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A B S T R A C T   

According to existing literature, there are no conclusive results on the impact of stirring on hydrothermal 
carbonization (HTC); some studies report a significant impact on the product’s properties, while others indicate no 
influence. This study investigates the influence of stirring rate on several responses and properties of HTC products, 
including solid mass yield, solid carbon fraction, surface area, surface functional groups, morphology, and the fate 
of inorganic elements during HTC. Waste biomass was introduced as a feedstock to a 2 L HTC reactor, where the 
effects of temperature (180–250 ◦C), residence time (4–12 h), biomass to water (B/W) ratio (1–10%), and stirring 
rate (0–130 rpm) were investigated. The findings of this study conclusively indicated that the stirring rate does not 
influence any of the studied responses or properties of hydrochar under the selected experimental conditions used in 
this study. Nevertheless, the results indicated that a low-stirring rate (5 RPM) is enough to slightly enhanced the 
heating-up phase of the HTC reactor. For future research, it is recommended to examine the impact of stirring rate on 
the HTC of other types of biomass using the methodology developed in this study.   

1. Introduction 

Hydrothermal carbonization (HTC) is a thermochemical conversion 
process that operates in the presence of water in the temperature range 
180–250 ◦C, autogenic pressure (2–10 MPa), and residence time that 
typically varies between one to several hours (Funke and Ziegler, 2010). 
At HTC operating conditions, water exists in a subcritical phase that 
allows it to act as a solvent and a catalyst for several reactions, such as 
hydrolysis, dehydration, decarboxylation, aromatization, and polymer
ization condensation (Funke and Ziegler, 2010). The target product 
associated with these conditions is solid hydrochar, possibly used for 
various applications such as anodes for batteries, solid biofuel, adsorp
tion, or soil-improving material (Sharma et al., 2020). 

A liquid product is solubilized from the solid phase during the HTC 
reaction, composed mainly of organic compounds in addition to inor
ganic elements, and has been studied by several researchers (Dima et al., 
2022; Reza et al., 2013; Smith et al., 2016). Studying the liquid phase 
has provided valuable insights into our understanding of the pathways 
of inorganic elements and led to the use of hydrochar for applications 
such as phosphate recovery and electrochemical storage. The gas phase 
usually accounts for less than 10% of the used feedstock (dry basis) and 
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is composed mainly of CO2 and, to a lesser extent, CH4 (Volpe and Fiori, 
2017). 

Some HTC process parameters have been extensively investigated, 
namely hydrous conditions, temperature, and residence time. Several 
studies have indicated the importance of a liquid medium in facilitating 
carbonization. Additionally, water provides an excellent medium for 
heat transfer avoiding local temperature peaks that might develop due 
to exothermal reactions (Funke and Ziegler, 2010). Temperature is 
regarded as the most influential parameter in HTC; when temperature 
increases, the solid mass yield, in particular, decreases (Nizamuddin 
et al., 2017). Compared to temperature, residence time has a similar but 
less pronounced effect on solid mass yield; however, it was shown to 
increase HTC slurry dewaterability (Ahmed et al., 2021; Ghanim et al., 
2016). Several studies indicated that the particle size of lignocellulosic 
feedstock has less impact on the HTC process compared to temperature 
and residence time (Lynam et al., 2015; Nizamuddin et al., 2019; 
Rogalinski et al., 2008). 

Several other HTC process conditions, namely heating, cooling, and 
stirring rates, are usually overlooked in the literature, although they 
may influence the obtained products. In the case of stirring, Ubene et al. 
(2022) recently highlighted that it is widely assumed that stirred re
actors produce better-quality hydrochar, but without any solid experi
mental evidence supporting this statement. Indeed, it is rarely 
mentioned in HTC experiments if stirring was used or not, and when it is 
the case, which stirring rate and impeller shape was selected. 

To our knowledge, only five experimental studies explicitly dealt 
with stirring rate influence on HTC. Table 1 summarizes the scope of 
these studies and their contribution related to stirring influence during 
HTC. The striking fact is the absence of consensus among them. Indeed, 
three studies reported that the stirring rate influenced HTC (Jung et al., 
2021; Sharma and Dubey, 2020; Volpe et al., 2022), while the other two 
found the stirring rate influence insignificant (Sharma and Dubey, 2020; 
Sultana et al., 2021). 

These discrepant results may be attributed to several reasons. Firstly, 
most of the studies employed one reactor size for their stirred tests and 
another for their unstirred tests (Volpe et al., 2022; Jung et al., 2021; 

Sharma et al., 2020), making comparing results difficult. Secondly, the 
studies cover different ranges of HTC operating conditions, notably 
stirring rate, but also temperature, residence time, or biomass to water 
(B/W) ratio. Additionally, the feedstock used encompasses various ma
terials, from simple sugars – with additives - in powdered form (Jung 
et al., 2021; Su et al., 2020) to complex lignocellulosic biomass waste of 
various particle sizes (Sharma and Dubey, 2020; Sultana et al., 2021; 
Volpe et al., 2022). Lastly, the five studies did not always compare the 
same outputs. For instance, Volpe et al. (2022) discussed the differences 
in terms of product yield and organic composition as well as HHV of the 
hydrochar, while Su et al. (2020) and Jung et al. (2021) focused on the 
morphological properties of the hydrochar. 

The present study systematically investigates the influence of stirring 
rate in a broad range of temperatures, residence time, and B/W ratio on 
the HTC of representative lignocellulosic waste biomass, Typha australis. 
For that purpose, the study results include for each experiment (i) the 
solid and liquid mass yields; (ii) an extensive characterization of the 
hydrochars obtained, both in terms of compositional and morphological 
properties; (iii) an extensive characterization of the liquids in terms of 
composition; and (iv) the temperature profile during the heating-up 
phase. 

