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Abstract: Hydrothermal carbonization (HTC) allows the conversion of organic waste into a solid 
product called hydrochar with improved fuel properties. Olive tree pruning biomass (OTP), a very 
abundant residue in Mediterranean countries, was treated by HTC to obtain a solid fuel similar to 
coal that could be used in co-combustion processes. Three different reaction temperatures (220, 250, 
and 280 °C) and reaction times (3, 6, and 9 h) were selected. The hydrochars obtained were 
extensively analyzed to study their behavior as fuel (i.e., ultimate, proximate, fiber and 
thermogravimetric analysis, Fourier-transform infrared spectroscopy (FTIR), activation energy, and 
combustion performance). The concentrations of cellulose, hemicellulose, and lignin in the samples 
depict a clear and consistent trend with the chemical reactions carried out in this treatment. 
Regarding O/C and H/C ratios and HHV, the hydrochars generated at more severe conditions are 
similar to lignite coal, reaching values of HHV up to 29.6 MJ kg−1. The higher stability of the solid is 
reflected by the increase of the activation energy (≈ 60 kJ mol−1), and ignition temperatures close to 
400 °C. With this, HTC is a proper thermal treatment for the management of raw OTP biomass and 
its further conversion into a solid biofuel. 

Keywords: hydrothermal carbonization; olive tree pruning biomass; biofuel; hydrochar; 
bioconversion; combustion; bioenergy 

 

1. Introduction 

Lignocellulosic biomass has a huge potential for the production of fuel, heat, and electrical 
power. This along with the need of alternative energy sources with less environmental impacts than 
fossil fuels, has caused its use to increase lately [1]. Biomass was usually utilized for direct 
combustion and co-combustion with low-rank coals as an easy way to benefit from the biomass 
energy [2]. However, direct combustion is less efficient due to some biomass inherent properties such 
as low carbon content and hygroscopic nature. High moisture and oxygen contents may cause higher 
heating values (HHV) be lower. Moreover, raw biomass is difficult to ignite and the combustion is 
incomplete and unstable, therefore some pretreatments may be carried out before its use as fuel [3,4]. 



Processes 2020, 8, 1201 2 of 21 

 

Co-combustion of hydrochar with coal has been previously studied by Gao et al. paying attention to 
the improvement of thermal profiles of biomass/coal blends [5]. Yousaf et al. have proved that 
char/coal blends present a steady state combustion leading to an increase in combustion efficiency 
and an improvement in thermal characteristics in comparison to coal/biomass blends or the coal itself 
[6]. 

Approximately 3.3 × 107 tons of olive tree pruning biomass (OTP) are produced all over the 
world, which shows its potential for energy recovery. The olive oil industry in Spain generates 
around 3.2 × 106 tons of olive waste and 2 × 106 of these tons correspond to OTP. The most common 
use of OTP is incineration which causes pollution, fire risks, or soil mineralization [4,7]. Its low bulk 
density, its dispersion over an extensive area, and the absence of knowledge about its kinetic process 
make this residue unsuitable when used as fuel in industrial applications. Consequently, burning or 
scattering on fields are the most common ways to eliminate these leftovers [8]. When selecting a 
thermal process, the moisture content of the sample is an important parameter. Spinelli et al. reported 
values up to 35% of moisture for the olive pruning [9], while in this work, the raw pruning presented 
contents of approximately 31%, which is a high value to take into account. 

The conversion of biomass into other valuable products can be achieved by thermal technologies 
such as pyrolysis or gasification. However, these methods present drawbacks when the biomass 
presents a high content in moisture, making an additional drying step necessary, increasing the 
operating costs [3]. Technologies like pyrolysis, torrefaction, or gasification requires an initial 
moisture content of the feedstock lower than 10–15%, otherwise the energy needed to evaporate the 
excess moisture could make the process energetic and economically inviable [10]. Nevertheless, 
hydrothermal carbonization (HTC) can avoid these limitations and simulate the natural process of 
coalification, converting lignocellulosic biomasses into coal-like materials [11]. This thermochemical 
process can convert different types of biomass into solid, carbon-rich materials at low-temperatures 
compared to pyrolysis [12]. The abundant potential hydrochar applications, the easiness of 
implementation, and the versatility of the process to convert waste into fuel means that research on 
this process continues to be undertaken [13]. Apart from using hydrochar as solid fuel, it can be 
employed for carbon sequestration, soil remediation [14], water and nutrient retention in soils [15], 
as biomaterial for electrodes in electrolysis cells [16], or as a way to enhance the performance of 
anaerobic digesters, acting as an adsorbent of inhibitory compounds [17] in the same way that biochar 
has been used in recent times. 

HTC is usually conducted at mild reaction temperatures (150–350 °C), autogenous pressure, and 
different reaction times ranging from some minutes to several hours depending on the use of the final 
product, with higher times required for energy purposes [18,19]. Among other treatments including 
biological and thermochemical, hydrothermal processing of organic wastes seems to be the most 
promising technology [20]. Comparison of HTC and low temperature pyrolysis of residual biomass 
has been previously studied concluding that hydrochar shows higher thermal efficiency and lower 
pollutant emissions along with lower activation energies for combustion [21]. To obtain a pyrolytic 
biochar with a similar ratio of energy densification and similar higher heating values as hydrochar, 
more severe conditions in pyrolysis are needed [22]. HTC of different waste biomasses including 
forestry and agricultural residues has been conducted with the aim of use hydrochar as solid biofuel 
[23,24]. As dewatering, dechlorination, denitrification, and coalification reactions take place during 
HTC, an important reduction in pollutant emissions in combustion can be achieved [25]. 

