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To investigate the influencing mechanisms of calcium and magnesium 
on the solid products of biomass torrefaction, cellulose was selected as 
the feedstock in this article. The experiments were conducted in the 
holding temperature range of 200 °C to 300 °C under the atmosphere of 
nitrogen. Based on the impregnation methods (chlorides, hydroxides, 
and acetates of Ca and Mg), the results showed that the solid product 
yield of torrefacted cellulose impregnated with calcium or magnesium 
salts was lower than that of raw cellulose torrefaction at 200 °C to 275 
°C. However, at 300 °C, the solid product yield of impregnated cellulose 
torrefaction was higher. During torrefaction, the CaCl2 had a stronger 
effect than other calcium salts. The Mg(CH3COO)2 had less of an effect 
than other magnesium salts. The crystallinity of the torrefied cellulose 
with impregnated calcium or magnesium salts was considerably reduced 
from 51.1% (raw cellulose) to 7.7% (addition of CaCl2), 34.8% (addition 
of Ca(OH)2), 28.6% (addition of Ca(CH3COO)2), 9.2% (addition of 
MgCl2), 13.6% (addition of Mg(OH)2), and 12.0% (addition of 
Mg(CH3COO)2). The results of the thermal gravimetric analysis showed 
that the impregnated calcium or magnesium salts dramatically reduced 
the activation energy of the torrefaction. 
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INTRODUCTION 
  

Among various renewable energy sources, biomass is the only carbon-based 

source of energy that meets the requirements of replacing fossil fuels to reduce 

greenhouse gas emissions (Saidur et al. 2011; Liu et al. 2019). There are three major 

components in biomass, cellulose, hemicellulose, and lignin. Commonly, cellulose, 

hemicellulose, and lignin in biomass can reach 40 to 60 wt%, 15 to 30 wt%, and 10 to 25 

wt%, respectively (Wang et al. 2017a; Huang et al. 2019), depending on the biomass 

species (Zhao et al. 2017). In this article, cellulose, the largest quantity in biomass, was 

used as the feedstock in the experiments. Many kinds of biomass conversion technologies 

have been developed in recent years, which mainly include thermochemical and 

biochemical methods. Thermochemical methods, such as torrefaction, are considered to 

be a central topic in biomass utilization fields (Mohan et al. 2006). Torrefaction is a 

thermal pretreatment process in which biomass is heated under anaerobic or hypoxic 

conditions at a temperature of 200 ℃ to 300 ℃, with a residence time of less than 1 h, 

and a heating rate of less than 50 ℃/min (Rousset et al. 2013). Compared with raw 

biomass, the hydrophobicity, grindability, volatile content, calorific value, and 
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combustion characteristic of torrefied biomass are noticeably enhanced (Chen et al. 

2014). Torrefied cellulose could reduce the O/C ratio and increase crystallinity and 

heating value (Wang et al. 2016). Torrefaction has some effects on the chemical structure 

of cellulose (Zheng et al. 2015). During torrefaction, cellulose produces more C=O and 

C=C groups at 220 ℃ to 250 ℃ (Lv et al. 2012). In addition to organic matter, there is a 

certain amount of inorganic matter in biomass. The actual biomass torrefaction process is 

a complex thermochemical conversion system in which organic and inorganic 

components co-exist. However, there are only a small number of studies on the influence 

of active inorganic matter (i.e., alkaline earth metals) in the torrefaction process on the 

torrefaction conversion route and mechanism. 

Related research has confirmed the significant influence of alkaline earth metals 

(calcium and magnesium) on the thermochemical conversion process of organic matter 

(Yang et al. 2008). The effects of calcium and magnesium salts (CaCl2 and MgCl2) on 

the pyrolytic and catalytic characteristics of cellulose were investigated using a thermal 

gravimetric analyzer (Wang et al. 2015). The results of cellulose pyrolysis also indicated 

that decreases in temperature (between 150 ℃ and 400 ℃) promoted the formation of 

solid coke by alkaline earth metal chlorides (MgCl2 and CaCl2) (Shimada et al. 2008). 

