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ABSTRACT 

In this work, the effect of inorganic content during the torrefaction of black locust wood, 

wheat straw, and rape straw was studied. The torrefaction experiments were carried out at five 

temperatures: 200, 225, 250, 275 and 300 °C using 1 h isothermal period. In order to study 

the influence of inorganic content, the raw samples were washed with hot water to remove the 

majority of the water soluble inorganic components. The inorganic ion content of the original 

and washed raw materials was measured by inductively coupled plasma optical emission 

spectrometry (ICP-OES) method. The thermal stability and the effect of torrefaction on the 

chlorine content of lignocelluloses were studied by the thermogravimetry/mass spectrometry 

method. The degree of hemicellulose and cellulose decomposition of the original and washed 

samples during torrefaction at different temperatures was characterized by compositional 

analysis of the samples. The cellulose, hemicellulose, and Klason lignin contents of the 

samples were determined by acidic hydrolysis and subsequent high-performance liquid 

chromatography analysis. The thermal degradation properties of original and washed samples 

have been compared. Principal component analyses (PCA) have been applied to identify the 

similarities and differences between the untreated and various torrefied black locust wood, 

rape straw, and wheat straw samples. We found that contrary to cellulose the impact of the 

alkaline ions on the thermal decomposition of hemicelluloses is marginal. As a result of 

washing the hemicellulose content of the black locust and rape straw samples became 



 

 

thermally slightly more stable in the 200-300 °C temperature range, while in case of wheat 

straw this effect is not significant. The formation of methyl chloride was detected during 

thermal decomposition. We found that most of the methoxy groups of straw lignins were 

cleaved during torrefaction at 275 and 300 °C, hence the severely torrefied straw samples 

produced only small amount of methyl chloride during thermal decomposition. 
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HIGHLIGHTS: 

 The effect of alkali concentration on the hemicellulose decomposition is marginal 

 The effect of washing is more pronounced at higher torrefaction temperatures  

 The formation of methyl chloride was detected during thermal decomposition  

 The methoxy groups of straw lignins were cleaved during severe torrefaction  

 

LIST OF ABBREVIATIONS: 

BL 200    Torrefied black locust obtained by torrefaction at 200 °C 

BL 200_W   Washed torrefied black locust wood obtained by torrefaction at 200 °C 

BL U    Untreated black locust 

Char     Char residue at 900 °C temperature 

DTG   Derivative thermogravimetric curve 

DTGmax   Maximum value of the DTG curve (maximum decomposition rate) 

PCA     Principal Component Analysis 

RS    Rape straw 

Tpeak     Temperature of the maximum of the DTG curve 

TG/MS  Thermogravimetry/mass spectrometry 

WS    Wheat straw 

  



 

 

1. INRODUCTION 

Lignocellulose is an abundant carbonaceous energy source on the Earth; hence, it has 

attracted considerable attention as a replacement for fossil fuels. The Paris Agreement brings 

all nations together to fight climate change and to keep the global temperature rise this 

century well below 2 °C above the pre-industrial levels [1]. This strategy indicates that the 

utilization of biomass as source of renewable energy will have to increase considerably in the 

next decade. However, in energetic applications, the properties of raw lignocellulosic 

materials create challenges for their efficient utilization.  

Several thermal conversion technologies exist to produce bioenergy from lignocellulosic 

biomass [2], such as combustion [3], gasification [4], liquefaction [5], pyrolysis [6, 7], as well 

as co-firing of biomass and coal [8]. The pyrolysis of lignocellulosic biomass, such as straw 

and wood, is now considered a promising way to generate renewable fuels and chemical 

products. In the last decades, an increasing interest can be observed for torrefaction, which is 

a mild pyrolysis performed between 200 and 300 °C in an inert atmosphere for the partial 

conversion of biomass [9]. A major goal of torrefaction is to upgrade the quality of the solid 

product by decreasing the moisture content and increasing the hydrophobicity, grindability, 

and energy density of biomass [10]. The volumetric energy density of torrefied biomass can 

be improved by a combined grinding and pelletizing step after torrefaction [11, 12]. While 

pelletization of lignocellulose is an established technology, torrefaction is still a developable 

process for the production of solid energy carriers. The major technical challenges are the 

predictability and consistency of the product quality, the flexibility related with using 

different input materials, and the densification of torrefied biomass [13]. 

The chemical composition of the biomass material is an important factor, the quality and 

composition of torrefied biomass is influenced by the properties of the raw lignocelluloses. It 

is known that during pyrolysis, the inherent inorganic components of biomass materials have 

significant effect on the decomposition mechanisms. Herbaceous materials have high 



 

 

inorganic content (4-16%), while wood samples contain rather low amount of inorganic 

materials (0.5-1.5%). Of all the metals present in lignocelluloses, potassium has the greatest 

effect on the thermal decomposition mechanisms, and cellulose is the most sensitive 

component. The presence of potassium and sodium promotes gas and char formation during 

cellulose pyrolysis. The levoglucosan yield is reduced in the presence of alkali metal ions, 

indicating that the depolymerization reactions are hindered, while the fragmentation reactions 

of the sugar moieties to low molecular weight components are promoted [14-16], leading to 

the decreased decomposition temperature and the increased char yield. Furthermore, the 

maximum rate of the decomposition is considerably lower in the presence of alkali ions [17, 

18]. 