Hence, the objective of this research was to select the optimum temperature and time reaction 
parameters in the HTC of OTP to obtain a hydrochar similar to a lignite coal useful as fuel. 
Thermogravimetric analysis along with the chemical properties of the hydrochar allow to know the 
thermal behavior and kinetic parameters, which is essential to understand the combustion 
performance. Thus, this work aims to compare different reaction conditions in terms of energy use of 
the solid product, considering this process as an alternative to directly using raw biomass as solid 
fuel. Although previous works regarding HTC of biomass have been conducted, here the conversion 
of olive tree pruning biomass into a solid biofuel was evaluated. The novelty of the adjustment of 
two reaction parameters (time and temperature) was assessed looking for the better combination to 



Processes 2020, 8, 1201 3 of 21 

 

obtain a proper product. Therefore, a solid biofuel similar to lignite coal (in terms of physicochemical 
properties, HHV, or combustion index, but with a better composition than a fossil coal) can be 
achieved from olive tree pruning biomass through HTC. 

2. Materials and Methods 

2.1. Materials and Sample Preparation 

OTP was collected from “Biotherm Agroforestal S.L.” (Córdoba, Spain). The samples were 
received with a size range between 15 and 45 mm and were stored in plastic bags for further testing. 
Although initially the green olive pruning had a moisture greater than 30%, its value was reduced 
below 10% to facilitate its grinding before its chemical analysis. For the thermogravimetric analysis, 
the samples were ground and shaken for 3 min in a laboratory ball mill and subsequently syphoned 
through a 0.15 mm mesh to ensure representativeness avoiding heat or mass transfer limitations. For 
HTC experiments samples were not prior dried or milled. 

2.2. Experimental Procedure 

Nine tests were carried out in a 2000 mL stirred pressure reactor (APP Parr reactor, Parr 
instrument company, Moline, IL, USA) (Figure 1). This reactor can operate at conditions up to 350 °C 
and 130 bar. The temperature was measured using a type J thermocouple and pressure was measured 
with a manometer whose pressure range was from 0 to 100 bar. It was heated by an electrical heater 
while the reaction system was continuously stirred at a constant 250 rpm. 

 
Figure 1. Hydrothermal carbonization (HTC) reactor diagram. 

To evaluate the effect of reaction temperature and time, experiments were conducted at 220, 250, 
and 280 °C for 3, 6, and 9 h at a fixed biomass/water ratio of 1/20, which has been proved to be 
adequate for this purpose [26]. Although this parameter influences the other two variables, Sabio et 
al. observed that biomass/water ratio plays a secondary role during HTC reaction [27]. The 
hydrochars obtained were labelled as X_Y, where X is the reaction temperature (°C) and Y is the 
reaction time (h). Then, 50 g of feedstock was mixed with 1000 mL of deionized water. The reactor 
was fluxed with helium gas for 10 min to remove all oxygen. Helium was used instead of nitrogen 
because carrier gas in gas chromatography is helium, so in such a way we can observe the amount of 
nitrogen generated during HTC. Then, the outlet valve was closed until the partial pressure reached 
2 bars. The reactor was heated at 5 °C min−1. Once the selected temperature was achieved, the process 
was maintained for the selected time, depending on each run. After that, the reactor was cooled down 
to room temperature. The gas produced during the process was collected for further analysis in 5-L 
sample bags using a release valve and the solid and liquid phases were separated by vacuum 
filtration. The solid phase was further washed with deionized water and acetone until the effluent 
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was clear and then oven-dried for 24 h at 90 °C. The use of organic solvents for washing the hydrochar 
is important due to the formation of secondary char over the surface of the primary char containing 
furfural precipitates that can be eliminated by acetone wash then favoring pollutant reduction during 
combustion [28]. The aqueous part was placed into a bottle and stored in a cold room at 4 °C for 
further analysis. 

2.3. Chemical Analysis of the Samples 

The product yield was obtained as follows, the solid yield was calculated as the mass ratio 
between every hydrochar and raw biomass (both on a dry basis). Gas yield is the mass of gas 
produced per unit of raw biomass. The produced gas was measured with a syringe, the initial helium 
was subtracted, and the mass of the rest was calculated with the composition of the total gas, the 
molecular weight, and the density of every single gas at the exit conditions. Liquid yield was obtained 
by the difference. 

2.3.1. Solid Phase 

Proximate and ultimate analyses were performed to characterize both the feedstock and the 
resulting hydrochars. Proximate analyses were carried out according to ASTM 3302, UNE 3219, and 
UNE 32,004 for total moisture, volatile matter, and ashes, respectively. The ultimate analyses were 
performed using a LECO CHN-600 analyzer and following ASTM 5373 and by using a LECO SC-132 
analyzer for determining the sulphur content according to ASTM 4239. The oxygen content was 
obtained by subtraction. The heating value was determined using a LECO AC-300 analyzer according 
to UNE 32006. 

Fiber analysis was performed to determine the macrocomponents (hemicellulose, cellulose, 
lignin, and extractives) in biomass and corresponding hydrochars. It is explained in Appendix A. 

The infrared spectra of raw biomass and hydrochar samples were recorded using a Thermo 
Scientific Nicolet iS5 FTIR (ID7 ATR (attenuated total reflectance) accessory, a monolithic diamond 
ATR crystal with high efficiency) spectrophotometer over the 4000–650 cm−1 range at a 0.5 cm s−1 rate. 
Sixteen scans were collected with 0.482 cm−1 spacing. The scans were averaged for each spectrum and 
corrected against atmospheric conditions as the background. 

2.3.2. Gaseous and Liquid Phases Analysis 

Gas composition was analyzed by using a gas chromatograph (Varian CP 3800 GC) equipped 
with a thermal conductivity detector. A 4 m column packed with HayeSepQ80/100 and followed by 
a 1 m molecular sieve column was used to separate CH4, CO2, N2, H2, and O2. The columns were 
operated at 331 kPa and 50 °C with helium as the carrier gas. 

Total organic carbon (TOC) and total nitrogen (TN) contents in the liquid phase were measured 
using an Analytik Jena Multi N/C_3100 system by thermocatalytic oxidation. pH was also measured. 