Alkaline earth metals existing in biomass were usually in the form of free ions (Ca2+ and 

Mg2+) and organic binding states (carboxylate) (Zhao et al. 2012). Ca(CH3COO)2 and 

Mg(CH3COO)2 played a catalytic role in cellulose decomposition (Wu et al. 2012). 

Ca(OH)2 accelerated the hydrolysis of cellulose into glucose at 150 ℃ (Fang et al. 2011). 

Meanwhile, during the plant growth process, biomass absorbs a variety of alkaline earth 

metal salts. These metal salts are mainly present in the form of chlorides, hydroxides, and 

acetates (Pereira 1988; Szabó et al. 1996; Zevenhoven-Onderwater et al. 2001). Thus, in 

this article, chlorides (CaCl2 and MgCl2), hydroxides (Ca(OH)2 and Mg(OH)2), and 

acetates (Ca(CH3COO)2 and Mg(CH3COO)2), were selected as the model calcium and 

magnesium compounds. More detailed influencing rules of calcium and magnesium on 

solid products of cellulose torrefaction were studied. To reveal the influencing 

mechanism, the thermal gravimetric analysis (TGA) of torrefaction process was 

performed. The results were conducive to revealing the conversion mechanism of the 

biomass torrefaction process and provided some basic data and theoretical basis for the 

industrial application of torrefaction. 

 

 

EXPERIMENTAL 
 

Materials 
Cellulose (microcrystalline, purity ≥ 99.2 wt%) was selected for this study. The 

calcium salts used as substitutes for calcium components in raw biomass were as follows: 

CaCl2 (purity ≥ 96.0 wt%), Ca(OH)2 (purity ≥ 95.0 wt%), and Ca(CH3COO)2 (purity ≥ 

98.0 wt%). The magnesium salts used as substitutes were as follows: MgCl2 (purity ≥ 

98.0 wt%), Mg(OH)2 (purity ≥ 95.0 wt%), and Mg(CH3COO)2 (purity≥99.0 wt%). All of 

the above materials, cellulose, calcium, and magnesium salts were purchased from the 

Sinopharm Chemical Reagent Company (Shanghai, China). Deionized water was 

supplied by the Nanjing Zhongdong Chemical Reagent Company (Nanjing, China). High 

purity nitrogen (purity ≥ 99.999 vol%) was purchased from the Nanjing Tianze Gas 

Company (Nanjing, China).  
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Sample preparation 

According to the distribution characteristics of calcium and magnesium in actual 

biomass (Liao et al. 2004), in the current study, the calcium concentrations used were 0.5 

wt%, 1 wt%, and 1.5 wt%; the magnesium concentrations were 0.3 wt%, 0.6 wt%, and 

0.9 wt%. The impregnation method used in the feedstock preparation aimed to reveal the 

effects of calcium salts (CaCl2, Ca(OH)2, and Ca(CH3COO)2) and magnesium salts 

(MgCl2, Mg(OH)2, and Mg(CH3COO)2) on cellulose torrefaction. Regarding the 

impregnation method, 1 g of the cellulose and some calcium or magnesium salts were 

submerged in 20 mL of deionized water in a beaker. Then, these beakers were placed in a 

25 ℃ water bath for 12 h. After the impregnation, the cellulose solution was immediately 

dried in an air-dry oven at 105 ℃ overnight until completely dehydrated (The control 

specimen (untreated cellulose) was not treated as above.).  
 