2. Methodology 

2.1. Feedstock 

In this study, Typha australis, commonly known as “Typha”, was 
selected as a representative sample of lignocellulosic biomass waste due 
to its high valorization potential. Indeed, Typha is an invasive species 
that threaten ecosystems in wetlands and river banks in many locations 
(Dia et al., 2020), including Western African countries such as Senegal. 
Typha causes the deterioration of watercourses and changes the food 
chain via various trophic levels, completely altering ecological systems 
(Dia et al., 2020). It is estimated that more than 3 million tons of Typha 
australis are in the Senegal River valley alone (Thiam et al., 2017). 
Mechanical control of Typha is frequently employed, resulting in 

Table 1 
Summary of previous experimental studies on stirring influence during HTC.  

Study (Volpe et al., 2022) (Su et al., 2020) (Jung et al., 2021) (Sultana et al., 2021) (Sharma et al., 2019; Su 
et al., 2020) 

Scope of the 
publication  

- Two different reactors sizes 
were used i.e., 500 mL (stirred) 
and 50 mL (unstirred)  

- Temperature (180–250 ◦C), 
residence time (1 h), stirring 
rate (200 rpm), B/W ratio (10%)  

- Wet biomass was grounded for 
size reduction  

- The analysis included  
• Product yield balance  
• Proximate analysis  
• CHONS  
• HHV, energy densification 

ratio  
• TOC  

- 2 L reactor was used  
- Temperature (180–260 

◦C), residence time 
(12–24 h), and stirring 
rate (0–400 rpm)  

- Mechanical stirrer was 
used  

- The study focused on 
morphological aspects, 
surface properties, and 
the yield of the formation 
of carbon microspheres  

- Xylose was used as a 
feedstock  

- Soft template (F127) was 
used  

- Two different reactors sizes 
were used i.e., 12 mL 
(unstirred) and 0.45 L 
(stirred)  

- Temperature (200 ◦C), 
residence time (1h), stirring 
rate (100 rpm), and 0.5 M 
fructose  

- Anchor stirrer was used  
- Additives (salts) were added 

to the feedstock solution  
- The morphology of the 

hydrochar particles was 
studied in detail  

- 300 mL reactor was 
used  

- Temperature 
(180–200 ◦C), 
residence time (2–4h), 
stirring rate (400–600 
rpm), and B/W ratio 
(10%)  

- Feedstock of 1 mm 
particle size was used  

- Two different reactors 
sizes were used, i.e., 50 
mL (unstirred) teflon- 
lined autoclave reactor 
and a 750 mL (stirred) 
stainless steel reactor  

- Temperature (160–200 
◦C), residence time (2–24 
h), stirring rate (100 
rpm). B/W ratio (1:20) 
and particle size 
(425–600 μm)  

- The effect of stirring was 
investigated with respect 
to the reaction 
mechanism, proximate 
analysis, CHONS, and 
combustion profiles 

Contribution 
related to 
stirring  

- Stirring in the 500 mL reactor 
significantly influenced the HTC 
residues distribution, leading to 
greater gas production and 
lower hydrochar mass yields 
compared to the 50 mL unstirred 
reactor  

- The diameter of the 
synthesized carbon 
microspheres decreases 
by increasing the stirring 
rate  

- Sphericity product yield 
of the carbon 
microspheres reduces 
while increasing the 
stirring rate  

- Unstirred experiments 
resulted in an exhaustive 
spherical morphology; the 
stirred samples show a 
strongly disrupted 
morphology with very large 
merged agglomerates  

- Stirring rate was one of 
the factors of the used 
DOE  

- The ANOVA indicated 
the stirring rate 
insignificance under 
the conditions tested  

- No substantial difference 
in the coalification extent 
was observed in the 
present study compared 
to the previous study 
(non-stirred case)  

- The proximate analysis 
and combustion profiles 
were similar for stirred 
and non-stirred 
experiments  
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enormous amounts of unvalorized wet waste, which is either left to rot 
or burnt openly. 

The Typha sample was collected from Dakar Technopole Swamp in 
Dakar, Senegal. Typha samples were milled several times using a 1 mm 
knife to have a particle size of approximately 1 mm; then, the resulting 
samples were dried at 105 ◦C for 24 h before use. The lignocellulosic 
sugars and lignin were determined by adapting the standard National 
Renewable Energy Laboratory (NREL) procedure (Sluiter et al., 2008a). 
The NREL standard was used to determine the extractives in the biomass 
(Sluiter et al., 2008c) . 

2.2. Design of experiments 

An RSM design of experiments accompanied by a full factorial cen
tral composite design (CCD) was carried out in this research to get ac
curate results while minimizing the number of experiments 
(Álvarez-Murillo et al., 2015; Cheng et al., 2022; Sabio et al., 2016). The 
studied factors were temperature (180–250 ◦C), residence time (4–12 h), 
B/W ratio (1–10%), and stirring rate (0–130 rpm). The range of factors 
was chosen based on the operational range of HTC in literature 
(Fernández-Sanromán et al., 2021; Funke and Ziegler, 2010; Lacho
s-Perez et al., 2022). 

The Reynolds number (Re) was employed as a design criterion for the 
range of stirring rates in the experiment. In stirred vessels, flow is 
considered laminar when Re < 10 and fully turbulent when Re > 104 

(Cullen, 2009; Sangare et al., 2021). In the HTC vessel, it was assumed 
that when the flow regime is turbulent, the particles are uniformly 
distributed, resulting in a homogeneous mixture (Sangare et al., 2021). 
The Reynolds number presented in Eq. (1) was utilized, revealing that 
the flow regime was laminar for experimental runs conducted at 0 and 
33 rpm. On the other hand, the flow regime was turbulent for the 
experimental runs conducted at 65, 98, and 130 rpm. 

