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Hydrothermal carbonization of industrial kraft lignin: Assessment of 
operational parameters 
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A R T I C L E  I N F O   

Keywords: 
Hydrothermal carbonization 
Hydrochar 
Industrial integration 
Lignin 

A B S T R A C T   

Lignin, one of the main constituents in wood and the second most abundant natural polymer, has generated great 
interest as a source for generating bio-based materials and fuels. The properties of lignin can be affected by 
various methods, for example, hydrothermal carbonization (HTC). The thermal treatment could thus be used to 
produce more suitable raw materials for added-value products. This work studies the relationship between the 
properties of the solid product (hydrochar) from HTC treatment and the choice of reaction conditions for typical 
HTC parameters: temperature – 200, 220, and 240 ◦C; residence time – 3, 6, 12, and 24 h; and water 
recirculation– 40, 60 and 80 vol% of process water (PW). The chemical composition of the hydrochar (HC) 
generated from industrial kraft lignin is evaluated along with their thermal degradation behavior under inert and 
oxidizing conditions by thermogravimetry. Compositional variations led to changes in characteristics such as 
volatile, fixed carbon, and ash content, varying to a greater or lesser extent according to the operational pa
rameters. Although an increase in the temperature of the process leads to an increase in the caloric value of the 
hydrochar, this temperature change also leads to a slight decrease in the thermal stability of HC in oxidizing 
atmospheres. Additionally, the integration of a lignin HTC treatment process in a large modern Nordic pulp mill 
is presented, indicating minor disturbances when adding an HTC unit to the plant.   

1. Introduction 

Lignin is the world’s second most abundant organic polymer after 
cellulose [1]. The primary industrial sources are side streams of pulp and 
paper mills and second-generation ethanol facilities [2]. Approximately 
50 million metric tons of lignin per year are generated in the pulp mills 
[3], and the major portion is burned to energy on-site as a low-grade 
fuel, black liquor [4]. The most common source of commercially used 
lignin is kraft pulping, corresponding to approximately 85 % (approxi
mately 100 million dry tons) of lignin recovered worldwide [5], and it is 
projected to reach 225 million tons by 2030 [6]. The growing interest in 
decarbonizing industrial processes has increased the interest in devel
oping value-added products derived from lignin. The superior thermal 
stability and higher heating value of lignin compared to cellulose and 
hemicellulose indicate that lignin is a promising precursor for biochar 
production. 

Lignin is composed of various linkages of three basic monolignol 
subunits, synapse alcohol, coniferyl alcohol, and p-coumaric alcohol, 
which become syringyl (S), guaiacol (G), and p-hydroxyphenyl (H) 

groups [7]. The properties of lignin derived from the forestry industry 
depend on the raw material from which it is extracted and the pulp mill’s 
production and separation processes. The concentration of the subunits 
varies depending on the biomass, i.e., softwood with 16–25 %-dry lignin 
in its composition has mainly G units, and hardwood with 23–35 %-dry 
lignin has mostly G and S units [8]. However, lignin is closely inter
twined with cellulose and hemicellulose within plant fibers, making it 
difficult to degrade, dissolve, and use directly. Thus, industrial pro
duction yields a large amount of lignin residue, comprising enzymatic 
hydrolysis lignin, lignosulfonate, alkali lignin, and hydrolysis lignin, 
each stemming from various production processes [9]. Several studies 
have considered lignin as a renewable carbon source for chemicals and 
as a viable substitute for many fossil fuel-derived materials [10,11]. 
Recently, lignin has been used as a base in the structure of nanomaterials 
[12,13] and catalysts [14,15], as a feedstock for aromatic compounds 
and resins [16–18], and in the manufacture of bio-based electrodes for 
energy storage applications [19–21]. 

Hydrothermal carbonization (HTC) is a conversion process that has 
attracted attention for upgrading diverse wet organic streams into a 
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homogeneous carbon-rich material (hydrochar), aqueous compounds, 
and gaseous streams (mainly CO2). The HTC process occurs in an 
aqueous environment at moderate temperatures (180–280 ◦C) under 
autogenous pressure (up to 6.4 MPa) [22]. Based on the feedstock, the 
reaction times can vary from a few hours to several days [23,24]. HTC 
generally reduces the hydrogen (H) and oxygen (O) content of the 
feedstock through the removal of − OH groups, thus transforming 
organic mass into a high-energy-dense solid [25]. The solid yield ranges 
between 35 % and 85 % of the initial dry feedstock and has a higher 
heating value (HHV) of around 13–30 MJ/kg, depending on the initial 
energy content [24]. The main conversion mechanisms are dehydration 
and decarboxylation, which increase the final product’s carbon content 
and energy value [25–27]. Process temperature, residence time, and 
ratio between feedstock and water are reported to be the main factors 
determining the decomposition rate [28]. The HTC process can be uti
lized with a wide range of raw materials irrespective of origin: agri
cultural and woody residues [29], municipal solid waste [30], food 
waste [31–36], and sludges [37–40]. The hydrochar produced can be 
used not only as a fuel but also in products and applications such as soil 
fertilizers, catalysts, energy storage, and adsorbents [41,42]. 

Recent studies have underlined the increased interest in HTC 
implementation for lignin upgrading. Kim et al. [43] reported significant 
improvement in lignin properties by HTC at temperatures of 
150–280 ◦C, with a maximum increase in HHV of 23 %. Wikberg et al. 
[44] analyzed structural changes in kraft lignin during HTC, also in the 
presence of catalysts. HTC treatment at 240 ◦C for 22 h using an H2SO4 
aqueous solution resulted in high carbon recovery (64 %) and a notable 
reduction of O and H, thus turning lignin into a hydrochar comparable to 
brown coal. Sangchoom and Monkaya [45] evaluated the absorption 
capacities of activated carbons produced from hydrothermally carbon
ized lignin at temperatures between 250–375 ◦C, similar to tempera
tures used in hydrothermal liquefaction [46]. Mao et al. [46] reported 
the effectiveness of HTC in combination with KOH as an activator agent 
in preparing carbon spheres from lignin. The best pore distribution and 
high sphericity were obtained at operational conditions of 270 ◦C and 7 
h. 

In addition to the operating parameters previously mentioned, the 
study of the recirculation of process water (PW) is a parameter whose 
interest has also increased. The recirculation of process water allows the 
reuse of water, minimizing the amount of freshwater needed for the 
process. The process water derived from the HTC process contains a 
variety of dissolved organic components, such as fatty and carboxylic 
acids, which can be recovered through separation or converted into 
gaseous fuels such as CH4 and H2 through catalytic and hydrothermal 
gasification [47,48]. Moreover, PW recirculation can potentially in
crease biocrude and hydrochar yields and decrease the cost of hydro
thermal wastewater disposal, which could account for up to 90 % of 
waste treatment for the hydrothermal process [49]. 

Various studies have explored hydrothermal treatment of lignin for 
purposes such as wet oxidation to yield aromatic aldehydes, liquefaction 
for oil production, or hydrothermal gasification for methane generation. 
However, research specifically on hydrothermal carbonization of kraft 
lignin for hydrochar production remains scarce. In this study, we per
formed hydrothermal carbonization (HTC) of kraft lignin derived from 
an industrial pulp mill, under different HTC conditions, including resi
dence time, temperature, and process water recirculation. In addition, 
an industrial integration simulation of the HTC process of lignin in a 
kraft pulp mill was carried out. To the best of our knowledge, the results 
presented in this study represent the first attempt to assess the effect that 
PW water recirculation has on the HTC of kraft lignin as well as the first 
attempt to evaluate the integration of this process in a pulp mill. 

Thus, this research aims to evaluate the influence of these opera
tional conditions would have in the physicochemical characteristics, 
energy properties, structure modification and thermal degradation 
profile of the hydrochar. Moreover, the simulation allows for a global, 
initial and brief evaluation of how the integration of a hydrothermal 

carbonization process would impact the energy balance of a pulp mill. 
The operating parameters of the HTC unit in the simulation are selected 
from the parameters used in the experimentation phase and the char
acterization results of the hydrochar. Therefore, this study provides a 
better understanding of the nature of HTC treatment for a valuable 
resource like lignin and provides an approach to its large-scale 
implementation. 

2. Materials and methods 

2.1. Materials 

The lignin used in this study was dried (8 wt% moisture) industrial 
softwood kraft lignin (IKL) from UPM Kaukas pulp and paper mill 
located in Lappeenranta, Finland. The sampling period of the lignin 
represented the normal process operating conditions of the mill. After 
sampling, the material was dried overnight in an oven at 105 ± 2 ◦C and 
stored in sealed polyethylene bags to minimize biological and chemical 
changes that can occur between the time of collection and the experi
mental procedures. 

2.2. Experimental procedure 

The applied methodology aims to simulate the one used in the HTC 
pilot plants [50,51] to work under operating conditions that help 
improve the scalability of the process. The experimental procedure is 
depicted in Fig. 1. The HTC tests were done in a closed stainless steel 
tube reactor (1 L inner volume and dimensions of 705 mm height and 42 
mm inner diameter), and it had a flange connection at the top and a 
screw cap at the bottom. Two type K thermocouples monitored the in
ternal temperature (245 mm and 645 mm from the top, respectively), 
while an additional thermocouple monitored the reactor’s outer surface 
temperature. The reactor chamber was purged by flowing nitrogen gas. 
The increase in pressure inside the reactor was mainly caused by the 
generation of saturated water vapor and CO2, without injection of 
additional gas (autogenous pressure). The pressure was measured with a 
pressure sensor (WIKA, model A-10, 0…40 bar gauge) with an accuracy 
of ≤ ± 0.5 %. The reactor was heated by a controllable electric resis
tance heating jacket and protected by a thick insulation layer and an 
outer steel sheet. The temperature level inside the reactor was main
tained with a PID controller by varying the heat supply. Data from the 
temperature and pressure sensors were recorded automatically every 3 
s. For each test, 25 g of IKL was mixed with 225 mL of water (1:9 ratio 
dry matter to water). Operating conditions are shown in Table 1. 