The release of chlorine may cause fouling, slagging, and corrosion problems during 

thermochemical conversion. The concentration and the compounds of chlorine vary in 

different lignocellulosic materials. In woody biomass, the concentration of Cl
–
 is usually very 

low (<0.01%); however, in straws the concentration of Cl
–
 is much higher, ranging from 0.1 

to 0.6% [19]. Chlorine and potassium are usually present as KCl, which is the key inorganic 

constituent of lignocellulosic material [19, 20]. Jensen et al. [21] observed that the chlorine 

was released in two steps during pyrolysis, more than half of the initial chlorine was released 

between 200-400 °C, and the other part of the chlorine was released between 700 and 900 °C. 

Björkman and Strömberg [22] presented that less than 10% of the chlorine was evaporated at 

200 °C, while 20−50% of the chlorine was released during pyrolysis of lignocelluloses of 

annual plants below 400 °C. Keipi et al. [23] studied the effect of torrefaction on the chlorine 

content of eight woody biomass materials, and they concluded that torrefaction at 260 °C 

reduced the chlorine content of the investigated samples. The release of methyl chloride from 

leaves and woody biomass in the temperature range of 150-350 °C was observed by Hamilton 

et al. [24]; however, Knudsen et al. [25] suggested that chlorine is released as HCl gas during 

pyrolysis at temperatures below 500 °C. The release of chlorine during torrefaction and the 



 

 

pyrolysis of six biomass materials have been investigated in the temperature range of 150-500 

°C by Saleh et al. [20]. They concluded that most of the chlorine content released at 350 °C as 

methyl chloride. They also found that lignocelluloses with lower chlorine content released 

relatively higher amount of chlorine during the pyrolysis process. This could indicate that the 

chlorine release is controlled by a reaction between KCl and the organic constituents. A 

recent study [19] presented that a significant amount of methyl chloride can be released from 

KCl-doped pine wood and lignin, although the release of methyl chloride from KCl-doped 

cellulose and xylan is negligible. They suggested that the methoxy groups in pine wood and 

lignin are responsible for the reaction with KCl and the formation of methyl chloride. In the 

above mentioned publications, the relative release of chlorine was generally calculated by the 

use of a mass balance and by the analysis of the biomass chlorine content before and after the 

heat treatment, therefore qualitative (e.g. CH3Cl or HCl) and quantitative data of the amount 

of chlorine from the different biomass materials is limited. The formation of methyl chloride 

was detected by thermogravimetry/mass spectrometry by Czégény et al. [26] during the 

thermal decomposition of polyvinylchloride (PVC) - wood and wood component mixtures 

and they concluded that the methoxy groups on the phenolic rings of lignin are the methyl 

source of methyl chloride. 

To estimate the effect of the torrefaction pretreatment during thermochemical conversion, it is 

important to widen our knowledge on how the inorganic elements modify the thermal 

decomposition during torrefaction. In our previous work, the thermal behavior of untreated 

and torrefied black locust wood, wheat straw, and rape straw samples was studied with the 

goal of understanding better the thermal conversion process taking place during torrefaction 

[27]. The aim of this further work is to clarify the influence of the inorganic ion contents on 

the thermal degradation process during torrefaction. In the recent years, the effects of 

combined water washing and torrefaction pretreatments were investigated [34-38]. They 

found that the water washing prior to torrefaction could effectively remove a large portion of 



 

 

the ash content of the biomass materials and improve the biomass characteristics to a certain 

extent, which related to the removal of catalytic metals (particularly potassium) by the 

washing method. In this study we also have chosen a water washing method to remove the 

majority of the water soluble inorganic components. The inorganic ion content of the original 

and washed raw materials was measured by inductively coupled plasma optical emission 

spectrometry (ICP-OES). The torrefaction of original and washed black locust wood, rape 

straw, and wheat straw was carried out at five temperatures: 200, 225, 250, 275 and 300 °C 

using 1 h isothermal period. The thermal stability and the formation of the volatile products 

from the untreated and torrefied samples were studied by thermogravimetry/mass 

spectrometry. The degree of hemicellulose and cellulose decomposition during torrefaction at 

different temperatures was characterized by compositional analysis of the samples. The 

thermal degradation properties of raw and washed samples have been compared. Principal 

component analyses (PCA) have been applied to identify the similarities and differences 

between the original and washed untreated and various torrefied black locust wood, rape 

straw, and wheat straw samples. 