Re=
Nd2ρ
μ (1)  

Where N (s− 1) is the impeller’s rotational frequency, d (m) is the 
diameter of the impeller, ρ ( kg

m3) is the density of the mixture, and μ (Pa. s) 
is the dynamic viscosity of the mixture. 

Studying 4 factors led to a total of 30 experiments, which can be 
found in Table 2. The studied responses were solid mass yield and solid 
carbon fraction from HTC. 

Linear and quadratic regression models were investigated; analysis 
of variance (ANOVA) was performed for the models and the process 
parameters to inspect their significance. The regression models were 
tested using the coefficient of determination R2 and p-value, and the 
model with the highest R2 was chosen. The Fischer test (F-value) and the 
p-value were used to determine the significance of the developed 
regression models and the studied process parameters. From the 
ANOVA, the significance of the independent parameters and their in
teractions were analyzed. The significance of the model was based on 
the p-value at 95% confidence level; a p-value <0.05 indicates the terms’ 
significance (Raheem et al., 2022). The produced regression model 
equations were used across the studied range of conditions to generate 
the response surface plots (Antony, 2003). Finally, the model was vali
dated using 2 validation points with conditions illustrated in Table 2. In 
Table 2, six additional experiments were added to the experimental 
design for validation and for extending/confirming the findings outside 
the studied range. 

2.3. Reactor setup and procedure 

The HTC tests were performed in a 2 L volume high-pressure reactor 
(Parr series 4530-floor stand reactor). The reactor had a diameter of 
10.16 cm and a height of 26.67 cm. The total power of the HTC system 
was 3450 W, where the heater corresponds to 2000 W of the total power. 

The heating of the reactor was induced by a heating jacket surrounding 
the reactor. The reactor had two thermocouples, one inside and one 
between the heater and the reactor. Additionally, the reactor was 
equipped with a variable-speed motor (½ hp, 230V) for agitation. This 
study used an anchor shape impeller with a diameter of 9.80 cm and a 
height of 12.60 cm. The anchor shape impeller was recommended for 
stirring viscous fluids (Kamla et al., 2020). A schematic of the HTC is 
available in Fig. S1 in the supplementary material. 

For the temperature history, the heating up phase of the reactor was 
investigated for different stirring rates (0, 5, 17, 65, 130, and 200 rpm) 
at 215 ◦C and a 5.5% B/W ratio using the temperature probe inside the 
HTC reactor. 

According to the experimental setup, Typha was loaded into the HTC 
reactor with the required B/W ratio and a fixed volume of water of 1.3 L. 
The reactor was then evacuated with grade-6 inert nitrogen gas for 3 min 
to replace the air in its headspace and create an anoxic environment in 
the reactor vessel. The reactor was heated to reach the final temperature 
in 35 min with a heating rate of around 5.5 ◦C/min. At the end of each 
run, the stirrer was stopped, and the reactor was allowed to cool down 
by natural convection. After reaching ambient temperature, 3 gaseous 
samples (20 mL each) were collected using gas syringes from the HTC 
outlet valve. The gas meter was then connected to the HTC outlet valve 
to measure the total volume of released gas during HTC. The reactor was 
then opened, and its content unloaded. Three 100, 45, and 20 μm sieves 
were used to filter the liquid hydrochar mixture. The obtained liquid was 
additionally filtered using a 0.45 μm filtration step. The collected 
hydrochar was then dried in an oven at 105 ◦C for 24 h for further 
characterization. Finally, a liquid sample of 100 mL was collected for 
further analysis. 

Table 2 
Total runs of HTC experiments according to central composite design, additional 
and validation runs.  

Run Temperature 
(◦C) 

Residence Time 
(h) 

B/W ratio 
(%) 

Stirring 
(rpm) 

1 215 12 5.5 65 
2 198 10 7.75 98 
3 198 6 7.75 98 
4 215 8 1.0 65 
5 250 8 5.5 65 
6 233 10 3.25 98 
7 215 8 5.5 0 
8 215 8 10.0 65 
9 215 8 5.5 65 
10 215 8 5.5 65 
11 233 6 3.25 33 
12 198 10 3.25 98 
13 198 6 7.75 33 
14 198 10 7.75 33 
15 215 8 5.5 65 
16 198 10 3.25 33 
17 215 8 5.5 65 
18 215 8 5.5 130 
19 233 6 7.75 98 
20 215 4 5.5 65 
21 180 8 5.5 65 
22 233 6 3.25 98 
23 215 8 5.5 65 
24 233 10 7.75 33 
25 233 6 7.75 33 
26 198 6 3.25 33 
27 233 10 3.25 33 
28 233 10 7.75 98 
29 198 6 3.25 98 
30 215 8 5.5 65 
Validation 1 190 5 2.125 21 
Validation 2 215 8 3.25 65 
Add 01 215 2 5.5 0 
Add 02 215 2 5.5 200 
Add 03 215 0.5 5.5 0 
Add 04 215 0.5 5.5 200  
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2.4. Product mass yield 

The solid mass yield is the ratio of the mass of hydrochar to the mass 
of dried raw biomass, as illustrated in Eq. (2). The ideal gas law was used 
to estimate the produced mass of CO2. Then the gas yield was calculated 
based on the ratio between the mass of gas (assumed to be fully CO2) to 
the mass of dried biomass. The liquid yield was calculated based on the 
difference between the mass of dried biomass and the sum of solid mass 
yield and gas yield. 

Solid mass yield (%) =
Mass of dried hydrochar
Mass of dried biomass

× 100 (2)  

2.5. Gas, liquid, and solid characterization 

2.5.1. Gas characterization 
The collected gaseous samples from the HTC experiments were 

analyzed by SCION 456-GC gas chromatograph (GC). Helium (He) gas 
was used as the carrier gas, while the PORABOND-Q capillary column 
(25 m in length) was used for separation. 