Methods 
Torrefaction apparatus and procedures 

A schematic figure of the torrefaction apparatus is depicted in Fig. 1. The 

torrefaction experiments were conducted in a ceramic tubular reactor (length 600 mm, 

inner diameter 65 mm), which was heated by silicon carbide rods (5 kW). The cellulose 

and impregnated cellulose samples were placed in the porcelain boat and then placed into 

the center part of the tubular furnace. The tubular furnace was continuously injected with 

high purity nitrogen (N2 flow rate, 50 mL/min). Then, the samples were heated to the 

holding temperature at a heating rate of 10 ℃/min and a residence time of 30 min. After 

the tubular furnace cooled to the room temperature, the solid products were removed and 

then placed in a dryer for Fourier transform infrared (FTIR) and X-ray diffraction (XRD) 

analyses.  
 

 
 

Fig. 1. The schematic figure of the torrefaction apparatus 
 

The FTIR spectra were obtained using a FTIR spectrometer (Vertex 80v; Bruker 

Corporation, Karlsruhe, Germany) within the wavenumber range 500 cm-1 to 4000 cm-1 

with a resolution of 4 cm-1 and 32 scans. X-ray diffractograms of cellulose and the solid 

products samples were taken using an X-ray diffractometer (Ultima IV; Rigaku 

Corporation, Tokyo, Japan) using Cu-Kα radiation at 40 kV and 40 mA in the scanning 

range of 5° to 60° at a scanning rate of 2°/min with a step of 0.02°. To investigate the 

kinetic process in the ceramic tubular reactor, the kinetic tests were further conducted 

using a thermogravimetric (TG) analyzer (STA409PC; Netzsch Corporation, Bavarian, 

Germany). The TG curve was acquired by heating the raw and impregnated cellulose 

samples from 30 ℃ to 300 ℃ at a constant heating rate of 10 ℃/min. A high-purity 
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nitrogen gas flow of 50 mL/min was used as the purge gas to provide an inert atmosphere 

for the TG experiments. 

 

 

RESULTS AND DISCUSSION 
 

Solid Product Yield 
The solid product yields of different calcium and magnesium salt cellulose 

samples torrefaction are shown in Figs. 2 and 3 (the definition of mass yield adopted in 

this paper was on dry ash free basis). Figures 2 and 3 show that with the increase of 

torrefaction temperature, the mass yields of the solid product dramatically decreased. Part 

of the cellulose began to decompose into some volatiles and was released from the solid 

phase at 200 ℃ to 300 ℃ (Zheng et al. 2015). Figures 2(a) and 3(a) show that at the 

torrefaction temperature of 200 ℃ to 275 ℃, the mass yields of calcium or magnesium-

impregnated cellulose were lower than that of raw cellulose.  

 

 
 
(a) 1.5% Ca                                                          (b) CaCl2 

 
 
(c) Ca(OH)2                                                         (d) Ca(CH3COO)2 

 
Fig. 2. Mass yields of solid products of calcium-impregnated cellulose torrefaction 
 

At the higher temperature of 300 ℃, the mass yields of calcium or magnesium-

impregnated cellulose were higher than that of raw cellulose. Wu et al. (2012) discovered 

Temperature (°C) Temperature (°C) 

Temperature (°C) Temperature (°C) 
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that the raw cellulose began to pyrolyze at 290 ℃, and cellulose with calcium or 

magnesium impregnation pyrolyzed at the low temperature of 210 ℃. It can be inferred 

that calcium or magnesium had a strong catalytic effect on cellulose torrefaction. At 200 

℃ to 275 ℃, calcium or magnesium salts promoted the cellulose decomposition process. 