Lignin-derived hydrochar was collected and separated from HTC li
quor using a vacuum flask and a Büchner funnel with Whatman glass 
microfiber filter paper (grade GF/A) and subsequently dried in an oven 
at 105 ± 2 ◦C. Albeit analysis of HTC liquor is outside the scope of this 
paper, it is estimated to contain a variety of aromatic compounds (e.g., 
aromatic monomers, dimers, and low-molecular-weight oligomers) 
[52]. The presence of these compounds to a greater or lesser extent in 
the HTC liquor depends on factors such as temperature, time, solvents, 
catalysts, as well as the type of lignin used since its structure can vary 
based on its origin and the technique used for its extraction [53]. 

In this paper, the sample code IKL stands for original industrial kraft 
lignin. HTC–x–y and HTC–z stands for HC samples, where x, y, and z 
refer to process temperature, time, and recirculation ratio, respectively. 
The sample HTC–240–6 was selected for recirculation tests due to 
having the highest energy yield. For the recirculation test, only one 
recirculation was conducted. Remaining liquid from HTC–240–6, was 
used to prepare solutions with concentrations of 40 %, 60 %, and 80 % 
process water by volume. For instance, in the case of the 40 vol%, 90 mL 
of process water was used, and to complete the required 225 mL of liquid 
for the experiment, an additional 135 mL of pure water was added. 
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2.3. Analytical methods 

2.3.1. Proximate, ultimate, and heating value analysis 
The analyses were carried out in duplicate, and a mean value was 

reported. Moisture (MC), Volatile (VM), and ash (AC) contents were 
determined as mass percentages by proximate chemical analysis ac
cording to procedures of EN 18134 [54], EN 15148.18 [55], and EN 
14775 [56] standards, respectively. Fixed carbon was calculated by 
subtracting the sum of VM and AC from 100 %. The HHV was measured 
with a Parr 6400 bomb calorimeter according to EN 14918 [57]. Ulti
mate analysis was performed using a TruSpec Micro-LECO CHN628 
Series Elemental Determinator coupled with a 628S Sulphur Add-On 
Module according to the ISO 16948 [58] and ISO 16994 [59] standard 
procedures. The oxygen content was approximated as the difference 
between 100 % and the weight percentages of the major elements on a 
dry basis. The analyses were carried out in duplicate. 

To assess the HTC process, the mass yield (MY), energy yield (EY), 
energy density factor (EDF), and fuel ratio (FR) were calculated with the 
following equations: 

MY =
mHC

mIKL
• 100% (1)  

EDF =
HHVHC

HHVIKL
(2)  

EY = MY • EDF (3)  

FR =
FC
VM

(4)  

Where: mHC – HC mass (d.b.) [g], mIKL – mass of IKL (d.b.) [g], HHVHC – 
higher heating value of HC [MJ/kg] (d.b.), and HHVIKL – higher heating 

value of IKL [MJ/kg] (d.b.). 

2.3.2. FTIR spectroscopy 
To identify the chemical functional groups in the IKL and the HC, 

Fourier-transform infrared spectroscopy (FTIR) was performed with a 
Frontier MIR/FIR spectrometer (PerkinElmer Inc.) coupled with a uni
versal diamond crystal ATR module in the range of 400–4000 cm− 1 with 
a resolution of 4 cm− 1. Detailed information can be found in Supple
mentary Material A. 

2.3.3. Thermogravimetric analysis and mass spectrometry (TGA-MS) 
Thermogravimetric analysis coupling with mass spectrometry (TGA- 

MS) was performed with an STA 449C thermogravimetric analyzer 
(Netzsch Instruments, Germany). For each test, about 10 mg of the 
sample was placed inside an Al2O3 sample holder, the furnace was 
sealed, and high purity (99.9995 %) nitrogen was used to purge the air. 
The sample was heated at a rate of 5, 10, and 20 ◦C/min from room 
temperature to 900 ◦C. Two different gas atmospheres were used: high- 
purity nitrogen for pyrolysis conditions (inert atmosphere) and com
pressed air for combustion (oxidizing atmosphere). A constant gas flow 
rate of 250 ml/min was set in both cases. 

The released gas species were analyzed with a QMS 403 Aeolos 
Quadro Mass Spectrometer to obtain the evolution curves. The mass 
spectra data was calibrated by conversion of the raw time of flight data 
to molecular weight to get the standard peaks in the spectrum. The main 
lignin and hydrochars MS peaks are identified based on literature data. 
The chemical noise background in the spectrum was isolated through 
baseline subtraction. A normalization method using the total ion current 
was applied to eliminate any systematic effects of sample degradation 
and variation in the detector sensitivity. 

Fig. 1. HTC experimental unit and procedure.  

Table 1 
HTC operational parameters.  

Variable Unit HTC process settings 

Temperature [◦C] 200 220 240 240 240 
Time [h] 6 3 6 12 24 6 
Mass ratio − 1:9 1:9 1:9 
Recirculation ratio [vol%] 0 0 40 60 80  

O. Salcedo-Puerto et al.                                                                                                                                                                                                                       



Fuel 373 (2024) 132389

4

2.4. Kinetic analysis 

The iso-conventional kinetics models Flynn-Wall-Ozawa (FWO) 
[60,61], Kissinger-Akahira-Sunose (KAS) [62,63], and Friedman [64] 
methods were used. The kinetic parameters of the samples were calcu
lated assuming the devolatilization phenomena as a single reaction. The 
models are based on the Arrhenius equations to determine the pre- 
exponential factor (A) and activation energy (Ea) and to predict 
possible thermal decomposition mechanisms of the lignin-based 
hydrochars. Detailed information can be found in Supplementary Ma
terial A. 

2.5. Lignin HTC- industrial integration simulation 

The energetic impact of implementing a lignin HTC treatment pro
cess on a large modern Nordic pulp mill was evaluated with IPSEpro 
steady-state equation-based process simulation software. The kraft pulp 
mill and recovery boiler are the same as those presented in [65]. The 
lignin removal and HTC treatment are considered as retrofits to the 
existing mill and recovery boiler. The component models of the boiler, 
steam cycle, and HTC system are primarily based on those presented 
originally in the mill, its recovery boiler, and steam cycle are listed in 
Table 2. 

The considered mill produces 1.6 million air-dried tons (ADt) of 
bleached kraft pulp annually during 8400 h of operation. 1.5 metric tons 
of black liquor dry solids (composition assumed the same as in [65]) are 
produced per ADt of pulp; the fraction of lignin in the black liquor dry 
solids is estimated at approximately 31 %. The main effect of lignin 
removal will be the reduction of boiler fuel input, resulting in a reduc
tion of steam generation and flue gas flow rate [66]. 

The lignin removal rate was set at 7.5 t/h of dry lignin. Amounting to 
less than 10 % of total lignin, it was assumed that this amount could be 
separated relatively easily without adversely affecting the quality and 
homogeneity of the separated lignin or excessively reducing the boiler 
steam production [66,67] or turbine extraction pressure levels. The 
lignin removal power consumption was estimated at 80 kWh/t [68]. 

The final product, whether raw lignin or the lignin hydrochar, is first 
dewatered to a wet mass basis moisture content of MC = 30 % in a belt 
press and then thermally dried to final product moisture of MC = 10 %. 
A specific power consumption of 20 kWhel/td is assumed for the dew
atering press [69]; the thermal drier is assumed to have specific con
sumptions of 1.2 kWhh/kgevapH2O and 200 kWhel/(kg/s)d of heat and 
power, respectively [65]. 

2.6. Statistical methods 

The level of variance within groups of samples for proximate, ulti
mate, and heating value properties was evaluated with MATLAB 2020a 
software package. The statistical significance (α = 0.05) between the 
samples was evaluated with one-way analysis of variance (ANOVA) and 

multiple post hoc t-tests using the Bonferroni correction to adjust the 
significance level and consider the statistically significant results of all 
pairwise comparisons. Moreover, a paired-sample t-test was developed 
to compare the significant difference between two selected HC samples 
for the same measured variable; statistical results are reported in Sup
plementary Material B. 

3. Results and discussion 

3.1. Proximate and ultimate analyses 

Proximate and elemental analysis results are shown in Table 3. IKL 
had a rather low ash content (AC) of only 1.17 wt%, which decreased 
significantly (75 %) after HTC due to the dissolution of ash-forming 
compounds in the aqueous phase. Low AC reduces the incidence of 
problems such as agglomeration, fouling, and corrosion, thus facilitating 
boiler and combustor design [70,71]. 

Devolatilization and depolymerization reactions during HTC gener
ally result in loss of volatiles [29]. In this study, the volatile matter (VM) 
decreased as temperature increased. HTC–240–6 sample reported a 
maximum reduction of 10.8 % from IKL. Regarding the reaction time, a 
maximum VM reduction of 13.2 % was obtained for HTC–240–12 (61.6 
wt%) compared to IKL. However, with an increase in the reaction time, 
the VM increased to 67.3 wt% at 24 h, indicating the possible re- 
absorption of degradation products from the aqueous phase due to 
prolongated reaction times; a similar effect was observed when the 
water phase in the reaction has a high content of dissolved components 
[72,73]. The fixed carbon (FC) showed a slight increase with higher 
temperatures and longer reaction times. The maximum value for FC was 
found for the sample HTC–240–12 (38.0 wt%). Similar results have been 
obtained in previously reported hydrothermal conversion tests of lignin 
[43]. For instance, Ischia et al. [74] highlighted that due to the recal
citrant nature of lignin, the proximate composition of the hydrochar 
slightly changed when the reaction temperature increased from 200 to 
280 ◦C at 0 h, having a more significant degradation at longer residence 
time under the previous conditions. Kang et al. [75] reported more 
significant changes in the hydrochar composition at longer residence 
when moderate temperatures are used, having a 25 % VM reduction and 
40 % FC increment at 225 ◦C and 20 h reaction time. When considering 
the recirculation tests, the change in VM was found to be negligible, as 
increased the amount of process water. This increase in VM can be 
attributed to the adsorption/desorption of components present in the 
recirculated PW. A similar effect has been reported by Cai et al. [76] 
Rodríguez et al. [77], and Li et al. [78]. 