The CarlTech HATKG-12-NR-00752 standard gases (50% CO2 and 
CH4) were used for calibration. A 0.5 mL injection volume was used with 
a run time of 2 min. The N2 gas peak was identified at 1.1 min, while the 
CH4 and CO2 peaks were identified at 1.2 min and 1.4 min, respectively. 

2.5.2. Liquid characterization 
The liquid samples from the HTC were filtered using a 0.45 μm 

cellulose-acetate membrane filter paper, acidified to a pH below 2, and 
stored at 4 ◦C for a maximum of one week prior to being analyzed. 

The dissolved organic carbon (DOC) of the liquid sample was 
analyzed by using a Shimadzu TOCv-cpn analyzer at 720 ◦C while the 
dissolved nitrogen (DN) was analyzed by an accompanying module 
called Shimadzu TN. Avio 200 PerkinElmer Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP-OES) was used to analyze in
organics in the liquid phase. All DOC, DN, and ICP OES measurements 
were performed with triplicate samples to obtain mean values and 
measure the standard deviations. The uncertainty of the DOC and DN 
analysis was ±0.5 mg/L, while the uncertainty of the ICP OES ranged 
between 2 μg and 60 μg depending on the measured element. 

2.5.3. Solid characterization 
The proximate analysis was carried out for the raw biomass and the 

hydrochar samples. The volatile matter and moisture content were 
measured using EN15148-2009 and EN14774–1:2009, respectively. The 
ash content was determined according to the NREL operating procedure 
for the determination of ash in biomass (Sluiter et al., 2008b). The fixed 
carbon was calculated following Eq. (3). 

Fixed Carbon (%)= 100 − Ash (dry basis %) − Volatile matter (dry basis %)

(3) 

An Elementar Macro cube elemental analyzer was utilized to analyze 
the raw biomass C, H, N, S content, and hydrochar following the 
EN15289-2011 standard procedure. This was done by combusting the 
samples at 1150 ◦C. The oxygen content was calculated based on the 
difference. All measurements were performed in duplicates. 

The hydrochar samples underwent microwave digestion following 
the ISO11466 standard procedure to determine the major and minor 
inorganic elements. The digested samples were then analyzed using 
Agilent ICP-OES 51110 to determine the major and minor inorganic 
elements. 

Fourier transform infrared (FTIR) analysis was done using a Bruker 
Alpha FTIR spectrometer equipped with an attenuated total reflection 
(ATR) crystal to determine the functional groups inside the hydrochar. 
The spectral range examined was between 4000 and 400 cm− 1 with a 
resolution of 4 cm− 1. 

The Brunauer-Emmet-Teller (BET) technique was used to calculate 

the specific surface area of hydrochar following the DIN ISO 9277 
standard procedure. Samples were dried at 40 ◦C and milled to a particle 
size of less than 3.15 mm, and nitrogen was used as the adsorption gas. 
The degassing was performed under vacuum at a temperature of 150 ◦C 
and for a duration of 2 h. 

A scanning electron microscope (SEM- JEOL JSM-6010LA) was uti
lized to inspect the morphology of the raw biomass and hydrochar 
surfaces. Before investigating the samples, the stubs were double coated 
with a thin layer of gold (4 and 6 nm) using a JHC-1300 JEOL sputter 
coater to produce a conductive surface for SEM investigation. 

2.6. Carbon and inorganic elements balance 

The carbon balance was calculated for all hydrochar samples using 
Eq. (3). The carbon content in the hydrochar (solid carbon fraction) was 
measured (in percentage) using an elemental macro cube analyzer. The 
carbon concentration in the liquid was calculated in mg/L as DOC. For 
the gas, GC was used to measure the concentration of CO2 in the gaseous 
products. The carbon associated with the gas phase was determined by 
employing the ideal gas law, utilizing the CO2 concentration (as 
measured by GC analysis), the total gas volume collected from the HTC 
vessel outlet at atmospheric pressure, and the temperature recorded at 
the moment of gas sampling. 

CRaw biomass=Chydrochar + CGas + Cliquid (4) 

For the calculation of the fate of inorganics, it was assumed that the 
inorganics would only be found in solid and liquid phases and not get 
volatilized under HTC conditions. 

3. Results and discussions 

3.1. Feedstock 

The macromolecular composition of the biomass is illustrated in 
Table 3. The moisture content as received was 89.5% ± 0.5%, which 
aligns with common wetland plants’ moisture content (Zhao et al., 
2012). 

3.2. Temperature history in the HTC reactor 

The temperature history has been investigated inside the reactor 
during heating up for different stirring rates (0, 5, 17, 65, 130, and 200 
rpm) at 215 ◦C using a 5.5% B/W ratio and 1 mm particle size, as shown 
in Fig. 1. 

At the beginning of the heating-up phase (7–15 min) in Fig. 1, it was 
observed in the stirred experiments that the temperature at the sampling 
point varied depending on the stirring rate. The higher the stirring rate, 
the higher the achieved temperature. From the 15th min onwards, all the 
stirred experiments yielded the same temperature in the reactor, indi
cating that a low stirring rate was enough to achieve temperature ho
mogeneity during the heating-up phase. In contrast, the unstirred 
experiment (0 rpm) showed a significantly different heating-up history, 

Table 3 
Macromolecular composition and ash concentration of Typha australis on a dry 
basis.  