2.4. Determination of Combustion Indexes and Activation Energy 

The solid samples were weighed in synthetic air using a TA instruments thermobalance (model 
SDT Q600, TA Instruments-Waters LLC, New Castle, DE, USA) for measuring the thermal behavior. 
Both the mass loss (TG) and differential mass loss (DTG) were recorded continuously from room 
temperature to 700 °C using a 15 °C min−1 heating rate, which is low enough to avoid large 
temperature gradients throughout the samples [29]. Each run was conducted in a crucible containing 
5 ± 0.25 mg of hydrochar with an airflow of 100 cm3 min−1 when combustion experiments were 
conducted, and a nitrogen flow of 100 cm3 min−1 when pyrolysis was carried out. Temperature, mass 
loss, and differential mass loss were determined using the thermogravimetric curves obtained from 
the Universal Analysis 2000 (V4.5A software from TA Instruments-Waters LLC, New Castle, DE, 
USA). 

As previously described by Li et al. [30] and explained in Appendix B, ignition and burnout 
temperatures (Ti and Tb) were obtained to determine the Ci index (Equation (1)). This index is used as 
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a criterion for fuel combustion characteristics and it reflects the burning ability of a fuel, so a higher 
value reflects a more satisfactory combustion performance. The bigger the Ci index was, the more 
vigorously the samples burned and the faster the char burned out. 

𝐶𝐶𝑖𝑖 =
𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 × 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚

𝑇𝑇𝑖𝑖2𝑇𝑇𝑏𝑏
 (1) 

where Rmax is the maximum combustion rate, Rmed is the average mass loss rate calculated by taking 
the starting and ending at 1% of Rmax, and Ti and Tb are the ignition temperature and the burnout 
temperature, respectively. 

As previously described [31,32] the following parameters were also taken into account to 
describe the products obtained from carbonization in terms of quality and to compare the samples. 
Mass yield (MY) was calculated following Equation (2) and shows the efficiency of the process when 
mass is considered. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝑀𝑀𝑀𝑀%) =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦ℎ𝑎𝑎𝑎𝑎
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

× 100 (2) 

The energy densification ratio (EDR) gives important information since the HHV of the product 
and the HHV of the feedstock are compared and it allows seeing the increase in the product heating 
value. EDR is calculated by using Equation (3). 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝐸𝐸𝐸𝐸𝐸𝐸) =
𝐻𝐻𝐻𝐻𝐻𝐻 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦ℎ𝑎𝑎𝑎𝑎
𝐻𝐻𝐻𝐻𝐻𝐻 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 (3) 

In energy yield (EY), the mass loss during the carbonization and the energy densification are 
simultaneously taken into account, so it is possible to assess the improvement of the initial material. 
EY is calculated using Equation (4). 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝐸𝐸𝐸𝐸%) = 𝑀𝑀𝑀𝑀(%) × 𝐸𝐸𝐸𝐸𝐸𝐸 (4) 

The efficiency of the carbonization process was evaluated using the fixed carbon yield (FCY), 
where the mass yield of each run, the fixed carbon (FC) content, and the ash content of raw feedstock 
are related. Equation (5) shows how this parameter was calculated. 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝐹𝐹𝐹𝐹𝐹𝐹%) = 𝑀𝑀𝑀𝑀(%) ×
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑛𝑛 𝑜𝑜𝑜𝑜 ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦ℎ𝑎𝑎𝑎𝑎 (%)

100 − 𝐴𝐴𝐴𝐴ℎ 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (%)
 (5) 

In addition, the apparent activation energy of the samples was calculated using 
thermogravimetric data. As described by Liu et al. [33], a first-order kinetic reaction is assumed, so 
the reaction equation is described by Equation (6). 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �−
𝐸𝐸
𝑅𝑅𝑅𝑅

� (1 − 𝑎𝑎) (6) 

where E is apparent activation energy, A is the pre-exponential factor, T and t are absolute 
temperature and time, respectively, R is the gas constant, and a is the mass loss, which is calculated 
using Equation (7). 

𝑎𝑎 =
𝑚𝑚0 −𝑚𝑚𝑡𝑡

𝑚𝑚0 −𝑚𝑚𝑓𝑓
 (7) 

where m0 is the initial mass of the sample and mt and mf are the mass at time t and at the final 
temperature, respectively. 

Bearing in mind that there is only one heating rate, which is named β = dT⁄dt, Equation (6) can 
be rearranged as follows: 

𝑙𝑙𝑙𝑙 �−
ln (1 − 𝑎𝑎)

𝑇𝑇2
� = 𝑙𝑙𝑙𝑙 �

𝐴𝐴𝐴𝐴
𝛽𝛽𝛽𝛽

�1 −
2𝑅𝑅𝑅𝑅
𝐸𝐸
�� −

𝐸𝐸
𝑅𝑅𝑅𝑅

 (8) 

As HTC follows a first-order reaction mechanism, the plot of ln[−ln(1−a)/T2] vs. 1/T represents a 
straight line. The apparent activation energy can be calculated from the slope of this plot, E/R. 
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2.5. Severity of the Process. Severity Factor 

Hydrothermal severity was used to understand the effect of reaction temperature and time in 
the conversion of biomass. As described by Wang et al., hydrothermal severity, R, is a function of the 
later effect, following Equation (9) [14]. 

𝑅𝑅 = 𝑡𝑡 × 𝑒𝑒𝑒𝑒𝑒𝑒[(𝑇𝑇 − 100)/14.75] (9) 

The logarithm of this value was used to facilitate the view and the representation of the data. 

3. Results 

3.1. Product Yield 

The product yield (i.e., solid, liquid, and gaseous phases) obtained during HTC depending on 
the reaction conditions is depicted in Figure 2. The product distribution is highly dependent on the 
severity factor of the process. Generally, more severe conditions (higher reaction temperatures and 
times) lead to lower solid yields, while the liquid phase gets more important. At temperatures higher 
than 280 °C, the liquid yield would be important because reaction conditions are closer to those of 
hydrothermal liquefaction [34]. 

 
Figure 2. Product yield during HTC depending on the reaction parameters. 