Temperature and time were the main variables influencing the 
properties and composition of the hydrochar (HC), with a moderate 
influence of the PW recirculation. Significant reduction in AC and VM 
was observed between the hydrothermally treated samples and the IKL. 
The statistical analysis with one-way ANOVA (significance level of 0.05) 
showed that the behavior observed for HTC–40 % regarding AC was 
significantly different in HC samples treated at 240 ◦C [F(4.19) = 6.67, 
p < 0.005]. Probably, a higher content of hydrophilic compounds from 
the liquor was adsorbed in the HC during HTC treatment at 40 % 
recirculation. For HTC–60 % and HTC–80 %, no statistical difference 
was found between the treatments except for HTC–200–6 [F(7.31) =
1.93, p = 0.12]. As for VM, no significant difference was found between 
the group means of recirculation treatments and HTC–240–24 [F(3,15) 
= 4.2, p = 0.03]. However, for the other treated samples, including 
untreated lignin, a significant difference in VM was observed [F(5,23) =
18.6, p < 0.005]. The fuel ratio (FR) of kraft lignin (0.39) was improved 
after the hydrothermal process. The FR increased from 0.51 to 0.58 as 
process temperature increased from 200 to 240 ◦C and 0.56 to 0.62 as 
the residence time increased from 3 to 12 h, respectively. As mentioned 
above, VM increased when residence time exceeded 12 h. Consequently, 
the FR decreased from 0.62 to 0.42 between 12 and 24 h of residence. 
Additionally, the FR of the samples when process water recirculation 

Table 2 
Main operating parameters of the considered pulp mill.   

Parameter Value 

Production Operating hours [h/a] 8400  
Pulp production [tAD/a] 1.6⋅106  

Energy Steam use, pulp mill [t/h] 775  
Power use, pulp mill [kWh/tAD] 552  

Gross power generation [MWel, gen] 213.7  
Net power sold [MWel, net] 146.1  

Boiler Dry solids to boiler [tds/d] 7611  
Dry solids xds, firing liquor [-] 0.83  
Main steam production [t/h] 1201  
Main steam temperature [◦C] 510  
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was performed was significantly lower than those of the temperature 
and residence time tests. This reduction is attributed to the lower FC and 
higher volatile matter VM in the hydrochar when the recirculation of 
process water was carried out. When compared to lignocellulosic 
biomass, the fuel ratio of the material is expected to be much higher after 
hydrothermal treatment. This is because lignocellulosic biomass has a 
more heterogeneous composition, leading to greater degradation during 
the hydrothermal process [29]. 

In the samples analyzed, the elemental carbon content (C) increased 
slightly as the process severity intensified, reaching a maximum value of 
66 wt%, reported by sample HTC–240–6. The low change in relative 
carbon content, along with the resulting high mass yield (section 3.2) is 
an indication of the mild reactivity of the IKL under the working tem
peratures. It should be noted that the method implemented for lignin 
extraction influences its final structure. Consequently, lignin obtained 
from different extraction processes has different chemical structure, 
functionalization, and physical and chemical properties [79], thus 
influencing its reactivity. There was a reduction in the hydrogen (H) and 
oxygen (O) content of the HC in relation to IKL. A slight increase in the 
oxygen content was observed among the hydrochar samples when 
modifying the operational parameters. This relative increase in the ox
ygen content as temperature rises can be due to the slight increase of 
carbon content and the simultaneous reduction of hydrogen. This 
compositional change could be derived from demethylation reactions. 
As noted earlier, the method of lignin extraction influences its structure 
and functional groups. Previous studies have indicated that kraft lignin 
has a high concentration of methoxy groups (OCH3), as well as the 
presence of methyl (CH3), and methylene (CH2) groups in the aliphatic 
region of the phenylpropane units on which lignin is based [80]. It has 
been pointed out by Kim et al [43] that methoxy and methyl groups in 
lignin may be easily fractured during HTC. This fracture may lead to a 
slightly lower concentration of these groups in the hydrochar. The 
reduction of these groups can be appreciated in the FTIR spectrum 
(Supplementary material A). The spectrum shows a decrease in the 
bands at 2935 cm− 1 (CH3 and CH2 groups) and 1450 cm− 1 (OCH3 
groups) as the temperature increases. Similar reductions in these groups 
have been reported in previous experiences when thermally treating 
lignin, being this attributed to demethylation reactions [44]. 

On the other hand, this slight increase in oxygen content could also 
be attributed to generating reactive intermediates or free radicals within 
the process capable of initiating oxidation reactions [81]. These in
termediates can react with the oxygen present in the system to form 
oxygen-containing functional groups on the lignin, increasing the 

content of oxygen functional groups on the surface while increasing the 
operational time (mainly phenolic hydroxyl, lactonic and carboxyl 
groups), as indicated by [82]. The samples where recirculation was 
performed have greater exposure to these intermediates since these can 
be present to a greater extent, which could lead to higher oxidation of 
organic compounds in the hydrochar and a higher concentration of these 
oxygen functional groups on its surface. 

The nitrogen (N) content showed a slight increase, whereas the sulfur 
(S) content remains practically unchanged, which aligns with previous 
studies [77,83,84]. Kraft lignin has an average sulfur content between 
1.5 and 3 wt%. Sulfur can be found in lignin as sulfate ions, elemental 
sulfur, absorbed sulfide, and organically bound sulfur [85]. High con
centrations of N and S during combustion promote the generation of 
some pollutants such as nitrogen oxides (NOx, mainly NO and NO2), 
sulfur oxides (SOx, mainly as SO2), as well as other sulfide-based pol
lutants such as carbonyl sulfide (COS) and hydrogen sulfide (H2S) [86]. 

The van Krevelen’s diagram in Fig. 2 shows the molar ratios of ox
ygen and hydrogen to carbon (O/C and H/C, respectively) for IKL and 
HC. Additionally, it includes the atomic ratios of various solid fuels, 
agricultural waste, and treated biomass available in different databases 
[87], allowing for a visual comparison of the samples with other solid 
fuels as their atomic ratios change. The diagram shows that the variation 
of the operational parameter influences the H/C and O/C ratios. The 
shift of the atomic to a lower left side indicates that dehydration and 
decarboxylation reactions are taking place. Previous experiences on 
hydrothermal treatment of lignocellulosic biomass have suggested that 
dehydration dominates over decarboxylation during the HTC processes 
[88]. This dehydration effect can be clearly seen by the reduction of the 
–OH band between 3500 and 3200 cm− 1 of the FTIR spectrum (Sup
plementary Material A). The same reduction of this band has been 
previously reported for lignin and different lignocellulosic biomass, 
being attributed to the same reaction mechanism [43,89]. Nevertheless, 
other minor mechanisms may occur under the hydrothermal carbon
ization of biomass such as demethylation [90]. It can be observed that as 
temperature and time increase, the H/C ratios decrease mainly as a 
product of the reduction of the hydrogen content of the hydrochar, 
following a demethylation line trend. 

The H/C and O/C average values of the HC were 1.04 and 0.31 
respectively. As previously mentioned, the recirculation test showed an 
increased VM content which may be attributed to the adsorption of 
species present in the PW, which would lead to the increase of the O/C 
ratios. A similar shift of the O/C ratios was reported by Wüst et al. [91] 
when hydrothermally treating brewer’s spent grains. The authors 

Table 3 
Proximate and elemental compositions of the samples.  

Properties C H N S O* AC VM FC FR 

Samples  (wt.%, db) (wt.%, db)  
IKL  63.970,10) 6.14(0,04) 0.17(0,01) 2.17(0,01) 26.4(0,01) 1.17(0,02) 70.9(0.93) 27.9(0,94) 0.39(0.02)  

Temperatures          
HTC-200–6  65.7(0,07) 5.98(0,02) 0.16(0,02) 2.34(0,02) 25.3(0,03) 0.53(0,02) 65.8(0.33) 33.7(0,39) 0.51(0.00) 

HTC-220–6  65.8(0,06) 5.71(0,02) 0.18(0,01) 2.22(0,04) 25.8(0,02) 0.34(0,04) 64.9(0.11) 34.7(0,12) 0.53(0.00) 

HTC-240–6  65.9(0,08) 5.22(0,02) 0.20(0,00) 2.17(0,01) 26.1(0,05) 0.32(0,08) 63.3(0.17) 36.4(0,12) 0.58(0.00)  

Time          
HTC-240–3  65.7(0,16) 5.94(0,03) 0.19(0,03) 2.2(0,04) 25.7(0,13) 0.32(0,04) 63.8(0.46) 35.9(0,48) 0.56(0.01) 

HTC-240–6  65.9(0,08) 5.22(0,02) 0.20(0,00) 2.17(0,01) 26.1(0,05) 0.32(0,08) 63.3(0.17) 36.4(0,12) 0.58(0.00) 

HTC-240–12  65.4(0,05) 5.45(0,20) 0.18(0,02) 1.63(0,05) 26.9(0,26) 0.40(0,05) 61.6(0.64) 37.9(0.59) 0.62(0.01) 

HTC-240–24  65.7(0,22) 5.61(0,03) 0.20(0,03) 1.66(0,01) 26.6(0,22) 0.30(0,02) 67.3(0.71) 32.4(0.70) 0.48(0.01)  

Recirculation ratio          
HTC-40 %  63.8(0,77) 5.53(0,18) 0.17(0,05) 1.71(0,07) 28.4(0,84) 0.45(0,01) 68.0(0.11) 31.5(0,09) 0.46(0.00) 

HTC-60 %  63.6(0,58) 5.62(0,06) 0.20(0,01) 1.69(0,00) 28.5(0,59) 0.35(0,03) 67.9(0.21) 31.8(0,24) 0.47(0.00) 

HTC-80 %  64.3(0,03) 5.69(0,02) 0.19(0,01) 1.64(0,03) 27.9(0,05) 0.36(0,05) 67.3(0.25) 32.4(0,30) 0.48(0.01)  

* dry-ash free- basis. (…) Standard deviation. 
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attributed this behavior to the adsorption of carboxylic acids and alde
hydes from the PW of the hydrochar surface. The atomic ratios of the 
lignin-derived HC are similar to those reported for lignite: O/C between 
0.33 and 0.40 and H/C between 0.07 and 0.08 [92]. Similarly, the 
average C content in the HC samples is close to anthracite, whose values 
are between 62–79 wt% [92,93]. These characteristics in the content of 
C, H, and O make lignin-derived hydrochar have energy values similar to 
those of lignite coke and some bituminous coals [94]. The energy con
tent is discussed in section 3.2. 