Macromolecular composition Percentage (wdb %) 

Cellulose 29 ± 3 
Hemicellulose Xylan 10.90 ± 0.04 

Arabinan 1.70 ± 0.03 
Galactan 0.90 ± 0.07 
Mannan 0.5 ± 0.1 
Rhamnan 0.50 ± 0.02 

Lignin 23 ± 2 
Ash 13.1 ± 0.6 
Extractives 19.6 ± 0.6  
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especially up to the 25th min. The dependency on natural convection for 
heat transfer probably accounts for the lack of homogeneity in the case 
of the unstirred experiment. From the 25th min, no significant differ
ences between the heating-up profiles could be noticed. Hence, the 
stirring rate appears to influence only the first two-thirds of the heating- 
up process, that is, between 0 and 25 min. It is worth noting that the 
unstirred reactor’s temperature history was overshot for 5 min reaching 
218 ◦C, instead of 215 ◦C. Such observation may be related to the lack of 
stirring; Basso et al. (2016) noticed a similar observation in a 50 mL 
stainless steel unstirred reactor. 

There are several reasons behind the observed trends in the HTC 
temperature histories and the dynamic evolution of stirring rate influ
ence. Firstly, water is a good medium for transferring and storing heat, 
avoiding local peaks that might arise during HTC (Funke and Ziegler, 
2010). Secondly, the heating-up phase had a duration of 35 min, which 
is a long heating-up period and thus might be sufficient for natural 
convection to transfer heat homogeneously in such operating condi
tions. Thirdly, the particle size used might be considered small enough 
to mix well due to natural convection (Funke and Ziegler, 2010; Sharma 
and Dubey, 2020). Further tests with shorter heating-up times, higher 
heating rates, and more extensive temperature monitoring could pro
vide further insights into stirring effects during the heating-up phase. 

As a complement, the full temperature history of a central point (Run 
23) is illustrated in Fig. S6 in the supplementary material. The cooling 
down ramp was logically relatively slow as the reactor was left to cool by 
natural convection at ambient temperature, taking almost 5 h to reach 
50 ◦C. Some reactions might have continued during this phase, influ
encing the final product distribution. However, as the cooling down time 
was the same for all experiments, a relative comparison of the experi
ments and the influence of the different conditions tested remains valid. 
It may be useful to fasten the cooling ramp in future studies, using, for 
instance, methods described by Hoekman et al. (2011) and Basso et al. 
(2016). 

3.3. Mass and carbon balance 

A product mass balance is presented in Fig. 2a, where the liquid mass 
yield was calculated based on the difference between the mass of 
biomass (on a dry basis) and the mass of the hydrochar and gas yields. 
Additionally, the standard deviation of the solid mass fraction was 
calculated based on the replicates at the central point. The solid mass 
fraction was between 30% and 70% based on the process conditions. 
Liquid composition was between 40% and 70%, depending on the 

temperature and the amount of biomass. Run 5 demonstrated the lowest 
solid mass yield, which is attributed to the high severity of the process 
conditions (250 ◦C and 8 h) compared to the other runs, in alignment 
with the literature (Heidari et al., 2019). 

The gas composition was between 1% and 7%. The magnitude of gas 
production depended mainly on the B/W ratio and the temperature 
used. These results align with Volpe and Fiori (2017) and Stemann et al. 
(2013). 

A carbon balance was also developed for all runs, including the solid, 
liquid, and gas products, as shown in Fig. 2b. The standard deviation for 
the carbon mass balance was calculated based on duplicate samples of 
the carbon fraction in the solid, liquid, and gas phases. The total 
retrieved carbon content ranged from 87% to 99% relative to the orig
inal carbon content in the raw biomass, which aligned with previous 
studies performed using the same reactor (Arrieta, 2021; Qatarneh et al., 
2021). The losses can be explained mainly by hydrochar that adhered to 
the reactor walls and possible losses during the extraction of the solid, 
liquid, and gas products. 

The majority of carbon in the raw biomass was concentrated in the 
produced hydrochar (between 47 and 75 db%), while the carbon con
tent in the liquid product varied between 21 and 44% at different 
operating conditions. The carbon content in the gas product was found 
to be less than 5%. The carbon balance shows that a higher temperature 
leads to a higher fraction of carbon in the liquid phase. This occurs as 
increasing the temperature improves the hydrolysis reaction, which is 
responsible for releasing organic compounds into the liquid phase 
(Funke and Ziegler, 2010). 

3.4. Effect of process parameters 

3.4.1. Solid mass yield 
The R2 and the p-value were used to determine the best model for 

solid mass yield. For linear and quadratic models, the p-value was 
<0.05, indicating their significance (95% confidence level). The R2 was 
found to be 0.95 and 0.97 for the linear and quadratic equations. 
Therefore, the quadratic model was chosen to illustrate the solid mass 
yield as a function of the independent variables. 

The mathematical models for process parameters were developed to 
fit the solid mass yield, as shown in Eq. (5). This equation is in terms of 
actual factors, which can be utilized for prediction based on given levels 
of each factor. A simplified equation using the significant factors is 
shown in Eq. (6). 

Fig. 1. Temperature history for different stirring rates at 215 ◦C, and 5.5% B/W ratio.  
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Solid mass yield (%)= 354.96 − 2.11A − 4.29B − 3.24C − 0.074D

+ 0.0055AB+ 0.021AC + 0.00016AD+ 0.069BC − 0.0042BD

+ 0.0021CD+ 0.0033A2 + 0.14B2 − 0.074C2 + 0.000552D2 (5)  

Solid mass yield (%)= 295.96 − 1.82A − 0.79B+ 1.22C + 0.0030A2 (6)  

where A is temperature (oC), B is residence time (h), C is biomass loading 
(%), and D is stirring rate (rpm). 

Two validation points were used to confirm the accuracy of the 
regression equations. For validation 1, the experimental solid mass yield 
was 58%, while the predicted results using Eq. (5) and Eq. (6) were 60% 
and 57%, respectively. For validation 2, the experimental mass yield was 
41%, while the predicted results were 40 and 41% using Eq. (5) and Eq. 

