effect on the FC 
content rather than residence time (X2). Therefore, the 
positive signs of X1 and X2 in the Eq. (3) indicate 
synergistic effects on the FC. However, the negative 
signs of X1X1 and X2X2 provide antagonistic effects on 
the response which make the FC increase up to a 
certain threshold with increasing HTC temperature 
and residence time after which it decreases. 

 
3.3.2. Effect on dashing efficiency 

A similar trend obtained for the FC was found 
for the deashing efficiency (Fig. 4). The proximate 
analysis of Table 6 shows that the DE increased from 

35.10% up to 70.17% with the increase of process 
temperature and residence time from 220°C and 1.5h 
to 250°C and 4.5h and then decreasing up to 45.06% 
at 280°C and 1.5h. Similar findings were observed in 
literature studies (Mohammed et al., 2020; Nakason et 
al., 2018; Tahmid Islam et al., 2023). This was 
expected to be due to the fact that the ash can be 
leached into the liquid fraction during HTC and its 
increase may be caused by the condensation and 
reprecipitation of some inorganics on the hydrochar 
surface after a long residence time at high 
temperatures. Furthermore, the F-values and p-values 
of Table 7 highlighted how X1, X2, and X1X1 are 
significant model terms. Likewise, for FC content, the 
F-values of process temperature (X1) had a slightly 
greater effect on the DE rather than residence time 
(X2), while the quadratic effect of process temperature 
(X1X1) showed a higher impact. However, an 
important result from the ANOVA analysis is that the 
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residence time had no significant quadratic and 
interactive effects on the dashing efficiency.  
 
3.3.3. Effect on mass yield 

The effect of the independent variables on 
hydrochars mass yield is shown in Fig. 5. By 
considering each process temperature, the increase in 
residence time determined a slight decrease in MY. On 
the other hand, the hydrochar yield decreased by a 
mean of 46% points from 220°C to 250°C and 
increased again by a mean of 40% points from 250°C 
to 280°C. The decrease in the yield as a function of 
temperature and residence time might be due to the 
higher carbonization degree, which led to a higher 
degree of material decomposition, fragmentation, and 
solubilization (Melo et al., 2017; Roslan et al., 2023; 
Wilk et al., 2023). Furthermore, by raising the HTC 
temperature from 250°C to 280°C the formation of 
secondary char by polymerization reactions of small 
molecules in the liquid phase and recondensation into 
the char phase made the mass yield increase (Surup et 
al., 2020).  

The influence of the independent variables is 
confirmed by the ANOVA analysis, as reported in 
Table 7. All linear and quadratic terms were 
significant. In detail, having the highest F-value for 
both linear and quadratic coefficients, the process 
temperature affected most significantly the MY and 

might be considered the main controlling factor of the 
HTC process. Furthermore, the positive coefficients of 
the quadratic terms X1X1 and X2X2 denoted that there 
is a possible point of deflexion after which the 
independent variables have a negative or positive 
effect on the MY. 

 
3.4. Determination and validation of optimum 
conditions 
 

Since the aim of this work is the preliminary 
investigation of the possible use of hydrochar as an 
admixture for the production of a sustainable plaster 
as carbon-capture, thermal insulation, moisture 
absorption, and acoustic insulation material, the FC, 
DE, and MY were chosen as response variables to 
obtain the optimum HTC process conditions at which 
they are maximized. By using hydrochar as an 
admixture, plasters and other building materials might 
benefit from its low thermal conductivity, high surface 
area, and porous nature.  

These properties work together to enhance the 
plaster thermal insulation by disrupting the thermal 
bridging, rendering the heat propagation routes multi-
directional and hindering the effect of unidirectional 
heat propagation, thus reducing the propagation of 
heat flow (Cuthbertson et al., 2019; Zhang et al., 
2022). 