3.2. Mass and energy yields 

Mass and energy yields, HHV, and EDF values are shown in Fig. 3. 
High values of MY were obtained when compared to previously reported 
studies, such as MY of 61 % at 240 ◦C for 22 h [44] and 81.92 % at 
220 ◦C for 30 min [43]. Nevertheless, when analyzing the TGA curve of 
the raw lignin in [44], lignin main degradation begins at temperatures 
close to 220 ◦C and has already lost approximately 17 wt% of its initial 
mass, indicating that laboratory-extracted lignin is more prone to be 
degraded at early temperatures compared with the industrial kraft lignin 
used in the present study. Section 3.3 shows that IKL starts its main 
degradation at around 250 ◦C. At this stage, the IKL has lost nearly 5 wt 
% of its initial mass, thus indicating greater resistance to degradation. 
On the other hand, [43] reported an ash content of 17.8 wt%, much 
higher than the IKL of the present study, 1.17 wt%. Due to the hydro
philic nature of the ash-forming components, the ash content in HC 
tends to decrease during the HTC process at temperatures below 240 ◦C 
[95–97]. Higher ash content and lower thermal stability explain why 
these previous studies had lower hydrochar mass yield. However, when 
compared with industrial lignin, the MY values are consistent. Musa 
et al. [97] reported MY of 88–90 % at 200–240 ◦C, where softwood- 
derived industrial kraft lignin is also used. High MY values indicate 
that the lignin does not undergo drastic degradation in this temperature 
range, being partially carbonized. Less than 12 wt% of the lignin was 
converted into liquid and gaseous products at temperatures below 

240–250 ◦C. In the present work, the mass loss slightly increased with 
temperature and time, from 5 to 9 % and 7 to 14 %, respectively. No 
significant difference was observed between the group means for the 3 h 
and 6 h residence time treatments [F(3,7) = 1.28, p = 0.3943]. Addi
tionally, Post hoc comparison using multiple t-tests indicated no statis
tically significant differences between HTC–240–12 (87.0 %±0,023) 
and HTC–240–24 (85.9 %±0,003). It should be noted that the solids 
yield for water-insoluble feedstocks, such as kraft lignin, is 100 % at the 
beginning of the HTC process, while it is 0 % for soluble feedstocks. For 
insoluble raw materials, this means that the solid recovered at the end of 
the hydrothermal process consists of both thermally converted and the 
original raw material that has not undergone thermal conversion [44]. 
The high mass yield of the process can be attributed to the high thermal 
stability of the kraft lignin and the minor fraction that dissolves in water 
at the selected operational temperatures. 

In the case of recirculation test an opposite tendency was observed: 
the MY increased from 79 % for the HTC–40 % sample to 86 % for the 
HTC–80 % sample. Significant difference of HTC–40 % with all samples 
except HTC–60 % [F(7,15) = 28.49, p < 0.005] and significant differ
ence of HTC–80 % with HTC–200–6, HTC–240–3 and HTC–40 % [F(3,7) 
= 86.13p < 0.005], was observed. The increase in the HTC–40 % and 
HTC–80 % MY indicates that part of the organic compounds that were 
previously dissolved into the aqueous phase, e.g., phenolic derivatives, 
could successfully re-polymerize to the solid product. Similar results 
were obtained by Wang et al. [72] for the recirculation effects of PW on 
the solid products of the HTC of microalgae, who reported MY increase 
as the number of recirculations increased. Although only a single 
recirculation was carried out in this study, the PW concentration 
increased in relation to the pure water used in the HTC treatments. The 
increase in the concentration of the recirculated PW makes it possible to 
compare, to some extent, the results obtained when increasing the 
number of recirculations. In both cases, there is a tendency to have a 
greater amount of dissolved organic matter in PW, and this is the ma
terial that would be re-polymerized, thus increasing the mass yield. 

The HHV of IKL (26.98 MJ/kg) slightly increased after the 

Fig. 2. van Krevelen’s diagram of produced hydrochars and different solid fuels. Data points corresponding to biomass and biomass-derived solid fuel are sourced 
from Phyllis database [87]”. 
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hydrothermal treatments. The analysis of the variance showed a sig
nificant difference between IKL and hydrochar HHV [F(9,39) = 13.3, p 
< 0.005]. The increase in HHV is attributed to the higher C and lower O 
and H content. Although in the present study, the calorific value of the 
hydrochar was measured by a bomb calorimeter, there are empirical 
mathematical correlations that allow to better notice the correlation 
between the HHV and the elemental composition [98]. For instance, 
Ischia et al. [99] calculated the HHV of cellulose-derived hydrochar 
using Dulong’s formula, highlighting that the increasing elemental 
carbon content of hydrochar is the main factor responsible for the 
enhancement of the HHV. The largest HHV increase was obtained for 
HTC–240–6 (27.89 MJ/kg). The increase of the reaction time does not 
lead to significant changes in HHV. Similar results have been reported by 
Gao et al. [100] when hydrothermally treating water hyacinth at 240 ◦C 
up to 24 h. The results showed a significant increase in the HHV up to 8 h 
residence time (20.63 MJ/kg). However, at longer reaction times, these 
caloric values fluctuate decreasing to 18.6 MJ/kg. As earlier mentioned, 
in hydrothermal processes, both temperature and time play crucial roles 
in determining the outcome, but temperature generally is the primary 
driver of the process [74]. Although longer reaction times enable more 
extensive transformations, insufficient temperature can restrict the for
mation of desired products. Nicolae et al. [101] have pointed out that 
higher temperatures enhance degradation reactions according to 
Arrhenius kinetics, thus, even with prolonged reaction times, the inad
equate temperature may impede the desired chemical changes. Addi
tionally, the composition of the feedstock also influences the process, as 
different biomasses are more or less prone to degradation. A significant 

difference was found for recirculation samples HTC–40 % and HTC–60 
% compared to the rest of the treated samples. The concentration of the 
components that make up lignin varies during thermal degradation, 
influencing the energy content of the final product. For instance, in the 
present work, the concentration of guaiacol (whose HHV is 28.91 MJ/ 
kg) increased after HTC, while the concentrations of other products with 
lower HHV, such as vanillin, homovanillin, or coniferyl, decreased (see 
section 3.4). Any deposition of these compounds or their intermediates 
with lower HHV on the surface of the HC would decrease its overall 
heating value, which could be related to the decrease in HHV of 
HTC–240–24 and the increase in its VM content. No significant differ
ences in HHV were found among the other time variation tests. 

As a general trend, a decrease in MY and an increase in HHV result in 
energy densification of the sample during thermal degradation. For 
temperature and time variations, high values of EY were obtained, be
tween 97.13 and 94.11 %, respectively. It is possible to appreciate from 
Fig. 3 that the EY decreased as temperature and time increased. The 
opposite trend was followed by the PW recirculation samples, which are 
in accordance with the data reported by Uddin et al. [102] and Arauzo 
et al. [103], where the EY values tended to increase as the number of 
recirculations increased, or as the concentration of dissolved compo
nents in the PW increased. The slight increase in HHV and MY in the 
recirculation tests indicated that, although the energy content of the 
samples was improved, these, in turn, had a lower loss in their net mass 
at the end of the HTC process. 

Fig. 3. MY, HHV, EY, and EDF of hydrochars as a function of (a) temperature, (b) time, and (c) recirculation.  
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3.3. Thermogravimetric analysis 

The thermogravimetric (TG) and the corresponding derivative (DTG) 
curves of the degradation process of KL and HC at a heating rate of 
20 ◦C/min were divided into three stages, as shown in Fig. 4. For both 
inert and oxidative atmospheres, the initial mass loss of about 1 % is 
attributed to the partial loss of lightweight volatiles and moisture 
evaporation. Table 4 shows the temperature values and the maximum 
mass loss rate for each reaction stage of the lignin-derived hydrochar in 
inert and oxidative atmospheres. 

Under an inert atmosphere, after dehydration takes place, there is an 
accelerated increase in the mass loss rate. Stage I occurs at temperatures 
between 130–330 ◦C. The largest weight loss of stage I was approxi
mately 14 wt% at temperature ranges of 200 and 330 ◦C, which can be 
attributed to the lignin glass transition and microscopic surface changes 
[104]. Above 200 ◦C, lignin softens, and its particles fuse, eliminating 
some lignin structural units, modifying its structure, and releasing a 
small amount of volatiles [83,105]. In stage I, DTG curves were asym
metric with a smooth shoulder after 260 ◦C, which changed to some 
extent based on the sample. Lofti et al. [106] attributed this shoulder to 
the cleavage of C–H groups between adjacent aromatic rings, resulting 
in the formation of some aromatic compounds. In this range of tem
peratures, the cleavage of α–ether bonds also takes place in some 
phenolic compounds, forming quinone methide resulting in the rupture 
of β–ether bonds at temperatures close to 250 ◦C, as indicated by 
Kawamoto [8]. The breaking of the C–H bonds and the ether bonds can 

be appreciated from the results on Supplementary material A, where the 
FTIR curve showed a decrease in the density of the C–H group of the 
aromatic rings and ether groups in the hydrothermally-treated samples 
as the severity of the process increased. 