(6), respectively. 
The influence of the studied process parameters and their in

teractions on the solid mass yield is demonstrated in the three- 
dimensional response surface plots in Fig. 3. Fig. 3a, 3b, and 3c illus
trate the interaction between stirring rate and temperature, residence 
time, and B/W ratio at the central point. Within the investigated range of 
conditions, the stirring rate had an insignificant effect on the solid mass 
yield of Typha. Fig. 3a illustrates the combined effect of stirring rate and 
temperature. This figure shows that between 180 ◦C and 250 ◦C, the 
solid mass yield decreased from 70 to nearly 30%. A 10% reduction of 
solid yield was observed with increasing residence time (from 4 to 8h), 
as perceived in Fig. 3b; however, the stirring rate did not influence the 
solid mass yield at the studied residence time and stirring rate range. 

Fig. 2. (a) Product mass balance of all runs, (b) Carbon mass balance of all runs.  
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Even though it was thought that stirring improves the homogeneity of 
biomass at higher B/W ratios, no stirring influence on solid mass yield 
was found in this range of conditions, as shown in Fig. 3c. 

The results obtained from the ANOVA confirmed that stirring did not 
influence the solid mass yield of hydrochar. Moreover, it does not 
interact with the other process parameters in influencing the solid mass 
yield within the range of conditions studied here, as the p-value of the 
stirring rate and interactions are >0.05. The factors explaining the 

absence of influence of stirring rate on the solid mass yield were pre
viously mentioned in section 3.2. 

The results obtained from the ANOVA (Table S1 in supplementary 
materials) indicated that temperature, residence time, and B/W ratio 
were significant as their p-value were <0.05. Fig. 3d illustrates the 
combined effect of temperature and residence time. The lowest yields 
were obtained at the highest temperature and residence time (Wang 
et al., 2018). Additionally, at a lower temperature range of 180 ◦C, HTC 

Fig. 3. Influence of different process parameters on the solid mass yield.  
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can degrade hemicelluloses; however, it is ineffective in degrading cel
lulose or lignin (Koechermann et al., 2018). Hence, at a higher tem
perature range, significant degradation of cellulose can occur, 
increasing the formation of secondary hydrochar. Moreover, the in
crease in the severity of the reaction can strengthen the dehydration and 
decarboxylation of cellulose and hemicelluloses in the biomass. Specif
ically, through the aforementioned reactions, a part of the macromole
cules underwent direct decomposition and formed gaseous products, 
such as CO2, CO, H2, and CH4 (Yao and Ma, 2019), while the rest may 
have undergone hydrolysis and dissolved into the aqueous phase 
forming intermediates, such as 5-hydroxymethylfurfural, aldehydes, 
furfural, organic acids (Zhang et al., 2020). Fig. 3e shows that the 
highest solid mass yield is obtained at lower temperatures and a high 
B/W ratio. These results were aligned with the findings of Volpe and 
Fiori (2017). Fig. 3f suggests that the interaction between residence time 
and B/W ratio only slightly influences the process when the other pro
cess parameters are fixed. 

Additional experiments were conducted for stirring under more 
extreme conditions with shorter residence times, as shown by Add 01- 
Add 04 samples in Table 2 to confirm further the findings related to 
the stirring rate. For runs Add 01 (0 rpm) and Add 02 (200 rpm), which 
were conducted at 2 h of residence time, the solid mass yields were 54% 
for both scenarios. For runs Add 03 (0 rpm) and Add 04 (200 rpm), they 
were conducted at 30 min residence time and led to a solid mass yield of 
58% and 59%, respectively. These results indicated no significant dif
ferences. From additional experiments, it can be observed that the 
relevance of the stirring rate is not influenced by the shorter residence 
times tested. 

3.4.2. Solid carbon fraction 
The solid carbon fraction indicates the amount of carbon as a per

centage of the final mass of hydrochar. This provides direct insight into 
properties relevant to energy applications, such as HHV and energy 
density, or indirect insights for applications, such as soil amendment or 
electrochemical storage. Overall, the carbon content in the collected 
hydrochar ranged between 52% and 70%, similar to previous results 
using similar conditions and feedstock (Chen et al., 2017; Gao et al., 
2016). 

The R2 and p-value were used to determine the model that best fits 
the solid carbon fraction. For all models, the p-value was <0.05 indi
cating their significance. However, the R2 was found to be 0.92 and 0.91 
for the linear and quadratic models. The quadratic model was eliminated 
as the predicted R2 and the adjusted R2 were not close (Adjusted R2 

Predicted R2 > 0.2). Hence, the linear model was chosen to illustrate the 
solid carbon fraction as a function of the selected independent variables. 

The mathematical models for process parameters were developed to 
fit the hydrochar carbon content, as shown in Eq. (7). A simplified 
equation using the significant factors is shown in Eq. (8). 

Solid carbon fraction(%)= − 17.62 + 0.34A + 0.71B + 0.16C − 0.043D
(7)  

Solid carbon fraction(%)= − 16.99 + 0.34A+ 0.71B (8)  

where A is temperature (oC), B is residence time (h), C is B/W ratio (%), 
and D is stirring rate (rpm). 

Regarding the validation of the regression equations, two points 
were used for this purpose. The experimental solid carbon fraction for 
the first validation experiment was 50%, while the predicted results 
using Eq. (7) and Eq. (8) gave both 51%. The experimental solid carbon 
fraction for the second validation experiment was 60%, while the pre
dicted results were 61 and 62% using Eq. (7) and Eq. (8), respectively. 

The three-dimensional response surface plots in Fig. 4 illustrate the 
impact of the studied process parameters on the solid carbon fraction. 
Fig. 4a, 4b, and 4c demonstrate the interactions of stirring with tem
perature, residence time, and B/W ratio, respectively. 