 

2. MATERIALS AND METHODS  

2.1 Raw materials 

In the experimental work, wheat straw and rape straw were used as herbaceous materials; 

while black locust wood was selected as hardwood. The raw samples were dried in an oven at 

105 °C for 24 h to obtain samples of similar moisture content for the experiments. The 

untreated samples were ground to <1mm particle size by a cutting mill and further ground to 

<0.12 mm particle size. The original untreated and torrefied wheat straw, rape straw, and 

black locust samples were characterized in detail in our previous work [27]. 

 



 

 

2.2 Methods 

2.2.1 Washing procedure 

In order to study the effect of inorganic content we washed the raw samples with hot 

demineralized water to remove the majority of the water soluble inorganic components. 

About 1 g of the ground sample was stirred with 100 mL of 60 °C distilled water for 20 min. 

Afterward the samples were separated by centrifugation. These steps were repeated two more 

times; then the washed raw materials were dried at 105 °C for 24 hours. The efficiency of the 

inorganic ion removal was tested by inductively coupled plasma - optical emission 

spectrometry (ICP-OES) method. 

2.2.2 Inductively coupled plasma-optical emission spectrometry (ICP-OES) 

ICP-OES measurements were applied to determine the inorganic contents of the original and 

hot demineralized water washed samples. Approximately 2 g biomass samples were ashed at 

550 °C in a furnace according to CEN/TS 14775:2004 standard method. The ashes were fused 

at 920 °C with a fusion blend (Li2B4O7:LiBO2, 2:1) and digested by 25 mL 33% nitric acid. 

The potassium content of the samples was determined by a Spectro Genesis ICP-OES 

(Spectro Analytical Instruments) with axial plasma observation. The amounts of the ashes 

have been determined according to the CEN/TS 14775 EU standard method. 

2.2.3 Torrefaction experiments 

The torrefaction experiments were performed in nitrogen atmosphere in a horizontal tube 

furnace (Figure 1). About 4g samples were treated in a 200 mm long glass boat. The flow rate 

of the nitrogen gas was set to a relatively low value of 20 mL min
−1

 to avoid the removal of 

the smaller particles from the boat, therefore the tube furnace was flushed with the carrier gas 

thoroughly (approximately 40 min) before the experiments. The torrefaction experiments 

were performed at five different temperatures (200, 225, 250, 275, and 300 °C) using an 

isothermal period of 1 h. 



 

 

 

Figure 1 Schematic diagram of experimental set-up of torrefaction in horizontal tube furnace. 

2.2.4 Compositional analysis 

The contents of carbohydrates were determined according to the NREL method applying 

slight modifications [28]. The original, hot demineralized water washed and various torrefied 

samples were treated in a two-step acid hydrolysis with 72% H2SO4 for 2 h at room 

temperature and then with 4% H2SO4 for 1 h at 121 °C. The obtained suspensions were 

filtered and washed with demineralized water through G4 glass filter crucibles. The sugar 

concentrations (glucose, xylose, and arabinose) of the filtered supernatants were analyzed 

with high-performance liquid chromatography (HPLC) using an Agilent 1260 system with a 

Hi-Plex H column (Agilent, Santa Clara, CA) at 65 °C. An eluent of 5 mM H2SO4 was used 

at a flow rate of 0.5 mL min
−1

. The solid residues obtained after washing were dried at 105 °C 

until a constant weight. The dried residues consisted of acid-insoluble organics and acid-

insoluble ash. The amounts of total ash and acid-insoluble ash were determined by ashing the 

sample at 550 °C for 5 h until the sample weight was constant [29]. The Klason lignin content 

was calculated by subtracting the acid-insoluble ash content from the acid-insoluble residue 

content. All experimental data were determined using three replicates.  

2.2.5 Thermogravimetry-Mass spectrometry (TG/MS) 

Thermogravimetry/mass spectrometry was applied to provide information about the change in 

the thermal stability and composition of the samples. The used TG/MS system consists of a 



 

 

modified Perkin-Elmer TGS-2 thermobalance and a Hiden HAL quadrupole mass 

spectrometer. About 4 mg samples were placed into the platinum sample pan and the furnace 

was flushed with the carrier gas thoroughly before the experiments. Then the samples were 

analyzed in argon atmosphere from 25 to 900 °C at a rate of 20 °C min
−1

 in a platinum sample 

pan. The evolved products were led through a glass-lined metal capillary heated at 300 °C 

using argon carrier gas at a flow rate of 140 mL min
−1

. The ion source of the mass 

spectrometer was operated at 70 eV electron energy. The mass range of 2-150 Da was 

scanned excluding the most intense ions of the argon. The ion intensities were normalized to 

the sample mass and to the intensity of the 
38

Ar isotope of the carrier gas (used as an internal 

standard). Since the MS intensities of various products have different magnitudes, they have 

been scaled to gain comparable peak heights in the plots. The curves of the individual species 

developed from different samples are plotted using the same scale. 