Stage II (330–510 ◦C) reported the maximum weight loss rate of the 
HC and KL at temperatures near 400 ◦C. In stage II, the homolysis re
actions of the lignin weakest bond, like β–O–4, produce phenethyl and 
phenoxy radicals [106]. Albeit during the hydrothermal process at 
temperatures between 200–240 ◦C some aromatic groups are detached 
from the lignin, its polymer matrix, and main structural composition 
have undergone only a mild breakdown, as the primary decomposition 
of the lignin backbone takes place at temperatures above this range 
[105]. This explains why the HC and raw IKL have similar behavior in 
the pyrolytic zone. Similar behavior was reported by Ischia et al. [74] for 
lignin-derived hydrochar produced at 220 and 250 ◦C, where there was 
no significant difference in the maximum weight loss rate between these 
two samples. Close to 300 ◦C, the TG curve drops significantly, indi
cating that a large amount of organic matter is degraded. Li et al. [107] 
indicated that in this stage, the side chain products crack, and the lignin 
monomer connecting network starts to break down, forming a mass of 
lignin monomers, and as a result of the secondary cracking of side 
chains, some unstable functional groups with some light gases are 
formed. Likewise, Wądrzyk et al. [108] stated that it is at temperatures 
above 300 ◦C where the primary decomposition of lignin begins, having 
a greater cleavage of the C–C and C–O bonds of the guaiacyl and syringyl 
units, giving rise to the formation of phenolic compounds such as 

Fig. 4. TGA of IKL and produced hydrochar: (a) air atmosphere, (b) N2 atmosphere.  
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guaiacol, methyl guaiacol, and ethyl guaiacol [109]. Ischia et al. [74] 
stated that phenolic compounds are the main products present in the 
liquid phase when lignin in hydrothermally treated at 320 ◦C. This 
formation of phenolic compounds is shown in the mass spectrometry 
analysis (section 3.4). Similarly, the main emission of CO2, CO, and CH4 
takes place in this stage at temperatures close to 400 ◦C as a product of 
the rupture of C–C bonds promoted by the excision of β–O–4 bonds 
[110]. It should be noted that the rate of lignin decomposition can be 
improved, and its degradation temperature can be decreased by using 
catalysts that promote hydrolysis and depolymerization through selec
tive cleavage of β–O–4 bonds in small fragments, altering the reaction 
pathways directly and modifying the hydrochar [52]. 

By stage III (>500 ◦C), approximately 50 wt% of the initial mass has 
reacted, representing an additional mass loss of roughly 11 %. At the end 
of the pyrolytic process, a solid residue of about 40 wt% remained in all 
samples due to the formation of highly condensed aromatic structures, 
which are the structures that form char when lignin is heated under 
oxidizing conditions. 

Regarding the oxidative atmosphere, the first two stages corre
sponding to initial devolatilization (stage I) and main devolatilization 
(stage II), are like those at inert conditions, taking place in a similar 
range of temperatures (130–330 ◦C) and (330–460 ◦C), respectively. The 
release of light compounds enhances the devolatilization and combus
tion of the sample [111]. In oxidizing conditions, stage III (˃ 460 ◦C) 
corresponded to the release of higher molecular weight compounds, 
char formation, and subsequent combustion [36]. The maximum rate of 
weight loss resulted at temperatures between 580 and 600 ◦C for HC 
samples and 527 ◦C for raw IKL. All the samples showed a complete 
degradation at 700 ◦C, generating an almost total loss of the remaining 
mass of the pyrolytic stage. 

The thermal stability of IKL in combustion conditions has increased 
after the HTC process. This is indicated by the decrease in the peak 
values of the DTG curve and the increase in the temperatures at which 
these maximum values take place in stage III. There was an increase in 
the temperature of the maximum degradation rate point, going from 

527 ◦C for IKL to temperatures up to 612 ◦C for the hydrothermally 
treated samples, indicating an improvement in thermal stability due to 
the HTC treatment. 

However, as the HTC temperature increased from 200 to 240 ◦C, 
there was a decrease in the temperature of the maximum degradation 
rate of the samples, indicating an increase in the reactivity of the HC 
when increasing the process temperature. Chen et al. [112] reported a 
similar behavior where the temperature of the highest decomposition 
rate was decreased in hydrochar produced above 240 ◦C from camellia 
husks, a high lignin content biomass [113]. This slight variation in 
thermal stability can be attributed to aspects such as demineralization 
processes and the different concentrations of functional groups and their 
bonds. Demineralization and reduction of the ash content in coal sam
ples have been shown to affect the temperature of the maximum com
bustion rate, reducing this up to 62 ◦C [114]. It has been previously 
reported that the minerals inherent to the biomass influence its reac
tivity, having an inhibitory role [115,116]. Furthermore, the carbon 
matrix of HC generated at 200 ◦C is expected to have a higher content of 
C–C bonds that are part of their aromatic skeleton than those generated 
at higher temperatures, as depicted in the FTIR analysis on Supple
mentary Material A. Thus, the former has slightly higher thermal sta
bility since, although it lost some volatile and inorganic components 
during HTC, it did not undergo a drastic decomposition [105]. 

There is no marked difference between the maximum decomposition 
rates and the temperature at which these took place when the process 
time was increased up to 12 h. The sample treated for 24 h had a 
decrease of approximately 14 ◦C in the temperature of the maximum 
degradation rate compared with the other samples (stage III), this being 
attributed to its lower fixed carbon content. Previous studies have shown 
that biomasses with a lower fixed carbon content have a maximum 
combustion rate at earlier temperatures [117,118]. Similar behavior 
was observed in the hydrochar produced when the process water was 
recirculated, with these having an average reduction in the maximum 
decomposition rate of almost 13 ◦C compared to all previous samples. 

The temperatures of the maximum weight loss rate of IKL and HC 

Table 4 
THe temperatures of each characteristic degradation stage and the maximum degradation rate at inert and oxidative atmospheres.  

Sample Inert Oxidative 

Stage I Stage II Stage III stage I stage II stage III 

Ti
a 

(◦C) 
Tf

b 

(◦C) 
Tmax

c 

(◦C) 
DTGmax 

(%/◦C) 
Th

d 

(◦C) 
Residuee 

(%) 
Ti

a 

(◦C) 
Tf

b 

(◦C) 
Tm1

f 

(◦C) 
DTGmax 

(%/◦C) 
Tm2

g 

(◦C) 
Tb

h 

(◦C) 
DTGmax 

(%/◦C) 

IKL 121 333 398  6.76 581  43.14 130 354 405  6.93 527 674  7.1 
HTC- 

200–6 
134 333 401  7.29 514  38.84 131 351 414  5.65 612 714  6.34 

HTC- 
200–6 

121 337 403  7.49 526  40.32 129 352 412  5.74 606 693  7.31 

HTC- 
240–6 

138 335 403  7.72 508  38.45 122 358 411  6.62 601 687  6.97 

HTC- 
240–3 

146 333 402  7.62 501  38.74 128 344 410  5.42 602 680  7.38 

HTC- 
240–6 

138 335 403  7.72 508  38.45 122 358 411  6.62 601 687  6.97 

HTC- 
240–12 

146 331 400  7.38 512  39.52 131 342 409  6.04 602 701  6.99 

HTC- 
240–24 

125 343 401  7.48 532  40.52 127 341 409  6.6 587 674  7.68 

HTC-40 % 139 335 401  7.35 520  39.48 127 355 410  7.07 591 696  6.94 
HTC-60 % 138 335 399  7.31 518  38.59 129 355 407  6.16 576 679  7.65 
HTC-80 % 151 335 398  7.17 508  38.45 132 356 405  6.74 588 690  6.64  

a Increase in mass loss rate after the drying stage. 
b Temperature when the absolute mass loss is ~ 14 wt%. 
c Peak temperature at the highest mass loss rate. 
d Temperature when the absolute mass loss is ~ 50 wt%. 
e Residual mass (%) at the temperature of 900 ◦C. 
f Peak temperature at the highest mass loss rate in the devolatilization stage. 
g Peak temperature at the highest mass loss rate in the char combustion stage. 
h Burnout temperature. 
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were similar to those reported for bituminous and anthracite coal, 
535 ◦C and 621 ◦C, respectively [119]. The maximum degradation rate 
of the hydrochar was between 6.3 and 7.2 wt.%/min, this being greater 
than the maximum degradation rate for bituminous and anthracite coal, 
4.80 and 5.27 wt.%/min, respectively [119]. In combustion processes, it 
is preferable that the solid fuel has a low degradation rate, indicating 
that the fuel has a higher carbon content, a higher C/O atomic ratio, and 
a more compact physical structure, thus making its combustion more 
efficient [120]. The residual mass of all samples was practically zero 
because of the low level of inorganic compounds. 

3.4. Mass spectrometry 

Lignin is a phenolic polymer, and a large number of its component 
fragments are difficult to dissolve and disperse in aqueous media when 
the temperature is not high. The formation of hydrochar in lignin occurs 
preferably by solid–solid conversion, producing polyaromatic carbon 
that will be fragmented during combustion reactions, giving rise to 
different species during its degradation. The identification of degrada
tion compounds is a big challenge due to the overlapping of many sig
nals. One m/z signal from the MS analysis can correspond to several 
fragmentation ions, or the fragmentation ion may come from different 
compounds [109]. The complex phenolic and polyaromatic hydrochar 
structure of lignin HTC products results in a significant number of 
chromatographic peaks. A total of 38 main compounds were identified 
based on literature reports for lignin degradation and pyrolysis 
[121–125]. The main extracted ion (EI) peaks characteristic of lignin 
degradation are shown in Table 5. The ion current intensities for the 
main identified components are listed in Table 2A. The components 
released for each of the selected samples under inert conditions were 
grouped by chemical families, Fig. 5. 