Similar to the mass yield, it was found that the stirring rate did not 
significantly influence the carbon content of the hydrochar. Analysis of 
variance further confirmed these results, i.e., the stirring rate had a p- 
value> 0.05, indicating that it was insignificant for the hydrochar car
bon content over the range of operational parameters studied here. The 
insignificance of the stirring rate on the solid carbon fraction can be 
attributed to the same reasons as in the case of the solid mass yield 
illustrated in section 3.4.1. 

The ANOVA results demonstrated that the temperature and resi
dence time are the main factors influencing hydrochar carbon content as 
their p-values were <0.05, while the B/W ratio had only a slight influ
ence Fig. 4d shows the combined influence of temperature and residence 
time. Similar findings were reported by Wilk et al. (2020). Fig. 4e il
lustrates the combined effects of temperature and B/W ratio. It was 
observed that the highest hydrochar carbon content was achieved by 
increasing the temperature. Increasing temperature improves dehydra
tion and decarboxylation reactions (Funke and Ziegler, 2010; Tasca 
et al., 2020), consequently improving the solid carbon content. The B/W 
ratio had an insignificant influence on the solid carbon fraction, similar 
to the findings of Borbolla-Gaxiola et al. (2022). Hence it can be 
concluded that the temperature had the most significant effect on the 
solid carbon content, which was confirmed by the ANOVA and is similar 
to previous studies (Funke and Ziegler, 2010; Tasca et al., 2020). Fig. 4f 
confirms that residence time and B/W ratio did not significantly impact 
the carbon content of the hydrochar. 

3.4.3. Process water from HTC experiments 
Even though the study’s primary focus was on the hydrochar prop

erties, the influence of process parameters on the DN and DOC of the 
process water was also explored. The ANOVA revealed that the p-values 
for the temperature and B/W ratio were <0.05 for DOC and DN under 
the studied experimental conditions, while the residence time and stir
ring rate had no significant impact (p-value> 0.05) on the DOC and DN 
during HTC. This might be due to organics and nitrogenous compounds 
leaching at higher temperatures and B/W ratios. 

3.5. Ash content and the fate of inorganics 

Ash content has also been investigated (Table S2 in the supplemen
tary materials), and the results indicated that the raw biomass had an 
ash content was 13.61 db%. In contrast, the experimental runs had an 
ash content between 4 and 8 db%. It was found that Run05 had the 
highest ash content; this might be attributed to the high temperature 
which was employed in this experiment and the possible reincorporation 
of inorganics in the solid (Smith et al., 2016). 

The influence of stirring on the fate of inorganics was studied at three 
different stirring rates 0, 65, and 130 rpm at HTC conditions of 215 ◦C, 
8h, and 5.5% biomass to water ratio. Fig. 5 shows the distribution of 
inorganic elements in hydrochar and its liquid products compared to the 
inorganic elements in raw biomass. The calculated standard deviation 
was based on triplicate samples obtained for the analysis of the inor
ganic elements in the solid and liquid phases. Overall, the trends ob
tained for the three stirring rates were very similar for the majority of 
the inorganic elements. The alkali and alkaline earth metals such as Ca, 
Mg, Na, and K leached into the liquid phase due to their higher solubility 
at low pH, which is similar to the findings of Smith et al. (2016), Arrieta 
(2021) and Dima et al. (2022). It was reported that organic acids, such as 
acetic, lactic, formic, and levulinic acid, are produced during HTC 
through dehydration and decarboxylation reactions (Arrieta, 2021). 
Hence, this enhances the dissolution of minerals from the feedstock 
when the process temperature rises during HTC (Kambo and Dutta, 
2015). 

The highest solid-to-liquid leaching was observed for Na and K, 
which is similar to the findings of Arrieta (2021). After HTC, other major 
inorganic elements, such as Al, Fe, and Si, were contained mainly in the 
hydrochar. Al has a low solubility; therefore, it did not leach 
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significantly into the liquid phase. For Fe, an overshoot was seen in the 
run operated at 0 rpm exceeding the initial inorganic element concen
tration in raw biomass. This observation is mainly attributed to the re
actor’s degradation and the possible leaching of Fe from the reactor 
vessel. This was also reported previously by other researchers working 
with the same reactor vessel (Arrieta, 2021). Regarding the Si balance, 
for runs operated at 0 and 130 rpm, most of the Si was contained in the 
hydrochar, while a small part leached to the liquid phase. 

Generally, the error bars are relatively high for minor elements due to 

their low concentrations. It is worth noting that the majority of Zn was 
contained in the hydrochar. In contrast with Zn, around 50% of the Mn 
was contained in the hydrochar, while the rest leached to the liquid phase. 

3.6. Dehydration, decarboxylation, and demethanation reactions 

The effects of stirring rate and temperature on the H/C and O/C 
atomic ratios can be visualized in the van Krevelen diagram in Fig. 6, 
where dehydration, decarboxylation, and demethanation reactions 

Fig. 4. Influence of different process parameters on the solid carbon fraction.  
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correspond to the arrows. In Fig. 6a, upon increasing the temperature 
and residence time, the experimental runs shift towards lower H/C and 
O/C ratios due to dehydration and decarboxylation, as suggested by 
Fig. 6a (Sharma et al., 2021). 

Several duplicate and triplicate experimental results at different 
stirring rates were plotted in the van Krevelen diagram (Fig. 6b) to 
investigate the influence of the stirring rate on the studied reactions. The 
points overlapped well for the runs performed at 0, 65, and 130 rpm, 
respectively. Similar results were also obtained for other experiments 
conducted under the same experimental conditions but with different 
stirring rates. These results indicate that stirring does not seem to in
fluence the reactions under the studied conditions and is aligned with 
the findings of Sharma and Dubey (2020). 