Solid Phase 

Figure 3 shows the solid yield along with the severity factor for every test against the reaction 
time and temperature. The severity factor increases following a straight line when the reaction 
parameters are higher as can be seen. The main trend indicates that as severity factor increases, the 
solid yield becomes lower. This fact does not apply to the tests conducted at 9 h of reaction time, 
where an increase in solid yield is produced. Higher reaction temperatures lead to lower mass yields. 
For example, 3-h tests resulted in mass yields of 47.7% and 24.4% at 220 and 250 °C, respectively. 
Here, the solid yield was almost reduced by half, while at 280 °C the solid yield was 21.6%. This 
indicates that the reduction from 250 to 280 °C at the same reaction time is much lower than the one 
from 220 to 250 °C. This decrease in solid yield could be attributed either to a higher primary 
decomposition of the OTP at high temperatures or to a secondary decomposition of the solid residue 
[35], although other authors indicate that it could be due to cellulose and hemicellulose hydrolysis 
and degradation [14]. These results are similar to those obtained for pyrolysis [36]. In torrefaction 
experiments of olive pruning conducted at similar reaction temperatures, higher mass yields were 
obtained, however, the lower the heating values obtained, makes HTC more suitable for this waste 
[4]. 
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Figure 3. Relationship between solid yield and severity factor depending on reaction temperature and 
time. 

At the same reaction temperature, a decrease in the mass yield from 3 to 6 h is first seen, followed 
by a slight increase from 6 to 9 h. This trend is more pronounced at higher temperatures (250 and 280 
°C). This behavior may be because part of the biomass biopolymers dissolve in the liquid fraction and 
then further react to generate other solid products with increasing reaction times at temperatures 
higher than 250 °C [37], leading to the formation of secondary char as it has been previously explained 
by Volpe et al. [38]. 

3.2. Liquid and Gas Phases Characterization 

Although the main objective of this research is focused on the solid phase, liquid and gaseous 
phases were analyzed as well and the main parameters are exhibited in Table 1. Water plays an 
important role during HTC, because it acts as solvent, catalyst, reactant, and product, meaning that 
a large accumulation of dissolved substances occurs in this phase [39]. 

Table 1. Characterization of liquid and gaseous phases in the obtained hydrochars. 

 Liquid Phase Gaseous Phase 
Test  pH TOC (g L−1) TN (mg L−1) CO2 (%) CO (%) 

220_3  3.7 6.3 ± 0.7 125 ± 0.9 87.6 3.7 
220_6  3.8 6.6 ± 0.2 139 ± 8.8 92.2 2.5 
220_9  3.9 6.4 ± 0.8 109 ± 1.6 90.6 1.9 
250_3  3.8 7.5 ± 0.7 115 ± 0.5 92.6 3.8 
250_6  3.9 6.5 ± 0.4 135 ± 12.9 92.9 3.6 
250_9  3.9 5.9 ± 0.2 116 ± 0.6 88.2 2.8 
280_3  3.8 7.5 ± 0.4 120 ± 0.3 91.0 4.0 
280_6  3.9 6.7 ± 0.8 99 ± 0.7 91.9 2.6 
280_9  3.4 6.6 ± 0.4 143 ± 12.1 91.1 1.7 

As it can be seen in Table 1, the pH values of the liquid phase ranged between 3.4 and 3.9 due to 
the formation of acidic compounds such as acetic, levulinic, formic, and lactic acids, which have a 
great influence on the characteristics and properties of the products [40]. Additionally, acidic 
conditions catalyze the process, making it easier to hydrolyze cellulose in the raw biomass [41]. TOC 
in the aqueous products indicates the proportion of organic products that are water-soluble, 
including organic acids, sugars, and fatty acids; however, quantifying these products is beyond the 
scope of this work. TOC values for every test were similar, so a clear trend was not identified. The 
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same trend occurs with TN, which behaves in a different way with temperature [18]. As was found 
by De la Rubia et al., this phase is mainly composed of sugars, acids, and furfurals, which is in 
agreement with its use as a cosubstrate in anaerobic digestion [42]. 

Regarding the gas phase, it is mainly composed of CO2 (approximately 90%) and CO, with traces 
of gases such as N2, CH4, H2O, or H2. The high carbon content in the gaseous phase is mainly due to 
biomass decarboxylation reactions. As shown in Table 1, CO2 is almost constant, varying from 87.6% 
to 92.9%, which indicates that this gas it is not useful as a fuel itself. 

3.3. Chemical Analysis and Higher Heating Value of the Solid Phase 

To characterize every obtained hydrochar along with the raw biomass, the ultimate and 
proximate analyses, and the higher heating values (HHV) were carried out. The results are depicted 
in Table 2. 

Table 2. Proximate, ultimate, and higher heating values (HHV) analysis of the samples (%). 

 Proximate Analysis (%) Ultimate Analysis (%) HHV 
Test M VM a FC b Ash a C a H a N a O b S a (MJ/kg) 

Feedstock 31.1 85.87 12.24 1.89 48.15 5.74 0.39 45.67 0.05 19.19 
220_3  6.5 76.39 21.46 2.15 56.08 5.47 0.60 37.82 0.03 22.04 
220_6  3.5 65.90 32.04 2.06 60.22 5.34 0.76 33.63 0.05 23.89 
220_9  3.6 60.89 35.59 3.53 61.94 5.08 0.67 32.26 0.05 24.82 
250_3  2.0 50.32 47.38 2.31 69.86 5.03 0.89 24.16 0.06 27.87 
250_6  3.4 48.05 49.90 2.05 71.67 5.05 1.13 22.09 0.06 28.73 
250_9  4.9 47.83 50.17 2.00 73.09 5.16 1.52 20.17 0.06 29.09 
280_3  3.6 44.93 52.83 2.24 73.78 5.10 1.33 19.74 0.05 29.26 
280_6  2.9 42.33 55.48 2.18 73.86 4.88 1.18 20.04 0.04 29.09 
280_9  3.5 40.43 57.63 1.94 75.44 4.90 1.32 18.30 0.04 29.59 

M (moisture); VM (volatile matter); FC (fixed carbon); C (Carbon); H (Hydrogen); N (Nitrogen); O 
(Oxygen); S (Sulphur). a dry basis; b by difference. 