At 300 ℃, more char products were formed by hindering the release of volatiles and 

increasing secondary cracking reaction (Wu et al. 2012). Figure 2(a) shows that, 

compared to Ca(OH)2 and Ca(CH3COO)2, CaCl2 caused the mass yields of solid products 

at the torrefaction temperature of 200 ℃ to 275 ℃ to noticeably decrease. CaCl2 had a 

stronger catalytic effect on cellulose torrefaction at 200 ℃ to 275 ℃. Figures 2b and 2c 

show that the increase of CaCl2 and Ca(OH)2 concentrations had little effect on the solid 

product yields at 300 ℃. However, in Fig. 2(d), the effects of Ca(CH3COO)2 

concentration on mass yields were different. Figure 2(d) shows that the high 

Ca(CH3COO)2 concentration can decrease the mass yields, especially at 300 ℃. During 

the torrefaction process, in theory, the decarboxylic reaction of Ca(CH3COO)2 can 

produce additional CO2 and CH4, and the higher Ca(CH3COO)2 concentration will 

produce more CO2. As a result, the char in the torrefaction process may be reduced by the 

char consumption (C + CO2→2CO), especially at a high temperature of 300 ℃ (Reddy et 

al. 2014). 

 

 
                             

  (a) 0.9% Mg                                                              (b) MgCl2 

 
       

  (c) Mg(OH)2                                                       (d) Mg(CH3COO)2 
 

Fig. 3. Mass yields of solid products of magnesium-impregnated cellulose torrefaction  

Temperature (°C) Temperature (°C) 

Temperature (°C) Temperature (°C) 
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Figure 3(a) shows that compared to Mg(OH)2 and Mg(CH3COO)2, MgCl2 caused 

the mass yields of solid products to decrease in the range 200 ℃ to 275 ℃, which was 

similar to the effect of  CaCl2. It can be concluded that alkali earth metal chloride salts 

(CaCl2 and MgCl2) promoted the cellulose decomposition process, especially at 200 ℃ to 

275 ℃. As shown in Figs. 3c and 3d, the changes of Mg(OH)2 and Mg(CH3COO)2 

concentrations had no obvious effect on the solid product yields. Wu et al. (2012) found 

that when the magnesium concentration was low (from 0.11 to 1.42 wt%), the catalytic 

effect on cellulose was weak. Because the changes in magnesium concentration were not 

obvious in Figs. 3c and 3d, the catalytic effects of magnesium on solid products were 

almost the same. However, Wu et al. (2012) also discovered that the catalytic ability of 

chloride metals was susceptible to the concentration. Moreover, Wang et al. (2015) 

discovered that with the increase of MgCl2 concentration from 0 to 10 wt%, the 

maximum pyrolysis weight loss rate of cellulose decreased regularly from 2.1%/℃ to 

1.4%/℃. The addition of MgCl2 promoted the catalytic pyrolysis of cellulose. It likely 

led to the decrease in the mass yield of solid product with the increase of MgCl2 

concentration. Therefore, in Fig. 3(b), with the increase of MgCl2 concentration at 200 ℃ 

to 275 ℃, the inhibition effect of MgCl2 on the mass yield of solid product was 

enhanced.  

 

FTIR Analysis 
Within the range of 200 ℃ to 300 ℃, the high torrefaction temperature of 300 ℃ 

had more noticeable effects on cellulose. The FTIR spectra of raw and calcium or 

magnesium-impregnated cellulose torrefaction at 300 ℃ are shown in Fig. 4.  
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(a) 1.5% Ca                                                                (b) 0.9% Mg 

 

Fig. 4. FTIR spectra of solid products (raw and calcium- or magnesium-impregnated cellulose 
torrefaction at 300 °C) 
 

In Fig. 4, the spectrum shapes of torrefied cellulose with calcium or magnesium 

impregnation were similar to that of torrefied raw cellulose, while the intensity peaks 

were slightly different. Figure 4 shows that the polysaccharide characteristics of cellulose 

were retained, and the whole structures were not fundamentally changed. In Fig. 4, the 

absorbances at wavenumbers of 3400 cm-1, 2928 cm-1, 2852 cm-1, 1620 cm-1, and 1050 

cm-1 are predominately related to the O–H stretch vibrations of hydrogen bonded 

Wavenumber (cm-1) Wavenumber (cm-1) 
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hydroxyl groups or absorbed water, CH3 asymmetric, CH2 symmetric stretch vibration, 

O–H bending mode of absorbed/crystal water, and C–O vibration, respectively (Sun et al. 