 

 
Fig. 3. Contour and surface plots of the fixed carbon content vs the independent variables (temperature and time) 

 

 
Fig. 4. Contour and surface plots of deashing efficiency vs the independent variables (temperature and time) 
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Fig. 5. Contour and surface plots of mass yield vs. the independent variables (temperature and time) 

 
Additionally, hydrochar could increase the 

ability of the plaster to absorb sound, as sound waves 
would disperse and converted into heat through 
refraction within the increased porosity and 
interconnected pore networks of the admixture (Mota-
Panizio et al., 2023; Rojas et al., 2019). Furthermore, 
a high surface area is favorable for the formation of a 
suitable pore structure for CO2 uptake, which is 
subsequently mineralized into stable carbonates after 
being released into the plaster matrix, and moisture 
adsorption, which can help to regulate the relative 
humidity (Cuthbertson et al., 2019; Deepak et al., 
2023; Gupta et al., 2022; Roychand et al., 2023; Zhang 
et al., 2022). These considerations are strictly related 
to the chosen response variables. The high ash content 
in the SOF may clog the pores, resulting in a decrease 
in specific surface area during the hydrothermal 
carbonization process (Gao et al., 2022). On the other 
hand, with the increase of FC the surface area of 
hydrochar generally shows a regular increase 
(Kahandawa Arachchi et al., 2021; Tu et al., 2021). 
This is because of the dehydration, decarboxylation, 
and devolatilization reactions, which increase the 
carbon content and open these clogged pores (Wang et 
al., 2022b). Furthermore, a higher MY could lead to 
greater efficiency in the production process, reducing 
production costs and increasing the economic viability 
of hydrochar in large-scale industrial production 
(Hussin et al., 2023; Yao et al., 2023). Thus, the 
deashing effect of the HTC process, the fixed carbon 
and the mass yield, should be maximised to enhance 
the characteristics of the plaster. However, the 
optimization of all responses under the same operative 
conditions is difficult because their intervals of 
variation are different. For this reason, the multi-
response optimization was carried out by the 
desirability function approach. Composite desirability 
evaluates how the settings optimize a set of responses 
overall (Barbanera et al., 2021). In this study, equal 
weightage was given for all responses (FC, DE and 
MY) and an importance parameter equal to 1 were 
assumed. As can be noted in Fig. 6 the composite 
desirability (D) of the optimization was 56.87%, 

indicating that it is challenging to optimize all the 
response variables simultaneously. In particular, the 
maximum fixed carbon content, deashing efficiency 
and mass yield was found to be 6.34%, 54.73% and 
53.81% respectively at an optimal parametric 
combination of a process temperature of 232°C and a 
residence time of 2.65h.  

 

 
 

Fig. 6. Optimization plots of the operating variables 
 
To consolidate the results of the model, a 

hydrothermal carbonization treatment of the cavitated 
mixture of SOF and LL was performed under the 
optimized conditions. Experiments were performed in 
triplicate and the values of the response variables are 
reported in Table 8. Results confirm the suitability of 
the developed quadratic models because the 
experimental findings are in close agreement with the 
predicted values within a < 3% error (Table 8). 
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Table 8. Physicochemical characterization of hydrochar and response variables at the optimal HTC conditions 

 
Analysis Measured Predicted Deviation [%] 

FC (Y1) [%] 6.17 6.34 –2.64 
DE (Y2) [%] 53.87 54.73 –1.58 
MY (Y3) [%] 54.26 53.81 0.84 

Note: db: dry basis; daf: dry and ash-free bases 
 

4. Conclusions 
 

In this work, the hydrothermal carbonization of 
the stabilized organic fraction of municipal solid waste 
was performed at several process conditions by using 
landfill leachate as a liquid substrate. Also, the 
hydrodynamic cavitation was confirmed as a valid 
pretreatment to enhance both the homogenization of 
the slurry, avoiding incurring pumpability problems at 
an industrial scale, and the hydrochar characteristics. 
Furthermore, the Central Composite Face-Centered 
Design together with the Response Surface Model 
proved to be very useful in determining the influence 
of independent variables (process temperature and 
residence time) on the response variables (FC, DE, 
and MY), thus the optimal conditions for the HTC 
process of the cavitated mixture of SOF and LL. In 
detail, HTC temperature has the most influence on the 
physicochemical properties of hydrochar while the 
effects of residence time are less significant.  

However, analysis of variance showed high R2 
values, indicating a good fit of the regression models 
to the experimental data. The optimum conditions for 
the HTC process found at 232°C and 2.65 h resulted 
in a fixed carbon content of 6.17%, a deashing 
efficiency of 53.87%, and a mass yield of 54.26%. 
Under the optimized conditions obtained from 
Derringer’s desired function methodology, the 
experimental values are in close agreement with the 
predicted ones. 
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