When the severity factor increases, VM content decreases from 85.87% to 40.43% corresponding 
to OTP and the most severe treatment (280_9), respectively. These values are in agreement with other 
works [12,43]. This decrease in VM implies an increase in FC of the solid phase as the severity 
increases. The enhancement of FC from 12.24% (feedstock) to 57.63% (280_9 hydrochar) is basically 
due to dehydration and decarboxylation reactions in the process, and this is related to the 
enhancement in HHV and energy densification in the hydrochar [44]. As far as ash content is 
concerned, there is not a clear trend in the tests, with values between 1.9% and 3.5%, since part of the 
initial mineral matter in the feedstock was dissolved into the process water. In addition, the low ash 
content was an interesting point as this avoids operating problems with the fuel during combustion. 

The ultimate analysis showed similar results to other lignocellulosic wastes, such as poplar 
wood, hazelnut shell, olive stone, or coffee husk [31,43,45]. OTP was mainly composed of carbon and 
oxygen, with a low nitrogen content and a negligible sulphur content. It is important to highlight that 
high values of carbon and hydrogen are desirable while sulphur content should be minimal so that 
fouling problems during combustion in boilers can be avoided. As was expected, after HTC, the 
combustion properties were enhanced since carbon and FC contents increased while oxygen content 
drastically decreased due to dehydration and decarboxylation reactions when reaction temperature 
increases [44]. 

HHV tended to increase until the 250_6 run, after that point, the trend remained almost constant 
because it was highly influenced by the increase in FC content. Once 250 °C was exceeded, the effect 
of reaction time on this factor is not important since further HHV improvements were almost 
negligible. The maximum HHV was 29.6 MJ kg−1, corresponding to the 280_9 test, showing an 
increase of 35% compared to the raw biomass (19.2 MJ kg−1), similar to other findings [21]. 
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Figure 4 shows a Van Krevelen diagram where H/C ratios against O/C ratios for feedstock and 
hydrochars are depicted. 

 
Figure 4. Van Krevelen diagram showing the carbonization pathway. 

The H/C and O/C atomic ratios in the Van Krevelen diagram were calculated using the elemental 
composition obtained in the ultimate analysis. These ratios are a sign of the carbonization degree 
depending on the severity factor of the HTC. The H/C ratio decreased from 1.17 to 0.78, from the least 
to the most severe treatment, while the O/C ratio went from 0.67 to 0.24. Similar results were obtained 
by other authors [14]. Generally, the lower the H/C and O/C ratios are, the better the combustion 
characteristics. It is noteworthy that hydrochars produced at higher temperatures present better H/C 
and O/C ratios, which indicates better fuel qualities. A decrease in these atomic ratios shows an 
increase of high energy bonds, C-C, and a decrease of low energy bonds, H-C and O-C, which lead 
to an improvement in HHV [1]. This fact could be explained by the reactions that take place in HTC; 
dehydration reactions eliminate the hydroxyl groups, while decarboxylation reactions eliminate the 
carboxyl and carbonyl groups [41]. In the Van Krevelen diagram, dehydration follows a pathway that 
reduces both H/C and O/C ratios from top right to bottom left and decarboxylation moves from 
bottom right to top left, which means that the O/C ratio is reduced while the H/C ratio is increased. 
The importance of dehydration in HTC is clear when observing the hydrochars obtained above 250 
°C, which shift to the left part. These hydrochars show fuel characteristics similar to those of lignite 
[46]. 

3.4. Thermogravimetric and Fiber Analysis 

Concentrations of the cellulose, hemicellulose, and lignin in the feedstock and hydrochars are 
shown in Figure 5. For a better understanding, the columns are grouped by reaction time. The fact 
that hydrochars have a different reference basis must be highlighted, which means that lignin content 
does not increase with the treatment but as cellulose and hemicellulose have been degraded and most 
of the mineral matter has been diluted into the process water, the main component turns out to be 
lignin, which is not easily degraded during HTC. 

The proportion of cellulose, hemicellulose, and lignin is relevant when observing their effect in 
HHV. Kim et al. showed in their work the HHV values corresponding to lignin, hemicellulose, and 
cellulose separately, indicating that lignin had the highest HHV; consequently, when the proportion 
of lignin increases against cellulose and hemicellulose, energy densification enhances and HHV 
improves [47]. 
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Figure 5. Cellulose, hemicellulose, lignin, and extractives concentration in the samples depending on 
the reaction parameters. 

Cellulose, hemicellulose, and lignin show specific DTG profiles. Cellulose usually decomposes 
in a narrow range of temperatures, between 280 and 360 °C, showing the fastest decomposition peak 
at 339 °C. Hemicellulose decomposes with two different peaks, one of them at 246 °C and the other 
at 295 °C, over a range between 200 and 320 °C. Finally, lignin decomposes over a larger range (140–
600 °C) with a low-intensity peak at 380 °C [48]. Regarding these peaks, these compounds could be 
identified in DTG curves of lignocellulosic biomasses, and their relative intensities can be related to 
global amounts of cellulose, hemicellulose, and lignin [48]. Although TGA could be a method to 
obtain these concentrations, here, cellulose, hemicellulose, and lignin concentrations were obtained 
following the methodology described in Section 2.3.1 and explained in Appendix A. In this case, TGA 
was used to verify these results, however, new methodologies based on hyperspectral imaging could 
also be useful in the quantitative determination of polysaccharides in biomass and hydrochars 
according to the work of Mäkelä et al. [49]. 

Figure 6 shows the specific DTG profiles in an inert atmosphere for OTP and obtained 
hydrochars at the different reaction times. As shown in Figure 6a, the raw material presents a weight 
loss of about 50% between 170 and 380 °C, corresponding mainly to the decomposition of cellulose 
and hemicellulose. For 220_3 hydrochar, the main peak shifts to the right and is more pronounced, 
which shows that the cellulose concentration is high, and the hemicellulose concentration has 
decreased. In contrast, the curves at for 250 and 280 °C hydrochars show a single peak between 300 
and 500 °C, which could be explained by the high concentration of lignin in these hydrochars, 
according to what was shown previously (Figure 5). In these two cases, both the cellulose and the 
hemicellulose have been degraded almost completely, so lignin remains as the main component. 