2010). Their intensity decreased with calcium or magnesium-impregnated cellulose. The 

results can be explained by depolymerization, ring breakage, fragmentation, and serious 

polycondensation at this holding torrefaction temperature (Zheng et al. 2015). It meant 

that calcium or magnesium had a catalytic effect on the above reactions during 

torrefaction. In addition, Fig. 4 shows that the spectrum shapes of torrefied cellulose with 

calcium impregnation were similar to that of torrefied cellulose with magnesium 

impregnation. Wu et al. (2012) found the catalytic effects on cellulose pyrolysis were in 

the order of potassium > sodium > magnesium or calcium. This meant that calcium and 

magnesium had almost the same catalytic effect on cellulose during torrefaction. In Fig. 

4(a), the intensity of wavenumber between 500 cm-1 and 1620 cm-1 of CaCl2 decreased 

greatly, which showed that CaCl2 had a stronger effect than other calcium salts. In Fig. 

4(b), the intensity of the wavenumber between 500 cm-1 and 4000 cm-1 of Mg(CH3COO)2 

was similar to that of torrefied raw-cellulose. Thus, it can be concluded that 

Mg(CH3COO)2 had less of an effect than other magnesium salts. 

 

XRD Analysis 
Cellulose is a linear homopolymer composed of cellobiose, which consists of 

crystalline and amorphous structures. The crystalline cellulose had a higher cohesive 

energy density than amorphous cellulose, which is consistent with an expectation that 

crystalline cellulose was much more thermally stable (Mazeau and Heux 2008). 

Therefore, it was important to study the variation in cellulose crystallinity during 

torrefaction. The XRD analysis of the solid products of calcium or magnesium salt-

impregnated cellulose torrefaction are presented in Fig. 5.  
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Fig. 5. XRD patterns of solid products (raw and calcium- or magnesium-impregnated cellulose 
torrefaction at 300 °C) 
 

Commonly, the characteristic signal peak of crystalline cellulose is the crystalline 

plane -002 at 2θ = 22.6° (Wang et al. 2017b). In Fig. 5(a), the characteristic signal peak 

of torrefied cellulose was at 2θ = 17.2°, and the characteristic signal peaks of torrefied 

CaCl2, Ca(OH)2, and Ca(CH3COO)2-impregnated cellulose were at 2θ = 17.6°, 15.7°, and 

15.6°, respectively. Table 1 shows that the crystallinity of the torrefied cellulose changed 

with impregnating calcium salts. The crystallinity of torrefied CaCl2, Ca(OH)2, and 
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Ca(CH3COO)2-impregnated cellulose decreased to 7.66%, 34.80%, and 28.57%. This 

showed that CaCl2 had a stronger effect than other calcium salts. In Fig. 5(a), the figures 

of torrefied cellulose (cellulose-Ca(OH)2 and cellulose-Ca(CH3COO)2) were close to that 

of untreated cellulose, this implied that Ca(OH)2 and Ca(CH3COO)2 tended to maintain 

the crystalline structure of the cellulose during the torrefaction. And the signal peak at 2θ 

= 29.32° was attributed to Mg(OH)2 solid products (Giorgi et al. 2005). It was likely that 

Mg+ had turned into Mg(OH)2 solid products at the temperature of 300 ℃ (Giauque and 

Archibald 1937). In Fig. 5(b), the characteristic signal peaks of MgCl2, Mg(OH)2, and 

Mg(CH3COO)2 salts impregnated cellulose were at 2θ = 18.4°, 18.5°, and 16.2°. In Table 

2, it also shown that the crystallinity of the torrefied sample impregnated with magnesium 

was greatly reduced. The crystallinity of torrefied MgCl2, Mg(OH)2, and Mg(CH3COO)2-

impregnated cellulose decreased to 9.22%, 13.55%, and 12.03%, which meant that 

MgCl2 had a stronger catalytic effect on cellulose during torrefaction. In Fig. 5(b), the 

four signal peaks at 2θ = 18.52°, 37.98°, 50.78°, and 58.66° were attributed to Mg(OH)2 

solid products (Giorgi et al. 2005). It was just like cellulose-Ca(OH)2, Mg+ had turned 

into Mg(OH)2 solid products at 300 ℃ during torrefaction (Giauque and Archibald 

1937). 