2.2.6 Principal Component Analysis (PCA) 

A chemometric tool, PCA, using Statistica 12 software (StatSoft, Inc., Tulsa, OK) was 

employed. PCA has been applied to illustrate similarities and differences between the original 

and the hot demineralized water washed samples [30]. PCA is a technique that decreases the 

data dimensionality and makes pattern visualization by converting the original measured data 

into new uncorrelated variables (principal components). The principal components (factors) 

are the linear combinations of the original measured variables. The factors explain different 

percentages of the total variance; generally two or three factors are enough to describe the 

differences and similarities between the samples. The results can be presented in the score 

plots, which place the samples in the space of two factors. Factor loadings show the 

correlation between the original data and the principal components. 

 

 

 



 

 

3. RESULTS AND DISCUSSION 

3.1 Inorganic contents of original and washed biomass 

Table 1 shows the ash and potassium contents of the original and washed samples. As the 

data illustrate, ash contents of the two original straw samples are significantly higher in 

comparison to the original black locust sample; furthermore, the original wheat and rape 

straw samples have an order of magnitude higher K
+
 content than the original wood sample. 

The ash content of the three studied samples is significantly decreased after the washing 

procedure; moreover, the potassium ion content of the samples was removed successfully. 

 

Table 1 Ash and potassium contents of the original [27] and hot water washed samples 

 

 Ash content (% m/m) K
+
 content (% m/m) 

Original black locust wood  1.75 0.27 

Washed black locust wood  1.48 0.01 

Original wheat straw  5.68 1.69 

Washed wheat straw  2.51 0.06 

Original rape straw  6.04 1.86 

Washed rape straw  1.93 0.03 

 

The original and washed black locust wood, rape straw, and wheat straw were torrefied at five 

different temperatures (200, 225, 250, 275 and 300 °C) using 1 h isothermal period. The 

thermally untreated (original and washed) and treated samples were characterized and their 

thermal properties were compared. 

  



 

 

3.2 Comparison of the chemical composition of the original and washed samples 

The compositional analysis of original and hot water washed black locust wood, wheat straw 

and rape straw samples was performed to better understand the thermal conversion processes 

during torrefaction. Table 2, Table 3, and Table 4 show the compositional analysis of the 

original [27] and the washed black locust wood, rape straw, and wheat straw samples, 

respectively. To compare the degradation degree of the components in the torrefied samples, 

one has to take into consideration the mass loss during the torrefaction experiment as well. 

Therefore, Table 2-4 also show the mass loss during the torrefaction at different temperatures. 

The standard deviation values for the compositional analysis are also presented in Table 2-4. 

The glucan content of the samples mainly characterizes the cellulose component of 

lignocellulose O-Acetyl-4-O-methylglucuronoxylan is the main building block of 

hemicellulose in hardwood species, while in herbaceous biomass; arabinoxylans are the 

dominant hemicellulose polysaccharides. The sum of the xylan and arabinan contents 

represents well the majority of the hemicellulose fraction of black locust and straw samples. 

The changes in xylan and arabinan content indicates the decomposition of hemicellulose 

during torrefaction, however the total hemicellulose content may be slightly different. The 

Klason lignin is defined as the acid-insoluble residue of the samples without the acid-

insoluble ash content. The fraction denoted “Other” represents the sum of the unquantified 

components (e.g. extractables, acid soluble lignin and acid soluble minerals). During 

torrefaction, the lignocellulose materials decompose to different degrees depending upon the 

applied temperature. Figure 2 presents the variation of the relative amount of glucan, and sum 

of xylan, and arabinan in the torrefied samples which reflects the changes in the relative 

amount of cellulose and hemicellulose in the samples. The presented data obtained by 

dividing the measured glucan or sum of xylan and arabinan content of the torrefied samples 

by that of the thermally untreated samples. The decreasing carbohydrate yields indicate the 



 

 

progress of the thermal decomposition of hemicellulose and cellulose during torrefaction at 

various temperatures. Comparing the changes of carbohydrate content of the samples as a 

function of torrefaction temperature (Table 2-4 and Figure 2) it can be concluded that 

hemicellulose (measured as the sum of arabinan and xylan) is thermally less stable comparing 

to cellulose during torrefaction. The changes in the relative amount of hemicellulose show 

similar tendencies as a function of the torrefaction temperature for the original and hot water 

washed samples. Furthermore, the tendencies are similar in case of both the black locust and 

straw samples, indicating the marginal effect of alkali concentration. As a result of washing 

the hemicellulose content of black locust and rape straw samples became thermally slightly 

more stable in the whole temperature range (200-300 °C); while this effect is less visible in 

case of wheat straw. At 300 °C, only trace amounts of hemicellulose remained in the original 

samples; however the washed samples still have measurable amount of hemicellulose. 