Hydrochars obtained from 6 h reaction times (Figure 6b) exhibit a similar trend. At 220 °C, the 
hydrochar shows a higher concentration in cellulose, so its curve represents the main peak between 
280 and 400 °C, corresponding to cellulose degradation. However, in this case, this peak is smaller 
than the one for a 3 h reaction time, which agrees with the lower concentration of cellulose in this 
sample (Figure 5). Most of the lignin concentration is represented by the shoulder that follows this 
peak. At higher reaction temperatures, the main peak displayed is mainly due to lignin in these 
samples. 

Figure 6c displays the DTG profiles of the samples corresponding to the 9 h reaction time. These 
curves follow a similar trend to the previous ones (Figure 6a,b). When the reaction temperature is 
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lower, the main peak is due to cellulose concentration; however, for hydrochars obtained at higher 
reaction temperatures, this peak shifts to the right due to lignin concentration increase. 

 
Figure 6. Differential mass loss (DTG) profiles of pyrolysis of the feedstock and hydrochars at 
different reaction times. (a) 3 h; (b) 6 h; (c) 9 h. 

3.5. Combustion Behavior. Combustion Indexes and Activation Energy 

In Table 3, combustion indexes and kinetic parameters for every hydrochar and the raw OTP are 
depicted. Combustion indexes and activation energies were calculated based on the 
thermogravimetric information, the ultimate analysis, the HHV, and the mass yields of the process. 

Table 3. Combustion indexes and activation energies. 

Test EDR EY 
(%) 

Ti 
(°C) 

Ci (×10−10) 
((%/s)2 °C−3) 

FCY 
(%) 

T1 
(°C) 

Ea 1 (kJ 
mol−1) T2 (°C) Ea 2 (kJ 

mol−1) 

Feedstock - - 255 2.0 - 326–
365 21.36 378–432 18.33 

220_3 1.15 47.7 302 3.2 8.5 
286–
319 93.87 495–530 91.69 

220_6 1.24 39.9 296 2.5 10.1 
279–
312 

84.68 487–540 81.25 

220_9 1.29 47.1 295 1.6 12.7 
270–
311 

59.39 488–522 156.82 

250_3 1.45 35.4 385 1.7 11.4 - - 425–469 49.81 
250_6 1.49 33.7 403 3.3 11.1 - - 430–470 62.24 
250_9 1.52 43.5 395 3.8 13.9 - - 424–456 54.29 
280_3 1.53 32.9 380 3.4 11.2 - - 400–438 43.88 
280_6 1.52 31.9 413 4.8 11.5 - - 423–452 56.18 
280_9 1.54 36.5 400 5.1 13.4 - - 400–441 52.65 

EDR tends to increase with the severity of the process as a consequence of the HHV increase 
(Table 3). The energy densification produced by HTC can be used to calculate the effectiveness of the 
process. Danso-Boateng et al. suggested that the energy densification of the hydrochars is caused by 
the solid mass decrease due to dehydration and decarboxylation reactions [44]. The increase of the 
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EDR values from 1.15 to 1.54 shows that the most severe treatment leads to higher energy 
densification. However, this parameter does not indicate that the EY is the best for the most severe 
treatment but quite the opposite. Relating the EDR parameter with the mass yield, the trend is 
reversed (Figure 3). The highest EY (47.7%) corresponds to the least severe treatment (220_3) due to 
the higher mass yield (40%) and the most severe treatment (280_9) shows an EY of 31.9% since its 
mass yield is 20%. The EY trend follows the same shape as the yield curve; that is, for tests at the 
same reaction time, the EY is higher at the lowest temperature and similar at the other two 
temperatures. Based on these results, EY is an important parameter to evaluate the effect on solid fuel 
production, since it gives information about the efficiency of the treatment and energy recovery in 
the solid. 

FCY represents the efficiency achieved in the conversion (in this case through HTC) of an organic 
matter to a relatively pure bio-coal [50]. For the three reaction temperatures tested, the FCY values 
increase slightly with the increase in reaction time. However, there is not much difference between 
the values because the increase in the FC percentage that occurs with the increase in the process 
severity is compensated by the decrease in mass yield in calculating this parameter. In this way, the 
values of FCY remain in a similar range, around 11% with the exception of the least severe test 
(220_3), which despite having the highest solid yield (40%), has an FC content well below the rest 
(20%). 

Ti, which determines how easily a given fuel is ignited, was also considered. As shown in Table 
3, at the same reaction time, Ti tends to increase as the HTC reaction temperature increases. 
Regardless of the reaction time, the values obtained at 220 and 250 °C show great differences, while 
between 250 and 280 °C, the difference in Ti is minimal. For example, for the 6 h reaction time, Ti was 
296 °C (220_6), 403 °C (250_6), and 413 °C (280_6). The first two parameters have a difference of more 
than 100 °C, while between 250 and 280 °C there is only a 10 °C difference. The increase of Ti with the 
severity of the process is very related to the content in VM, since Ti is higher as the VM percentage 
decreases, therefore reducing the ease of ignition of the hydrochar [51]. Although a lower value of Ti 
leads to easier combustion, a higher Ti could reduce the risk of fire explosion, allowing the use of 
hydrochar as a safer solid fuel. 

Ci reflects the characteristics of the sample during combustion. Combustion performance would 
be better when this index is higher. Except for the reaction temperature of 220 °C, in the other two 
temperatures, Ci increases as the reaction time increases. The reason for this behavior is that the 
combustion takes place over a longer time and the temperature at which the maximum rate of weight 
loss occurs shifts towards lower temperatures when the reaction time increases so that the burnout 
temperature is getting lower. At higher HTC reaction temperatures, the devolatilization peaks 
(Figure 6) shift to higher temperatures due to the higher concentration of lignin in the hydrochars, 
which indicates that combustion starts later and requires higher temperatures. In the case of the 220 
°C hydrochars, the Ci index decreases as the reaction time increases; this can be explained because, in 
these samples, the cellulose and hemicellulose contents are still high, so the value of maximum 
devolatilization is much greater than in the others. In the same way, the temperatures at which the 
combustion ends are greater due to the different sample compositions (cellulose-hemicellulose-
lignin) shown in Figure 5. This causes the combustion to lengthen in time, which can be seen in the 
existence of two peaks in the thermogravimetric profiles. For the other two reaction temperatures, 
the trend is reversed, increasing the value of this index as the HTC reaction time increases. 