From Fig. 5 the variation in the detection of different compounds for 
the IKL and the selected hydrochar samples can be observed. It can be 
observed from the inert atmosphere that the overall changes between 
the different groups of compounds are minor. However, small differ
ences can be observed between the samples and the untreated IKL. 
Notably, as the temperature increased, the relative amount of guaiacol 
and phenolic compounds also increased. As mentioned in section 3.2, 
the hydrothermal process can lead to the breakdown of methyl (CH3) 
and methylene (CH2) groups in the aliphatic region of the guaiacyl 
units, resulting in the formation of guaiacols. This explains the differ
ence between IKL and hydrochar, with the latter having a higher con
centration of guaiacol-type compounds (i.e., guaiacol, methyl guaiacol, 
and ethyl guaiacol). Furthermore, the degradation of guaiacols through 
the fracture of their methoxy group (OCH3) can lead to the formation of 
catechol-type phenolic compounds. This increase in catechol refers to 
demethylation mechanisms reactions. Moreover, the mild increase in 
the phenolic group may be attributed to rupture of β–ether bonds during 
hydrothermal process, as pointed out in section 3.3. 

Although there is a similar trend regarding the greater presence of 
aromatic and phenolic compounds in hydrochar compared to IKL, there 
is a greater fluctuation of these groups when thermally decomposing 
them in an oxidative atmosphere. The presence of oxygen promotes 
oxidative reactions, leading to a higher degree of chemical trans
formation. Oxygen can reduce the energy barrier of the thermochemical 
reaction, enhancing the decomposition of organic materials, leading to 
more varied breakdown products and intermediate compounds [130]. 
This results in the formation and destruction of various compounds, 
leading to variations in their concentrations. 

The profiles of the major chemical compounds in inert and oxidative 
atmospheres are shown in Fig. 6. Formation of guaiacols, phenols, 
diverse aromatics, and other compounds such as furfural, naphthalene, 
and acids were the most prominent products detected. As expected, the 
highest signal was reported for guaiacols in both atmospheres due to the 
softwood nature of the feedstock, which is composed mainly of G units 
with small quantities of H. The identified guaiacols are primarily 

composed of guaiacol (EI 124), methyl guaiacol (MetG) (EI 123), propyl 
guaiacol (EI 166), and eugenol (EI 164), with the highest release at 
temperatures between 320–400 ◦C in an inert atmosphere and relatively 
constant release in an air atmosphere for the selected samples. In some 
samples, the release of guaiacol took place at lower temperatures 
compared to MetG, as in the case of sample HTC–200–6, where a tem
perature difference of approximately 50 ◦C between MetG and guaiacol 
was observed. This means that breaking C–H bonds on MetG had greater 
difficulty than on guaiacol [121]. Previous studies on lignin pyrolysis 
have pointed out that the formation of these compounds and their 
occurrence temperature highly depend on the lignin type itself. In 
particular, Brebu et al. [109] evaluated the thermal degradation of 
Klason, organosolv and kraft lignin, identifying changes in the temper
atures at which various compounds are detected during pyrolysis. The 
most significant temperature change was observed for Klason lignin, 

Table 5 
Chemical compounds using extracted ion (EI) in MS analysis.  

Identification Major contributing 
ions 

MS 
fragments 

Ref. 

EI Structure 

Guaiacols     
Guaiacol 124 C7H8O2 109, 124, 

81, 53, 82 
[121,123,125] 

Methyl guaiacol 123 C8H10O2 138, 95, 77 [122,123] 
Ethyl guaiacol 137 C9H12O2 103,112, 

122, 152 
[123–125] 

Propyl guaiacol 166 C10H14O2 137, 122 [125] 
Vinyl guaiacol 150 C9H10O2 135, 107, 77 [126] 
Vanillin 152 C8H8O3 123, 109 [125] 
Eugenol 164 C10H12O2 149, 103 [125] 
Isoeugenol 164 C10H12O2 150, 104 [125] 
Hydroxy methoxy 

acetophenone 
149 C9H10O3 125, 126 [125]  

Phenols     
Phenol 94 C6H6O 66, 65 [123] 
Alkylphenols 107 − 121, 135 [122] 
Cresol 108 CH3C6H4OH 107, 108 [123] 
Ethyl phenol 122 C8H10O 107, 77 [123] 
4-(1-methyl ethyl)- 

phenol 
121 C9H12O 136, 150 [127] 

Dimethyl phenol 122 C8H10O 107, 121 [123] 
C2-Alkylphenol 122 − 107, 121 [123] 
4-vinyl phenol 120 C8H8O 91, 119 [123] 
Catechol 110 C6H6O2 66 [128,129] 
Methylcatechol 123 C7H8O2 124 [122] 
Ethyl catechol 123 C8H10O2 138, 77 [122]  

Aromatics     
Benzene 78 C6H6  [128] 
Toluene 92 C7H8  [128] 
Ethylbenzene 106 C8H10  [128] 
Xylene 106 C8H10  [128] 
Styrene 104 C8H8  [128] 
hydroxy benzaldehyde 121 C7H6O2 122, 93, 65, 

39 
[122] 

Dihydroxy 
methylbenzene 

124 C7H8O2  [123] 

Indene 116 C9H8  [128]  

Other Compounds     
Furfural 96 C5H4O2 95 [129] 
Propyne 40 C3H4  [128] 
Propene 42 C3H6  [128] 
Ketene 42 CH2 = CO  [128] 
Cyclopentadiene 66 C5H6  [128] 
2-cyclopenten-1-one 82 C5H6O  [128] 
Naphthalene 128 C10H8  [128] 
5-hydroxymethylfurfural 126 C6H6O3 97, 69 [125] 
Acetic acid 60 CH3COOH  [125] 
Carboxylic acid 45 COOH+ [128]  
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with a difference of approximately 100 ◦C between the occurrences of 
guaiacol and ethylguaiacol. On the other hand, the formation of guaiacol 
homologs occurred simultaneously for softwood kraft lignin, which is 
consistent with the observations in the present study. As shown in Fig. 6, 
the occurrence temperatures of guaiacol and MetG for each of the 
samples are similar, suggesting that originated from one polymeric 
structure. In softwood, it is known that lignin in different morphological 
parts has a structurally homogeneous composition, which can influence 
its degradation pattern. 

The release of phenols showed similar behavior to that of guaiacols, 
with maximum release temperatures around 400 ◦C under an inert at
mosphere. It should be noted that kraft lignins have increased the con
tent of free phenolic groups and of C–C linkages due to structural 
changes occurring during the pulping process [109]. Phenols are asso
ciated with secondary reactions of lignin at temperatures of 400–600 ◦C, 
derived from the cracking of bonded hydroxyl- and methoxy-phenyl- 
propane units of lignin [131,132]. Soongprasit et al. [131] indicated a 
higher selectivity for the formation of methoxy phenol and alkylated 
phenol during lignin pyrolysis in this range of temperature. Likewise, it 
is mentioned that high pyrolytic temperatures may lead to a reduction of 
phenolic compounds due to thermal fragmentation of the C–C linkage in 
the aromatic structure. Under oxidative conditions, the release of 
alkylphenol seemed to occur in two steps in the recirculating sample, 
where there was first high release at temperatures around 150 ◦C and 
then release increased again at temperatures around 600 ◦C. The 
detection of these aromatics in the early stages of the process could 
represent the release of phenolic compounds absorbed by the HC. The 
high amount of phenolic and aromatic compounds released in the 
recirculation samples could be related to the analysis of section 3.2, 
where a higher mass yield was obtained for these samples compared to 
non-recirculated samples. Moreover, it can be seen from Fig. 5, where 
the recirculation samples show a higher presence of phenolic groups. It 
is possible that the lignin fragments dissolved in the aqueous medium 
(fragments that would be decomposed to phenolic compounds through 
hydrolytic reactions) were transformed into phenolic carbon and then 
located on the non-dissolved lignin surface. Likewise, it was possible 
that an adsorption/desorption effect of the dissolved fragments may be 
taking place in the hydrochar matrix, as indicated in previous studies. 
For instance, Ischia et al. [99] conducted extraction using various sol
vents on HTC-derived hydrochar, finding that the composition of the 
extracted species resembles that of the HTC liquors. The similarity be
tween the extract and the liquor compositions suggests that these 
extracted compounds come from the liquor itself and are absorbed on 
the surface of the hydrochar during the HTC process. Moreover, it is 
pointed out that solvent extraction does not selectively remove com
pounds based on functional groups, thus indicating that the adsorption 
of the compounds to the hydrochar is physical in nature given this 
desorption. 

Naphthalene showed an apparent constant formation in the 
oxidizing atmosphere, with higher detection for sample HTC–240–6 at 
300 ◦C. The opposite occurs under inert conditions, where in the sample 
treated at 200 ◦C, the detection of naphthalene increased as the 

temperature increased. In the samples treated at 240 ◦C, the amount of 
naphthalene released decreased as the temperature increased. At higher 
temperatures, a better dissociation of the aromatic compounds present 
in the lignin structure was achieved. Naphthalene was found to be the 
dominant product from lignin degradation under catalytic pyrolysis, as 
reported by [133]. In the pyrolytic process, naphthalene and indene are 
generally the main polycyclic aromatics detected. 

The carboxylic acids obtained by deprotonation of the carboxyl 
group can be assigned to guaiacols. Additionally, carboxylic acid can be 
generated during the depolymerization of lignin to phenols and alde
hydes, whose formation is increased or promoted at high temperatures 
[134]. The highest release of carboxylic acid was at temperatures close 
to 600 ◦C. The highest peak was found for HTC–80 % and HTC–40 % 
under inert and oxidative atmospheres, respectively. Acetic acid was one 
of the major compounds found in most of the samples. The maximum 
detection of acetic acid occurs at temperatures between 350 and 400 ◦C, 
with lower detection at 700 ◦C for all samples. Its formation was related 
to the cleavage of carbon acetylated in the lignin side chain [135]. 
Additionally, and like furfurals, the release of these organic groups in the 
lignin hydrochar pyrolysis results mainly from the cracking and 
reforming of the ether groups [121]. 