 
Table 1. Crystallinity Index (CrI) of Solid Products by Torrefaction Using XRD  

Samples CrI (%) 

Cellulose 51.13 

Cellulose-CaCl2 7.66 

Cellulose-Ca(OH)2 34.80 
Cellulose-Ca(CH3COO)2 28.57 

Holding temperature: 300 °C; calcium concentration: 1.5% 

 
Table 2. CrI of Solid Products by Torrefaction Using XRD  

Samples CrI (%) 

Cellulose 51.13 

Cellulose-MgCl2 9.22 

Cellulose-Mg(OH)2 13.55 

Cellulose-Mg(CH3COO)2 12.03 

Holding temperature: 300 °C; magnesium concentration: 0.9% 
 

TGA Analysis 
The TG/ derivative thermogravimetry (DTG) curves of calcium or magnesium 

salt-impregnated cellulose torrefaction process obtained from the TGA experiments are 

shown in Figs. 6 and 7. As shown, as the torrefaction temperature increased from 200 ℃ 

to 300 ℃, the mass and the mass loss rate of samples dramatically decreased. Yu et al. 

(2017) discovered crystalline cellulose degrades into an amorphous form during 

torrefaction, which results in weaker thermal stability. In Fig. 6(a), compared to the raw 

cellulose, the calcium-rich samples (raw cellulose and impregnated samples) exhibited a 

higher percentage loss and rate in the mass, especially CaCl2. Leng et al. (2019) thought 

CaCl2 promoted the decomposition of cellulose into a non-solid phase product during the 

torrefaction process. It meant that with the increase of torrefaction temperature, the solid 

yields of CaCl2 gradually decreased. As shown in Fig. 6(b), compared to Ca(OH)2 and 

Ca(CH3COO)2, the mass lose rate of CaCl2-impregnated cellulose decreased from 210 ℃ 

to 260 ℃. CaCl2 was shown to have a stronger catalytic effect on cellulose torrefaction. 

In Fig. 7, compared to the Mg(OH)2- and Mg(CH3COO)2-impregnated cellulose, MgCl2-
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impregnated cellulose decreased dramatically. Wang et al. (2015) found that MgCl2 

greatly promoted the catalytic pyrolysis of cellulose. This meant that with the addition of 

MgCl2, the solid yields of CaCl2 gradually decreased. In Fig. 7(b), it can be seen that 

compared to Mg(OH)2 and Mg(CH3COO)2, the mass loss rate of MgCl2-impregnated 

cellulose decreased from 177 ℃ to 224 ℃. This meant that MgCl2 had a stronger 

catalytic effect on cellulose during torrefaction. The TGA torrefaction processes of 

calcium or magnesium salts-impregnated cellulose torrefaction process were continuous 

from 30 ℃ to 300 ℃, with no residence time. However, in the “Solid product yield” 

section, raw cellulose and calcium- or magnesium-impregnated cellulose samples were 

heated to the holding temperature at the heating rate of 10 ℃/min, with a residence time 

of 30 min. Thus, the definition of mass loss in TG was different from that of the “Solid 

product yield” section. 
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Fig. 6. Torrefaction process using TGA (1.5% Ca) 
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Fig. 7. Torrefaction process using TGA (0.9% Mg) 
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To have a better understanding of torrefaction effects on raw cellulose and 

calcium- or magnesium salts-impregnated cellulose samples, based on the classical 

kinetic formulas (Eqs. 1 to 3) (Ren et al. 2013; Zhou et al. 2017), the corresponding 

kinetic analysis was conducted. Equations 1 to 3 are as follows: 

d
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d

nk
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                                    (1)
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Based on the Arrhenius law, k (reaction rate constant) can be defined as shown in 