Studying the washed samples we may conclude that the hemicellulose content of the washed 

samples was thermally more stable, but the role of the alkali ions in the decomposition 

mechanism is questionable. The extracted components may be responsible for the deflection. 

As discussed above, the relative amount of hemicellulose changed similarly in the original 

wood and straw samples as a function of the torrefaction temperature indicating no 

measurable effect of the different alkali ion contents in the higher concentration range. The 

catalytic effect of alkali ions on the thermal decomposition of cellulose is reflected in the 

steeply decreasing cellulose content of the high alkali ion containing original straw samples 

over 250 °C torrefaction temperature. The cellulose content of black locust wood decompose 

at moderate rate in this temperature range, while only one third of the cellulose content 

decompose at 300 °C in the washed samples. Irrespectively of the alkali ion concentration, 

the cellulose thermally stable up to 225 °C in the studied samples. The effect of alkali ion 

concentration was studied by Sebestyén et al. [31] on the thermal decomposition of hemp and 

it was concluded that the TG/MS parameters of cellulose decomposition were changing very 



 

 

steeply in the low concentration range and they were levelling off in the high concentration 

range. The comparison of the original and washed samples of the same torrefaction 

temperature shows that the hot water washed samples have significantly higher amount of 

cellulose than the original samples, even at the torrefaction temperature of 275-300 ˚C. As 

Table 1 shows, the herbaceous samples have more than an order of magnitude higher 

potassium ion content than wood. The catalytic effect of alkali ions on the thermal 

decomposition of cellulose is known at higher temperatures [14, 32, 33]. The results obtained 

for the cellulose content of the original and hot water washed torrefied samples confirm that 

the alkali ions have a catalytic effect on cellulose decomposition, even at the low 

temperatures used in torrefaction. As Table 2-4 present, increasing the torrefaction 

temperatures resulted in an increase in the Klason lignin content of the studied samples. 

Besides the acid-insoluble lignin, Klason lignin contains all acid-insoluble components of the 

sample, excluding ash. During the torrefaction experiments, some parts of the extractives, 

cellulose, hemicellulose, and acid soluble lignin were probably transformed into acid-

insoluble carbonaceous products by cross-linking and charring reactions. The increasing 

torrefaction temperature promotes these reactions, resulting in the increased Klason lignin 

value at higher temperatures.  



 

 

 

Table 2 Composition of the original [27] or washed untreated and torrefied black locust samples. The percentage data are corrected with the mass loss 

values, thus the compositional data are referred to the untreated sample masses. Standard deviations are calculated from triplicates. 

Sample Glucan Xylan Arabinan Klason lignin Other** Mass loss*** 

  (% m/m) (% m/m) (% m/m) (% m/m) (% m/m) (% m/m) 

BL Original Washed Original Washed Original Washed Original Washed Original Washed Original Washed 

BL U 34.2 ± 0.7 38.6 ± 0.0 15.8 ± 0.2 16.3 ± 0.0 0.6 ± 0.0 2.0 ± 0.0 25.8 ± 1.1 22.4 ± 0.2 23.6 20.7 0 0 

BL 200 31.2 ± 1.4 37.1 ± 0.4 14.4 ± 0.4 15.5 ± 0.1 0.8 ± 0.0 1.8 ± 0.1 23.1± 0.1 22.7± 0.4 21.5 17.9 9 5 

BL 225 35.6 ± 1.1 37.6 ± 0.4 12.5 ± 0.6 15.0 ± 0.2 0.6 ± 0.0 1.5 ± 0.1 24.4 ± 0.2 24.9 ± 0.6 13.9 15.0 13 6 

BL 250 31.3 ± 1.0 38.8 ± 0.5 8.0 ± 0.5 10.5 ± 0.2 0.1 ± 0.0 0.8 ± 0.2 32.8 ± 2.4 26.8 ± 0.1 6.8 10.1 21 13 

BL 275 29.2 ± 1.1 34.6 ± 0.4 4.1 ± 0.2 4.4 ± 0.2 *N. D. 0.3 ± 0.1 30.4 ± 0.8 29.1 ± 0.5 4.3 6.6 32 25 

BL 300 10.8 ± 1.1 23.9 ± 2.5 0.3± 0.3 1.0± 0.6 *N. D. 0.1 ± 0.2 35.0 ± 0.2 29.7 ± 3.0 2.9 5.3 51 40 

*N. D.: not detected, below the detection limit 

** “Other” represents the sum of the unquantified components 

** *Mass loss during torrefaction 

 

  



 

 

 

Table 3 Composition of the original [27] or washed untreated and torrefied rape straw samples. The percentage data are corrected with the mass loss 

values, thus the compositional data are referred to the untreated sample masses. Standard deviations are calculated from triplicates. 