3.5. Simulation results 

The process design for the industrial-scale lignin HTC treatment 
plant was based on the case of 220 ◦C temperature, 6 h residence time, 
9:1 ratio of water to dry matter, and no recirculation of the liquid. The 
9:1 water-to-dry ratio is achieved with the addition of 16.4 kg/s of liquid 
water, as well as 1.5 kg/s of 25 bar steam for reactor heating, to 30 % 
wet-basis moisture content lignin, for a 5.5:1 mass ratio of added water 
to wet-basis lignin feedstock. 30 % is often cited for kraft lignin moisture 
before dewatering [136,137], although some references to ranges of 
30–35 % [138] or even up to 40 % [139] also exist. The demand for 
water is not sensitive to feedstock moisture: liquid water addition re
mains at 16–17 kg/s range with 10–60 % lignin moisture. 

Not recirculating the liquids was chosen on the grounds of this 
achieving the highest mass yield of the product. Although higher tem
peratures and residence times would yield somewhat higher HHV of the 
final product, the difference would be small. At the same time, there 
would be a significant cost for increased temperatures or residence 
times: higher temperatures could not be achieved with extraction steam, 
necessitating the use of main steam for final heating and thereby 
considerable power generation penalty and the larger volumes of pres
sure vessels needed for processing the same rates of lignin at longer 
residence times would require larger pressure vessels with thicker walls, 
for significant investment cost increase. 

The main results for integrating an HTC treatment plant processing 
7.5 t/h of dry lignin are listed in Table 6. A similar amount of lignin 
removal without the HTC treatment is also included for comparison 
purposes. It is evident from the results that the main impacts on the 
boiler and steam cycle are due to the lignin removal itself and the 
consequent reduction of boiler fuel input; the addition of the HTC 

Fig. 5. Production of classified chemical compounds of studied samples and IKL in mass spectrometry.  
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Fig. 6. Profiles of chemical compound production fractionated by mass spectrometry.  

O. Salcedo-Puerto et al.                                                                                                                                                                                                                       



Fuel 373 (2024) 132389

13

process imparts a relatively minor impact to this. The reductions of high 
(HP) and medium (MP) steam extraction pressures remain small, cor
responding to only 2–3 ◦C saturation temperature reduction. This small 
reduction was considered unlikely to cause problems for steam users. LP 
pressure is maintained at 5 bar by throttling the condensing turbine inlet 
flow. Main steam parameters can still be maintained for the main steam 
at this level of fuel power reduction; with lignin removal, attemperation 
spray still reduces temperature by 39 ◦C (68 ◦C in the base case). 

In the case of only lignin removal, the thermal dryer heat demand is 
supplied from the plant’s 5 bar LP steam. In the case of the HTC treat
ment plant, the raw lignin is pressed to MC = 30 % during the process of 
removing the black liquor residues from the lignin but not thermally 
dried, as more water must be added in any case for the HTC process. In 
the HTC treatment case, the final thermal drying of the hydrochar takes 
place with the hot wastewater from the HTC process; this is sufficient to 
achieve the 10 % final moisture without the need for additional steam 
from the plant. 

The HTC plant scheme is depicted in Fig. 7. In contrast to the HTC 

plant schemes of [65] and, where the hot wastewater from the dew
atering was used as part of the water supply for the feed slurry, and 
direct injection of flash vapor from product slurry depressurization was 
used for both heat recovery and reducing the water consumption and 
wastewater production, in this case, no recirculation is used in order to 
maximize the product mass yield. In addition to the improved mass 
yield, this has the advantage of simplified feed slurry pressurization, 
which can now be achieved with a single slurry pump without the need 
to pressurize in stages to maintain a pressure gradient from the flash 
tanks to the feed. The disadvantages are increased water consumption 
and the need for indirect heating of the slurry in condensing heat ex
changers, as opposed to direct flash vapor injection. The former amounts 
to a relatively small additional expense [140], however, while the latter 
is less of a problem in the case of a high–water–content slurry with very 
fine lignin particles, as opposed to the much larger particle sizes and 
somewhat lower water contents considered in the aforementioned 
studies, where fouling and clogging of heat exchangers could be ex
pected to be a significant risk. 

The feed heating consists of 5 separate stages; first, the 15 ◦C raw 
water is heated to 34 ◦C with hot wastewater from product slurry 
dewatering and the condensing slurry heaters; after mixing the water 
and the lignin and pressurizing to 28 bar in a slurry pump, the slurry is 
heated to 93 ◦C in the first condensing heater using 1 bar flash vapor. 
This is followed by a second heater using 5 bar LP steam from the plant 
(3.8 MW) for 143 ◦C temperature, and then a 12 bar flash vapor heater 
for a 181 ◦C slurry temperature entering the reactor, which is heated 
with 4.6 MW of 25.4 bar HP steam to the final temperature of 220 ◦C. A 
3.4 MW excess of 1 bar flash steam is used to preheat the demineralized 
makeup water for the mill; this results in reduced deaerator steam 
consumption, as seen in Table 6, and a net outcome of similar 
condensing turbine flow and inlet pressure as would be achieved 
without the HTC plant. 

4. Conclusions and suggestions 

This study has shown that the hydrothermal process, under the 
evaluated experimental conditions, led to moderate changes in IKL. 
Among the operational parameters, temperature and time had the 
greatest influence on the process outcome, while process water recir
culation had a lesser impact. Increasing temperature and time resulted 
in slight decreases in mass yield and volatile matter. However, extended 
residence times (up to 24 h) and recirculation, increased volatile matter, 
likely due to re-absorption of aqueous phase degradation products. 
Recirculation also showed increased mass yield with higher concentra
tions of process water. Hydrochar produced at 240 ◦C for 6 h without 
recirculation had higher fuel ratio and higher heating value. Extended 
reaction times did not significantly alter HHV. Minor changes in 
elemental carbon were noted with varying temperatures and times, 
alongside a noticeable reduction in hydrogen content, leading to a 
relative elevated oxygen content in hydrochar. This hydrogen reduction 
is attributed to both the cleavage of hydrogen-containing groups by 
demethylation reaction mechanisms and the formation of free radicals, 
which increase the content of oxygen functional groups on the hydro
char surface. 

The slight general degradation of IKL was attributed to its recalci
trant nature, corroborated by thermogravimetric analysis indicating 
high thermal stability. Hydrothermal treatment induced minimal 
structural changes in IKL, resulting in subtle variations in thermal 
degradation profiles among hydrochar samples. Despite hydrochar and 
IKL exhibiting similar maximum weight loss rates near 400 ◦C, the rate 
of weight loss was slightly higher for hydrochar. During thermal 
degradation were identified various compounds, as guaiacol and 
phenolic aromatics, with a slightly greater presence in hydrochar due to 
changes in lignin structure. The higher presence of these compounds in 
recirculation samples was attributed to their adsorption from the liquid 
phase and not to a greater degradation of the initial sample. To have 

Table 6 
Lignin removal (LR) and HTC treatment impact on power and steam generation.   

Parameter 0 LR LR +
HTC 

Boiler Firing liquor input, 
kgds/s 

88.09 85.88 85.88 

Firing liquor lignin, 
kglig/kgds 

0.310 0.293 0.293 

Firing liquor HHV, 
MJ/kg 

13.16 12.91 12.91 

Firing liquor energy, 
MWLHV+sensible 

1085.9 1038.8 1038.8 

Main steam values, 
◦C/bar 

510 / 
100 

510 / 
100 

510 / 
100 

Main steam 
production, kg/s 

333.5 316.3 316.2  

Lignin removal 
and HTC 

Lignin removal, kgd/ 
s 

0 2.08 2.08 

Lignin final moisture, 
wt.% 

n/a 10 30 

Hydrochar 
production, kgd/s 

n/a n/a 1.96 

Hydrochar final 
moisture, wt.% 

n/a n/a 10  

Steam from 
backpressure 
turbine 

27 bar HP extraction, 
kg/s (bar) 

17.3 
(27.0) 

17.3 
(25.5) 

18.8 
(25.5) 

12 bar MP extraction, 
kg/s (bar) 

86.2 
(12.0) 

83.7 
(11.4) 

83.6 
(11.3) 

5 bar LP extractiona, 
kg/s (bar) 

179.4 
(5.0) 

178.9 
(5.0) 

177.2 
(5.0) 

Condensing turbine, 
kg/s (bar) 

48.8 
(4.60) 

35.9 
(3.38) 

35.2 
(3.32) 

Deaerator heatingb, 
kg/s (bar) 

48.54 
(4.2) 

46.1 
(4.2) 

44.8 
(4.2)  

Power generation 
and 
consumption 

Gross generator 
power, MWel 

213.710 193.942 193.055 

Boiler and steam 
cycle auxiliaries, 
MWel 

7.258 6.805 6.811 

Pulp mill power 
consumption, MWel 

60.375 60.375 60.375 

Lignin removal 
power consumption, 
MWel 

0 0.600 0.150 

HTC power 
consumption, MWel 

0 0 0.659 

Net power available 
to sell, MWel 

146.077 126.163 125.060  

a LP steam pressure maintained by condensing turbine throttling valve. 
b Deaerator heating steam included in LP extraction steam. 
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greater degradation of the IKL during the hydrothermal process and 
obtain a hydrochar with higher carbon content, greater aromaticity and 
greater calorific value, it is necessary to carry out the HTC at higher 
temperatures. 

The HTC process design and integration with the pulp mill recovery 
boiler and power plant was based on a 7.5 td/h scale. The simulation 
results showed that the largest energy impact occurs in the boiler due to 
removing lignin from the black liquor, which reduces the power output 
by 20 MW. The addition of a hydrothermal carbonization unit would 
further reduce this by only approximately 1 MW. Future work should 
focus on a comprehensive technical–economic evaluation for the inte
gration of HTC lignin treatment to a pulp mill recovery boiler steam 
cycle to determine its feasibility on an industrial scale. Such evaluation 
should consider the effects of different process parameters such higher 
operational temperatures and plant configurations on the economic 
performance. 

Funding 

This study was funded by project No.101092257, “Valorisation of 
CO2 waste streams into polyester for a sustainable circular textile in
dustry (THREADING-CO2)”. 