Taking all of this into consideration, it is possible to relate the activation energy value for each 
sample to the exposed combustion parameters. Figure 7 shows the thermogravimetric profiles in an 
air atmosphere for the three reaction temperatures of the feedstock and the different hydrochars. For 
the hydrochars obtained at a lower severity factor, two different devolatilization peaks appear; 
therefore, the apparent activation energy was calculated for both stages. Since cellulose and 
hemicellulose are still present in the hydrochars obtained at 220 °C, only these have two different 
peaks. The first peak is mainly due to the combination of cellulose and hemicellulose, and the second 
one is associated with lignin [33]. 
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For the tests conducted at the reaction temperature of 220 °C (Figure 7a), in the first peak, the 
activation energy decreases as the reaction time increases. However, in the second stage, it is the other 
way around, so the activation energy for this part increases with reaction time. Comparing these 
energies with those needed for OTP, they are much higher (94 vs. 21 kJ mol−1), indicating that this 
fuel is more thermally stable. In the case of hydrochars obtained at 250 °C, the main peak shifts to 
higher temperatures due to the decomposition of cellulose and hemicellulose during the thermal 
process. This causes the calculated activation energies here to be represented in the second column 
of the Table 3, referring above all to the lignin content. As seen in the profiles in Figure 7b, the highest 
peak occurs in the hydrochar obtained after 6 h of reaction, coinciding, therefore, with the maximum 
activation energy of this group (62.24 kJ mol−1) and for the one obtained after 3 h of reaction, the peak 
is the lowest, so the activation energy will also be the lowest (49.81 kJ mol−1). For the group of 
hydrocarbons obtained at 280 °C (Figure 7c), the trend is similar, with a maximum value of 56.18 kJ 
mol−1 for 6 h of reaction and a minimum value of 43.88 kJ mol−1 for 3 h, coinciding with the maximum 
and minimum peaks, respectively. It should also be highlighted that as the peaks shift to higher 
temperatures, the required activation energies also increase. Similar values were identified by Yang 
et al. [52] and by Saquib et al. [53] considering bamboo and food waste hydrochars, respectively. 
Lower values of activation energies for hydrochar combustion ranging from 25 to 46 kJ/mol were 
obtained by Sharma et al. at lower HTC reaction temperatures [54]. 

Figure 7. DTG combustion profiles of feedstock and hydrochars depending on reaction temperature: 
(a) 220 °C; (b) 250 °C; (c) 280 °C. 

In the combustion profiles (Figure 7), between 200 and 350 °C, the OTP sample shows peaks for 
cellulose and hemicellulose, similar to what occurs in other biomasses [55]. Overall, the combustion 
profiles for hydrochar samples at 250 and 280 °C (Figure 7b,c) exhibit similar behavior, while at 220 
°C (Figure 7a) the combustion profile is transitional, between the original biomass and the hydrochars 
obtained at higher reaction temperatures. Shafie et al. stated that after HTC, the first peaks in the TG 
profiles are lower due to the decomposition of cellulose and hemicellulose during HTC reaction, 
indicating the formation of new compounds with higher thermal stability [32], which is in accordance 
with the results obtained here. For the profile at the 220 °C reaction temperature, the peak between 
220 and 350 °C decreases as the reaction time increases, as a consequence of the reduction in the 
volatile content. Regarding the second peak, between 400 and 550 °C, it is associated with the 
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concentration of lignin and the FC content (Table 2); in this way, as the reaction time increases, so 
does the FC content, and consequently, the maximum height of this peak is greater [51,56]. 

For the temperature profile of 250 °C (Figure 7b), compared to 220 °C, the first peak related to 
the combustion of volatile matter, shifts to higher temperatures starting at 250 °C, and the peak 
heights are very low and similar for the three reaction times. This behavior is also related to the 
cellulose concentration of these hydrochars (Figure 5), which is very small or insignificant. This first 
peak is similar for the three reaction times due to the similarity in the VM content, which is between 
48.9% (250_3) and 45.5% (250_9). Regarding the second peak, if we compare it with the combustion 
profile of 220 °C, the maximum weight loss occurs at lower temperatures, and the peak heights are 
much higher; this is explained by the increase in the FC concentration, this being greater as the HTC 
severity increases. For the case of hydrochars obtained at 280 °C (Figure 7c), the shape of the 
combustion profiles is very similar to those shown in Figure 7b, with the second peak appearing 
between the same temperatures and decreasing as the reaction time decreases. In both cases, a 
shoulder is seen after the fall of the second peak, which could be related to the combustion of residual 
products in the hydrochar, which need higher temperatures for being released during combustion. 

3.6. FTIR Analysis 

Fourier transform infrared spectroscopy (ATR-FTIR) was conducted to assess the changes in the 
chemical structure of the hydrochars produced using HTC by observing the evolution of functional 
groups in hydrochars from different reaction conditions. Figure 8 reports the different FTIR spectra 
for each sample. According to Volpe et al. [57], there are regions corresponding to the reactions that 
take place when a carbonization process is carried out. 
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Figure 8. Fourier-transform infrared spectroscopy (FTIR) spectra depending on the reaction time for 
each reaction temperature. (a) 220 °C; (b) 250 °C; (c) 280 °C. 