Sample Glucan Xylan Arabinan Klason lignin Other** Mass loss *** 

  (% m/m) (% m/m) (% m/m) (% m/m) (% m/m) (% m/m) 

RS Original Washed Original Washed Original Washed Original Washed Original Washed Original Washed 

RS U 27.9 ± 0.6 33.8 ± 0.3 15.3 ± 0.3 17.9 ± 0.1 1.6 ± 0.0 2.1 ± 0.1 21.1 ± 0.5 21.0 ± 0.2 34.1 25.2 0 0 

RS 200 26.2 ± 0.7 32.1 ± 0.1 14.0 ± 0.5 16.8 ± 0.1 1.3 ± 0.0 1.9 ± 0.2 23.1 ± 0.1 21.8 ± 0.3 26.4 21.4 9 6 

RS 225 25.5 ± 0.7 31.7 ± 0.2 11.2 ± 1.1 15.3 ± 0.1 0.7 ± 0.1 1.4 ± 0.2 24.3 ± 0.3 23.0 ± 0.3 23.3 17.6 15 11 

RS 250 24.3 ± 0.4 31.9 ± 0.2 7.7 ± 0.1 10.8 ± 0.4 0.3± 0.0 0.7 ± 0.0 28.7 ± 0.2 25.8 ± 0.6 15.0 13.8 24 17 

RS 275 12.9 ± 0.2 29.4 ± 0.2 2.3 ± 0.1 5.0 ± 0.4 *N. D. 0.4 ± 0.2 35.2 ± 0.1 28.0 ± 0.4 10.6 9.2 39 28 

RS 300 1.6 ± 0.0 21.6 ± 2.1 *N. D. 1.6 ± 1.4 *N. D. 0.2 ± 0.0 37.9 ± 0.1 27.8 ± 4.5 7.5 6.8 53 42 

*N. D.: not detected, below the detection limit 

** “Other” represents the sum of the unquantified components 

** *Mass loss during torrefaction 

 

 



 

 

Table 4 Composition of the original [27] or washed untreated and torrefied wheat straw samples. The percentage data are corrected with the mass loss 

values, thus the compositional data are referred to the untreated sample masses. Standard deviations are calculated from triplicates. 

Sample Glucan Xylan Arabinan Klason lignin Other** Mass loss*** 

  (% m/m) (% m/m) (% m/m) (% m/m) (% m/m) (% m/m) 

WS Original Washed Original Washed Original Washed Original Washed Original Washed Original Washed 

WS U 33.9 ± 0.6 39.9 ± 0.2 21.2 ± 0.4 23.0 ± 0.1 1.7 ± 0.1 2.7 ± 0.0 19.1 ± 0.1 18.1 ± 0.1 24.1 16.3 0 0 

WS 200 33.0 ± 1.0 39.3 ± 0.4 19.3 ± 0.7 22.3 ± 0.2 2.3 ± 0.1 2.6 ± 0.2 19.6 ± 0.2 18.0 ± 0.1 18.8 13.8 7 4 

WS 225 32.5 ± 0.2 39.3 ± 0.3 17.7 ± 0.2 21.2 ± 0.8 2.1 ± 0.1 2.4 ± 0.0 20.2 ± 0.2 18.5 ± 0.1 16.5 12.6 11 6 

WS 250 28.6 ± 0.4 38.1 ± 0.4 11.9 ± 0.3 13.5 ± 0.6 0.6 ± 0.0 1.2 ± 0.1 23.9 ± 0.1 20.7 ± 0.9 15.0 11.5 20 15 

WS 275 13.6 ± 0.2 33.6 ± 0.5 2.3 ± 0.0 4.0 ± 0.5 *N. D. 0.3 ± 0.0 34.5 ± 0.3 24.8 ± 0.6 9.6 7.3 40 30 

WS 300 0.7 ± 0.0 28.3 ± 0.2 0.2 ± 0.0 4.3 ± 1.6 *N. D. 0.3 ± 0.1 37.4 ± 0.3 18.4 ± 1.4 5.7 6.7 56 42 

*N. D.: not detected, below the detection limit 

** “Other” represents the sum of the unquantified components 

** *Mass loss during torrefaction 



 

 

 



 

 

Figure 2 Relative amount of glucan and sum of xylan and arabinan content of the torrefied 

original [27] and washed black locust (a), wheat straw (b), and rape straw (c) samples as a 

function of torrefaction temperature (U: untreated). 

3.3 Effect of torrefaction temperature on the thermogravimetric properties of original 

and washed black locust wood, rape straw, and wheat straw  

The TG and DTG curves of untreated and lightly (200 °C), mildly (225 and 250 °C) and 

severely (275 and 300 °C) torrefied samples can be seen in Figures 3-5, while Figure 6 

presents the major thermogravimetric parameters (DTGmax, Tpeak and char obtained at 900 °C) 

of the original and hot water washed biomass samples. Tpeak denotes the temperature of the 

maximal decomposition rate (DTGmax). As Figure 3 a, c, and e shows, the shoulder of the 

extractives around 220 °C disappeared from the DTG curves of washed untreated samples, 

indicating the efficient removal of extractive content by hot water washing. It can be 

concluded, that the shape of the DTG curves of the untreated samples became rather similar 

after washing; the hemicellulose shoulder at around 300 °C shows a better separation from 

the cellulose peak (DTGmax) in the three washed samples. As Figure 3-6 show, the maximal 

rate of cellulose decomposition of the untreated and torrefied samples is shifted to a higher 

temperature as a result of washing procedure due to the reduced alkali ion concentration. 