CRediT authorship contribution statement 

Orlando Salcedo-Puerto: . Clara Mendoza-Martinez: Writing – 
review & editing, Writing – original draft, Visualization, Validation, 
Supervision, Methodology, Investigation, Conceptualization. Jussi 
Saari: Writing – review & editing, Software, Methodology, Investiga
tion, Conceptualization. Esa Vakkilainen: Writing – review & editing, 
Validation, Supervision, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

The authors gratefully acknowledge Peter Jones’s support in 
improving the English language. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fuel.2024.132389. 

References 

[1] Huang J, Fu S, Gan L. Lignin chemistry and applications. Elsevier 2019. https:// 
doi.org/10.1016/B978-0-12-813941-7.00001-1. 

[2] Sameni J, Krigstin S, dos Rosa S, Leao A, Sain M. Thermal characteristics of lignin 
residue from industrial processes. BioResources 2014;9:725–37. https://doi.org/ 
10.15376/biores.9.1.725-737. 

[3] Demuner IF, Borges Gomes FJ, Gomes JS, Coura MR, Borges FP, Macedo Ladeira 
Carvalho AM, et al. Improving kraft pulp mill sustainability by lignosulfonates 
production from processes residues. J Clean Prod 2021;317:128286. https://doi. 
org/10.1016/J.JCLEPRO.2021.128286. 

[4] Atta-Obeng E, Dawson-Andoh B, Seehra MS, Geddam U, Poston J, Leisen J. 
Physico-chemical characterization of carbons produced from technical lignin by 
sub-critical hydrothermal carbonization. Biomass Bioenergy 2017;107:172–81. 
https://doi.org/10.1016/j.biombioe.2017.09.023. 

[5] Vishtal A, Kraslawski A. Challenges in industrial applications of technical lignins. 
BioResources 2011;6:3547–68. https://doi.org/10.15376/biores.6.3.vishtal. 

[6] Bajwa DS, Pourhashem G, Ullah AH, Bajwa SG. A concise review of current lignin 
production, applications, products and their environmental impact. Ind Crops 
Prod 2019;139:111526. https://doi.org/10.1016/J.INDCROP.2019.111526. 

[7] Chio C, Sain M, Qin W. Lignin utilization: a review of lignin depolymerization 
from various aspects. Renew Sustain Energy Rev 2019;107:232–49. https://doi. 
org/10.1016/J.RSER.2019.03.008. 

[8] Kawamoto H. Lignin pyrolysis reactions. J Wood Sci 2017;63:117–32. https:// 
doi.org/10.1007/S10086-016-1606-Z. 

[9] Zheng X, Zhong Z, Zhang B, Du H, Wang W, Li Q, et al. Preparation of monocyclic 
aromatic hydrocarbons from industrial lignin residue and polyethylene co- 
pyrolysis by microwave-assisted in fluidized bed based on bimetal-loaded HZSM- 
5/MCM-41 core-shell catalyst. Fuel 2024;364:131100. https://doi.org/10.1016/ 
J.FUEL.2024.131100. 

Fig. 7. Flowsheet model of the industrial-scale HTC process. KF – Kamyr feeder; SP – slurry pump; FSH – feed slurry heater; HTC – HTC reactor; FT- flash tank; MD – 
mechanical dewatering; BD – belt drier. 

O. Salcedo-Puerto et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/j.fuel.2024.132389
https://doi.org/10.1016/j.fuel.2024.132389
https://doi.org/10.1016/B978-0-12-813941-7.00001-1
https://doi.org/10.1016/B978-0-12-813941-7.00001-1
https://doi.org/10.15376/biores.9.1.725-737
https://doi.org/10.15376/biores.9.1.725-737
https://doi.org/10.1016/J.JCLEPRO.2021.128286
https://doi.org/10.1016/J.JCLEPRO.2021.128286
https://doi.org/10.1016/j.biombioe.2017.09.023
https://doi.org/10.15376/biores.6.3.vishtal
https://doi.org/10.1016/J.INDCROP.2019.111526
https://doi.org/10.1016/J.RSER.2019.03.008
https://doi.org/10.1016/J.RSER.2019.03.008
https://doi.org/10.1007/S10086-016-1606-Z
https://doi.org/10.1007/S10086-016-1606-Z
https://doi.org/10.1016/J.FUEL.2024.131100
https://doi.org/10.1016/J.FUEL.2024.131100


Fuel 373 (2024) 132389

15

[10] Li H, Liang Y, Li P, He C. Conversion of biomass lignin to high-value 
polyurethane: a review. J. Bioresour. Bioprod. 2020;5:163–79. https://doi.org/ 
10.1016/j.jobab.2020.07.002. 

[11] Huang M, Xu J, Ma Z, Yang Y, Zhou B, Wu C, et al. Bio-BTX production from the 
shape selective catalytic fast pyrolysis of lignin using different zeolite catalysts: 
relevance between the chemical structure and the yield of bio-BTX. Fuel Process 
Technol 2021;216:106792. https://doi.org/10.1016/J.FUPROC.2021.106792. 

[12] Deng J, Sun SF, Zhu EQ, Yang J, Yang HY, Wang DW, et al. Sub-micro and nano- 
lignin materials: small size and rapid progress. Ind Crops Prod 2021;164:113412. 
https://doi.org/10.1016/J.INDCROP.2021.113412. 

[13] Matsakas L, Karnaouri A, Cwirzen A, Rova U, Christakopoulos P, Xu C, et al. 
Formation of Lignin Nanoparticles by Combining Organosolv Pretreatment of 
Birch Biomass and Homogenization Processes n.d. Doi: 10.3390/ 
molecules23071822. 

[14] Petrie FA, Gorham JM, Busch RT, Leontsev SO, Ureña-Benavides EE, Vasquez ES. 
Facile fabrication and characterization of kraft lignin@Fe3O4 nanocomposites 
using pH driven precipitation: effects on increasing lignin content. Int J Biol 
Macromol 2021;181:313–21. https://doi.org/10.1016/j.ijbiomac.2021.03.105. 

[15] Venkatesan Savunthari K, Arunagiri D, Shanmugam S, Ganesan S, Arasu MV, Al- 
Dhabi NA, et al. Green synthesis of lignin nanorods/g-C3N4 nanocomposite 
materials for efficient photocatalytic degradation of triclosan in environmental 
water. Chemosphere 2021;272:129801. https://doi.org/10.1016/J. 
CHEMOSPHERE.2021.129801. 

[16] Bourbiaux D, Pu J, Rataboul F, Djakovitch L, Geantet C, Laurenti D. Reductive or 
oxidative catalytic lignin depolymerization: an overview of recent advances. 
Catal Today 2021;373:24–37. https://doi.org/10.1016/J.CATTOD.2021.03.027. 

[17] Nguyen LT, Phan DP, Sarwar A, Tran MH, Lee OK, Lee EY. Valorization of 
industrial lignin to value-added chemicals by chemical depolymerization and 
biological conversion. Ind Crops Prod 2021;161:113219. https://doi.org/ 
10.1016/J.INDCROP.2020.113219. 

[18] Yaguchi AL, Lee SJ, Blenner MA. Synthetic biology towards engineering microbial 
lignin biotransformation. Trends Biotechnol 2021. https://doi.org/10.1016/J. 
TIBTECH.2021.02.003. 

[19] Chaleawlert-Umpon S, Liedel C. More sustainable energy storage: LIGNIN based 
electrodes with glyoxal crosslinking. J Mater Chem A Mater 2017;5:24344–52. 
https://doi.org/10.1039/C7TA07686J. 

[20] Liu H, Xu T, Liu K, Zhang M, Liu W, Li H, et al. Lignin-based electrodes for energy 
storage application. Ind Crops Prod 2021;165:113425. https://doi.org/10.1016/ 
J.INDCROP.2021.113425. 

[21] Cao M, Cheng W, Ni X, Hu Y, Han G. Lignin-based multi-channels carbon 
nanofibers @ SnO2 nanocomposites for high-performance supercapacitors. 
Electrochim Acta 2020;345:136172. https://doi.org/10.1016/J. 
ELECTACTA.2020.136172. 

[22] Yoganandham ST, Sathyamoorthy G, Renuka RR. Emerging extraction techniques 
: Hydrothermal processing. Sustainable Seaweed Technologies. Elsevier Inc.; 
2020. p. 191–205. 

[23] Lu X. Understanding hydrothermal carbonization of mixed feedstocks for waste 
conversion. University of South Carolina; 2014. Doctoral dissertation). 

[24] Kirtania K. Thermochemical conversion processes for waste biorefinery. Waste 
Biorefinery: potential and Perspectives. Elsevier B.V.; 2018. p. 129–56. 
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[86] Wielgosiński G, Łechtańska P, Namiecińska O. Emission of some pollutants from 
biomass combustion in comparison to hard coal combustion. J Energy Inst 2017; 
90:787–96. https://doi.org/10.1016/j.joei.2016.06.005. 

[87] Energy research Centre of the Netherlands (ECN). Database for the 
physicochemical composition of (treated) lignocellulosic biomass, micro- and 
macroalgae, various feedstocks for biogas production and biochar n.d. 

[88] Hoekman SK, Broch A, Robbins C. Hydrothermal carbonization (HTC) of 
lignocellulosic biomass. Energy Fuel 2011. https://doi.org/10.1021/ef101745n. 

[89] Guo S, Dong X, Liu K, Yu H, Zhu C. Chemical, energetic, and structural 
characteristics of hydrothermal carbonization solid products for lawn grass. 
BioResources 2015;10:4613–25. https://doi.org/10.15376/biores.10.3.4613- 
4625. 

[90] Bevan E, Fu J, Luberti M, Zheng Y. Challenges and opportunities of hydrothermal 
carbonisation in the UK; case study in Chirnside. RSC Adv 2021;11:34870–97. 
https://doi.org/10.1039/D1RA06736B. 

[91] Dominik W, Pablo A, Sonja H, Fernando C, Luca F, Andrea K. Process Water 
Recirculation During Hydrothermal Carbonization as a Promising Process Step 
Towards the Production of Nitrogen-Doped Carbonaceous Materials. Waste and 
Biomass Valorization 2021 13:4 2021;13:2349–73. Doi: 10.1007/S12649-021- 
01603-X. 
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