3.7. Hydrochar surface characterization 

3.7.1. Surface functional groups 
The FTIR spectra for the runs operated at different stirring rates (0, 

65, 130 rpm) and 215 ◦C, 8 h, 5.5% B/W are presented in Fig. S2a (in the 
supplementary material). In Fig. S2a, it was observed that the graphs 
show almost no observable differences. Regarding the obtained spectra, 
the –OH stretching vibration between 3200 and 3400 cm− 1 demon
strates the presence of phenols and alcohols (Gao et al., 2013). Between 
2840 and 2970 cm− 1, absorbance peaks correspond to CHn stretching 
vibrations, a sign for aliphatic and aromatic compounds; gaseous 
products such as CH4, C2H6, and C2H4 are produced when the -C-H 
functional groups are broken down (Chen et al., 2012). The absorbance 
peaks obtained between 1800 and 1100 cm− 1 represents C––O, C––C, 
and C–O, indicating the release of CO2; an aromatic ring peak is visu
alized at 800 cm− 1 (Gao et al., 2013). 

Fig. S2b shows the hydrochar spectra at different temperatures after 
HTC for 8h, 5.5% B/W ratio, and a stirring rate of 65 rpm. Overall, there 
are observable differences in the obtained spectra. The intensity of the 

obtained OH stretching vibration between 3200 and 3400 cm− 1 was 
greatest in the case of pristine Typha, while it was the lowest for the 
hydrochar produced at 250 ◦C. This suggests that dehydration is more 
dominant at higher temperatures, leading to a reduction of the –OH 
stretching vibrations (Gao et al., 2013). Interestingly, the peak obtained 
between 2840 and 2970 cm− 1 was similar for the three hydrochars 
indicating that temperature did not affect the obtained CHn stretching 
vibrations. Regarding the absorbance peaks between 1800 and 1200 
cm− 1, the highest intensity was observed for the hydrochar obtained at 
250 ◦C and the lowest for 180 ◦C, which confirms the release of more 
CO2 at higher temperatures. The peak obtained at 1000 cm− 1 was the 
highest for the raw Typha and lowest at the hydrochar produced at 250 
◦C and is mainly attributed to C–O–H and C–OH functional groups 
(Niinipuu et al., 2020). 

3.7.2. Surface area 
The surface area has been analyzed (Table S2 in supplementary 

materials) for all the produced hydrochar samples. The BET surface area 
was in the range of 3–10 m2/g. Such a result appears logical as hydro
chars tend to have a low surface area without activation (Adair et al., 
2023; Murillo et al., 2022). It was noticed that the studied parameters 
did not significantly impact the obtained surface area. 

3.7.3. Surface morphology 
The surface morphology of the raw biomass and the hydrochar was 

examined using SEM imaging, as illustrated in Fig. S3 (in supplementary 
material). It can be observed that the raw biomass comprised rigid, 
smooth, and compact striated fibrils, which can be attributed to the 
grinding carried out before the analysis. Undergoing HTC on the raw 
biomass at a temperature of 215 ◦C led to extra surface degradation, 
which might be attributed to the total degradation of hemicelluloses and 
the depolymerization of cellulose, as shown by Zhang et al. (2019). 
These aspects have increased the amorphous structure in the hydrochar 

Fig. 5. Fate of inorganics using different stirring rates.  
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and made the surface rougher than in the raw biomass (Afolabi et al., 
2020). 

Overall, no observable differences existed between the studied 
hydrochars from Typha at different stirring rates. This might be attrib
uted to several reasons, such as the biomass’s heterogeneity and the 
insignificance of the stirring rate compared to temperature and resi
dence time under the studied conditions. Unfortunately, no previous 
studies explored the impact of stirring on hydrochar from lignocellulosic 

biomass. However, the two previous studies that examined the impact of 
stirring on pure fructose and D-xylose (Jung et al., 2021; Su et al., 2020) 
found that stirring had significantly disrupted the morphology of the 
hydrochar and the microspheres in particular. Such disruption and the 
microspheres were not observed in the current study, probably due to 
the fact that complex lignocellulosic biomass was used and not sugars. 

Fig. 6. Van Krevelen diagram based on (a) different temperatures and (b) different stirring rates.  
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4. Practical applications and future prospects 

This study can serve as a preliminary guide for applications of Typha- 
based hydrochar. The produced hydrochar can be used as a soil additive 
as it contains beneficial elements for plants (Islam et al., 2021). 
Hydrochar can also be used for carbon sequestration as an additive in 
construction material or for soil amendment (Masoumi et al., 2021). 
Furthermore, the hydrochar produced here has a low surface area and 
can be potentially used as an anode for sodium-ion batteries (Qatarneh 
et al., 2021). Even though the produced hydrochar has a low surface 
area, it is rich in functional groups. Hence, it might be used as a low-cost 
adsorbent, catalyst support, a heterogenous solid acid catalyst, or 
directly as a catalyst after activation (Masoumi et al., 2021). 

For future perspectives, some gaps still need to be addressed to 
completely understand the effect of stirring. Firstly, the stirring rate 
needs to be investigated on different types of biomass using the original 
moisture content and when it is dried, especially at short residence time, 
e.g., 30 min. Secondly, the usage of different types of impellers is rec
ommended to be studied. Thirdly, the detailed chemistry of the HTC and 
the exact reaction pathways are still largely unknown (Ischia et al., 
2022). Hence, in-depth studies should be carried out to understand HTC 
chemistry and the influence of stirring rate on it. 

5. Conclusions 

This study investigated the effects of stirring rate, temperature, 
residence time, and B/W ratio on several hydrochar properties produced 
from lignocellulosic waste biomass under the typical HTC range of op
erations. The findings indicated that the stirring rate did not influence 
the studied responses and hydrochar properties under selected condi
tions. Temperature was the most significant parameter, followed by 
residence time and B/W ratio. Further investigation is recommended 
using the methodology developed in this study to understand if the 
conclusions on the stirring rate reported here can be extended to other 
types of wet biomass. 
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