Furthermore, it can be concluded that the thermal stability of cellulose in the washed wood 

sample is raised by about 30 °C, while it is raised by about 50 °C in the hot water washed 

straw samples compared to the original samples (Figure 6 d, e, and f). These observations are 

in accordance with other TG studies where increased thermal stability was observed as a 

result of washing [34,36-37]. 

The char yield of the raw and torrefied hot water washed samples is significantly lower than 

for the unwashed samples (Figure 6 g, h, and i). The extent of lowering is higher than the 

decrease of the ash content as a result of washing. This result confirms the promoting effect 



 

 

of potassium on the char formation. The char yields are changed to a larger extent in case of 

washed straw samples than washed wood, due to greater reduction in the alkali ion 

concentration of straws as a result of washing. This observation is in agreement with the 

chemical composition results showing that the influence of washing is more pronounced in 

the case of the straw samples.  

After torrefaction at 250 °C, the characteristic hemicellulose shoulder of the original samples 

disappeared, while the washed samples still have a shoulder (Figure 4 b, d, and f). Significant 

differences can be seen after severe torrefaction conditions (275 and 300 °C) between the 

original and hot water washed samples (Figure 5). After torrefaction at 275 °C, the maximal 

rate of thermal decomposition of the original straw samples are significantly reduced, while 

in case of the washed straw samples did not change. This indicates that torrefaction at 275 °C 

still -did not affect considerably the cellulose content (Figure 5 c and e) of the washed 

samples. After torrefaction at 300 °C, the DTG curves of the original straw samples have a 

wide and flat shape (Figure 5 d and f), indicating the almost complete decomposition of 

cellulose, while the same temperature only slightly affect the cellulose content of the washed 

straw samples. These observations also designate the catalytic effect of alkali ions on the 

decomposition of cellulose and are in agreement with the results of the compositional 

analysis. We can conclude, that the effect of washing is more pronounced at higher 

torrefaction temperatures. 



 

 

 

Figure 3 TG and DTG curves of untreated and lightly (200 °C) torrefied black locust (BL), 

wheat straw (WS) and rape straw (RS) samples 

a ) b ) 



 

 

 

Figure 4 TG and DTG curves of mildly (225 and 250 °C) torrefied black locust (BL), wheat 

straw (WS) and rape straw (RS) samples 

a ) b ) 



 

 

 

Figure 5 TG and DTG curves of severely (275 and 300 °C) torrefied black locust (BL), 

wheat straw (WS) and rape straw (RS) samples. 



 

 

 

Figure 6 The main thermogravimetric parameters of the samples as a function of the 

treatment temperatures. Tpeak cannot be defined in case of the original straw samples torrefied 

at 300 °C due to the wide and flat DTG curves. 

 

3.4 Principal component analysis based on TG parameters, and chemical composition 

data of the original and washed samples 

The chemical composition data (Table 2-4) and the thermogravimetry parameters (Figures 3-

6) of the original and washed samples have been used in the PCA calculation as input data to 

illustrate the differences and similarities between the original, washed, and variously torrefied 

samples. The first principal component (Factor 1) describes 58.10% of the total variance of 

the data, while the second principal component (Factor 2) describes 18.79% of the total 



 

 

variance. As Figure 7 illustrates, the first principal component differentiates the untreated and 

mildly and severely torrefied samples, while as a function of the second principal component 

(Factor 2), the original herbaceous samples are found in the upper part of the score plot, and 

the washed samples are found in the lower part of the score plot. This difference is apparently 

due to the different inorganic content and chemical composition of the samples, which are 

reflected in the different thermal properties of original and washed materials. The PCA 

results illustrate that the difference between the thermal behaviors of the untreated and 

torrefied washed samples (represented by the changes of Tstart, Tpeak and DTGmax) is much 

smaller than the difference between original and washed samples. 

 

 

Figure 7 Results of PCA: score (a) and loading (b) plots based on the compositional analysis 

and TG parameters. The arrows show the direction of the variation of the samples with the 

increasing torrefaction temperature. (WS, wheat straw; RS, rape straw; and BL, black locust, 

BL_225: black locust wood torrefied at 225 ˚C, BL_225_W: washed black locust wood 

torrefied at 225 ˚C) 

  

  



 

 

3.5 Formation of methyl chloride under torrefaction 

In this part the effect of torrefaction on the lignocellulose chlorine content will be studied. 