Figure 8a shows the FTIR spectra of hydrochars produce at 220 °C along with the raw OTP 
sample. These spectra can be analyzed by separating them into different zones. The first one, between 
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3600 and 3000 cm−1, shows the existence of free and intermolecular bonded hydroxyl groups. This 
suggests that dehydration and decarboxylation reactions during HTC treatment are indicated by the 
less intense bands. These bands correspond to the stretching vibration of –OH. This is consistent with 
the evolution of the O/C and H/C ratios exposed in the Van Krevelen diagram (Figure 4). The section 
between 3000 and 2800 cm−1 is related to aliphatic C-H bond stretching vibrations. These peaks 
suggest the presence of aliphatic and hydroaromatic structures in methyl, methylene, and methyne 
groups [57,58]. The bands at around 2300–2350 cm−1 correspond to the stretching vibrations of CO. 
The next section with peaks between 1800 and 1650 cm−1 is attributable to the C=O stretching vibration 
of esters, carboxyl acids, or aldehydes from cellulose or lignin. These bonds are present in ketones, 
aldehydes, quinone, esters, and carboxylic acid functional groups. For 220 °C reaction temperature 
hydrochars, the absorbance intensity of these peaks weakened with increasing reaction temperature 
and time and almost disappeared at more severe conditions, indicating the promotion of 
decarboxylation reactions [59]. The section with peaks between 1650 and 1500 cm−1 shows the C=C 
vibrations of the aromatic rings commonly found in lignin, or aliphatic and/or unsaturated aromatic 
compounds. The spectra at higher temperatures indicate more differences compared with the original 
sample, which could be due to the increase of aromatic structures after the HTC treatment [60]. The 
peaks between 1450 and 1200 cm−1 correspond to the bending vibration of the C-H bond of aliphatic 
carbons, methylene, and methyl groups, indicating the presence of aliphatic structures preserved 
during HTC. These aliphatic chains of CH2 and CH3 are typical of the basic structure of lignocellulosic 
materials [58,60]. The zone of C-O stretching vibration is represented between 1200 and 1000 cm−1. 
This corresponds to the existence of esters, phenols, and aliphatic alcohols, and the weakness of these 
peaks in hydrochars indicates that dehydration and decarboxylation reactions took place in HTC. It 
is interesting to take the peak at around 1160 cm−1, which is characteristic of COC vibrations, into 
consideration, indicating the decrease in the cellulose and hemicellulose components when reaction 
conditions are more severe, proving the decomposition of these compounds [47]. For the other 
reaction temperatures, the zones are the same with different intensity. 

4. Conclusions 

On this basis, we conclude that HTC is a proper treatment for the management of raw OTP since 
a predrying step is not necessary, being as well a good way to homogenize different biomasses. The 
study of hydrochar production from OTP via HTC under different reaction temperature and time 
conditions led to the conclusion that the less severe the treatment was, the less carbon conversion 
existed, making this solid less attractive for its use as a fuel. The results show that higher reaction 
temperatures and longer times significantly increased the HHV, reaching values of almost 30 MJ kg−1, 
although this increase was lower for reaction temperatures greater than 250 °C. The hydrochars 
produced at a reaction temperature of 250 °C have minimal amounts of cellulose and hemicellulose 
due to the nearly complete hydrolysis of these components, with lignin being the largest percentage. 
All the hydrochars produced at 250 °C have properties very similar to those of lignite or sub-
bituminous coal. Although the behavior of the hydrochars as fuel is better at more severe reaction 
conditions, this improvement is more moderate for reaction temperatures above 250 °C. Higher 
reaction temperatures led to lower solid yield, for this, it can be said that temperatures higher than 
250 °C are not useful for obtaining a biofuel, since the better properties do not compensate the energy 
used in its production. This can also be said for reaction times higher than 3 h. 

Author Contributions: Conceptualization, J.G.-A., J.C.-J. and M.E.S.; methodology, J.G.-A. and A.A.-S.; 
validation, J.G.-A., E.J.M., R.G. and M.E.S.; formal analysis, J.G.-A.; investigation, J.G.-A., C.C.; resources, A.A.-
S.; data curation, J.G.-A., C.C.; writing—original draft preparation, J.G.-A., E.J.M.; writing—review and editing, 
J.G.-A., R.G., M.E.S, J.C.-J. and A.A.-S.; visualization, E.J.M. and J.C.-J.; supervision, E.J.M., J.C.-J. and M.E.S.; 
project administration, J.C.-J., M.E.S.; funding acquisition, J.C.-J. All authors have read and agreed to the 
published version of the manuscript. 

Funding: This research received no external funding. 



Processes 2020, 8, 1201 17 of 21 

 

Acknowledgments: Judith González-Arias would like to thank the Junta de Castilla y León (Consejería de 
Educación) fellowship, Orden EDU/1100/2017, cofinanced by the European Social Fund. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 

Samples were extracted in 70% aqueous acetone at a 1/20 g mL−1 solid/solvent ratio and room 
temperature for 180 min. The extracted samples were oven-dried at 50 °C and weighed until a 
constant weight was achieved [61]. To determine the amount of hemicellulose, 0.5 mol L−1 of sodium 
hydroxide was added to extractive free dried samples at a 1/20 g mL−1 solid/solvent ratio at 80 °C for 
3.5 h. Samples were washed with distilled water (3×) and then oven-dried at 50 °C and weighed until 
a constant weight was achieved [62]. Cellulose was quantified in control and treated samples using 
the Updegraff method [63], the hydrolytic conditions described by Saeman [64], and quantifying the 
glucose released by the Anthrone method [65]. Lignin was quantified using the Klason method with 
minor modifications [66]. Samples were hydrolyzed with 72% H2SO4 (25 mL mg−1) for 1 h at 30 °C. 
The solution was diluted to 2.5% H2SO4 with distilled water and further treated at 121 °C for 1 h. The 
residues were filtered through Whatman glass microfiber filters, washed with distilled water, dried, 
and weighed [67]. 

Appendix B 

As can be seen in Figure A1, the ignition temperature (Ti) was determined as follows. First, a 
vertical line was traced through the DTG peak point (A) to intersect the TG line at point B. Second, a 
line tangent to the TG curve at point B was drawn to get point C, which is the intersection between 
this tangent line and the extended TG initial level line. Through this point C, another line was made 
downwards to meet the axis at point D. This temperature is defined as the ignition temperature (Ti) 
and it is used to determine the combustion index (Ci), which is described by Equation (1) in the text. 

Tb is the burnout temperature or final temperature at which the combustion has ended, and it is 
obtained from Figure A1 as follows. The tangent line at point B is lengthened to meet the extended 
TG final level at point E. The temperature corresponding to this point is Tb. 

 
Figure A1. Determination of combustion indexes using the thermogravimetric profiles. 
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