Evolution of methyl chloride (CH3Cl) was detected among the decomposition products of 

untreated and torrefied wheat straw and rape straw samples by TG/MS experiments. In order 

to monitor the release of methyl chloride as a function of temperature, the evolution curves of 

the molecular ions at m/z 50 and 52 were selected. As Figures 8 and 9 show, the m/z 50 and 

52 ion curves are similarly shaped in case of the untreated and torrefied wheat straw and rape 

straw samples and keep the intensity ratio of 3:1 in the whole temperature range. These facts 

confirm that the m/z 50 and 52 curves display the evolution of methyl chloride molecular ions 

correctly, since the intensity ratio of m/z 50 and 52 ions complies with that of natural isotope 

of chlorine atom at m/z 35 and 37 (3:1). As Figures 8 and 9 present, the amount of evolved 

methyl chloride was under the detection limit in case of the wood samples contrary to the 

straw samples. For the confirmation of the TG/MS observations, the chlorine content of the 

raw materials was measured by ISO 587:1997 method. The chlorine content of untreated 

black locust wood was 0.04%, while that of rape straw and wheat straw were 0.63% and 

0.30% respectively, explaining the TG/MS results. The temperature range of methyl chloride 

evolution is quite wide, and corresponds to a wide temperature range of lignin 

decomposition. It starts already at around 200 °C, reaches its maximum at about 350 °C, and 

ends at around 450 °C in all cases. Considering the relative intensity of the ion curves, the 

formation of methyl chloride was quite similar from the untreated and torrefied straw samples 

at 200, 225 and 250 °C. As Figure 9 shows, the relative intensity of the evolution curves of 

m/z 50 and 52 halved between torrefaction at 250 and at 275 °C, while after torrefaction at 

300 °C the evolution curves of methyl chloride almost totally disappeared from the straw 

samples. As we discussed earlier, methyl chloride is the reaction product of the inorganic 

chlorine with methyl groups evolved from cellulose or lignin. Recent studies [19, 26] 



 

 

concluded that the methoxy groups of lignin are the methyl source of methyl chloride. Based 

on these papers we may conclude that methyl chloride forms analogously from straws, the 

wide temperature range of methyl chloride evolution also support this phenomenon. Our 

results revealed that most of the lignin methoxy groups of straw samples were probably 

cleaved during torrefaction at 275 and 300 °C, and the initial chlorine content of the straw 

samples was also decreased. Furthermore, we may conclude that TG/MS is an appropriate 

technique for the detection of methyl chloride from the variously torrefied samples. 

 

Figure 8 DTG curves and the evolution profiles of methyl chloride (monitored at m/z 50 and 

52) from untreated and torrefied (200 and 225 °C) black locust (BL), wheat straw (WS) and 

rape straw (RS) during TG/MS experiments in argon atmosphere. 

 



 

 

 

Figure 9 DTG curves and the evolution profiles of methyl chloride (monitored at m/z 50 and 

52) from mildly and severely torrefied black locust (BL), wheat straw (WS) and rape straw 

(RS) during TG/MS experiments in argon atmosphere. 

 

4. CONCLUSION 

In order to study the effect of inorganic content during the low-temperature thermal treatment 

(torrefaction), the raw biomass samples were washed with hot water to remove the majority 

of the water soluble inorganic components.  

Comparing the change in the hemicellulose content of the washed and untreated wood and 

straw samples as a result of torrefaction, we may conclude that unlike cellulose the influence 

of the alkaline ions on the thermal decomposition of hemicelluloses is marginal. As a result 

of washing, the hemicellulose content of the black locust and rape straw samples became 



 

 

thermally slightly more stable in the whole studied torrefaction temperature range (200-300 

°C), while in case of wheat straw this effect is not significant. 

We found that the thermal stability of cellulose in the hot water washed wood sample is 

raised by about 30 °C, while in case of the washed straw samples it is raised by about 50 °C 

compared to the original samples. The char yield of the raw and torrefied hot water washed 

samples is significantly lower for the three studied samples than that of the original samples. 

We also concluded that the effect of washing is more pronounced at higher torrefaction 

temperatures. These observations confirm that alkali ions have catalytic effects on the 

decomposition mechanism of cellulose and lignin even under mild thermal conditions. The 

PCA results reveal that the difference between the thermal behaviors of the untreated and 

torrefied washed samples is much smaller than the difference between the original and 

washed samples. 

The formation of methyl chloride was detected during thermal decomposition that was 

explained by the reaction of inorganic chlorine with the methyl groups of lignin. We 

concluded that most of the methoxy groups of straw lignins were probably cleaved during 

torrefaction at 275 and 300 °C, and at the same time the initial chlorine content of the straw 

samples decreased. Therefore, the severely torrefied straw samples produced only small 

amount of methyl chloride during thermal decomposition. 
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