Eq. 2. The simulation of the cellulose torrefaction process usually has been based on the 

assumption of a first-order (n = 1) reaction (Ren et al. 2013). Through using the kinetic 

parametric solution of Coats-Redfern (Ganeshan et al. 2017), Eq. 2 can be expressed as 

Eq. 3, where α is the mass loss rate of cellulose (%), β is heating rate value (10 K/min), t 

is holding time (min), k is reaction rate constant (min−1), R is the gas constant 

(J·mol−1·K−1), E (activation energy, kJ·mol−1) is the minimum amount of energy required 

to convert a normal stable molecule into a reactive molecule, and A (pre-exponential 

factor, min−1) is an empirical relationship between temperature and rate coefficient. 

Therefore, E and A in Tables 3 and 4 are considered as two crucial kinetics parameters to 

evaluate the torrefaction process of raw and calcium or magnesium salts-impregnated 

cellulose samples. The R2 (coefficient of determination) is close to 1; thus, it can be 

inferred that the values of E and A are close to that of the real torrefaction process. Tables 

3 and 4 show that calcium or magnesium chloride can greatly reduce the activation 

energy of cellulose torrefaction.  

 

Table 3. Kinetic Parameters of the Sample Torrefaction (1.5 wt% Ca) 

Samples E (kJ·mol−1) A (min−1) 
R2 (Coefficient of 
Determination) 

Cellulose 162.05 2.96 × 1014 0.9765 

Cellulose-CaCl2 78.13 1.02 × 1015 0.9638 

Cellulose-Ca(OH)2 78.09 1.27 × 1015 0.9669 

Cellulose-Ca(CH3COO)2 77.90 1.06 × 1015 0.9421 

 
Table 4. Kinetic Parameters of the Sample Torrefaction (0.9 wt% Mg) 

Samples E (kJ·mol−1) A (min−1) 
R2 (Coefficient of 
Determination) 

Cellulose 162.05 2.96 × 1014 0.9765 

Cellulose-MgCl2 57.25 1.20 × 1013 0.9864 

Cellulose-Mg(OH)2 90.46 2.08 × 1016 0.9363 

Cellulose-Mg(CH3COO)2 99.66 1.26 × 1017 0.9421 
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Tables 3 and 4 show that the activation energy of raw cellulose was 162.0 

kJ·mol−1. In Table 3, the activation energy of calcium salts-impregnated cellulose 

decreased to 78.1 kJ·mol−1 (CaCl2), 78.1 kJ·mol−1 (Ca(OH)2), and 77.9 kJ·mol−1 

(Ca(CH3COO)2). The calcium salts had a strong catalytic effect on cellulose torrefaction. 

In Table 4, the activation energy of magnesium salts-impregnated cellulose decreased to 

57.2 kJ·mol−1 (MgCl2), 90.5 kJ·mol−1 (Mg(OH)2), and 99.7 kJ·mol−1 (Mg(CH3COO)2). It 

showed that magnesium salts also had a strong catalytic effect on cellulose torrefaction, 

especially MgCl2. 

 

 

CONCLUSIONS 
 

1.  The alkaline earth chlorides had the biggest effects on cellulose torrefaction. The 

solid product yield of calcium- or magnesium salts-impregnated cellulose torrefaction 

was lower than that of raw cellulose torrefaction at 200 ℃ to 275 ℃. This meant that 

calcium or magnesium had a strong catalytic effect on cellulose decomposition. 

However, the calcium- or magnesium salts-impregnated cellulose had higher solid 

yields than raw cellulose at the torrefaction temperature of 300 ℃. More char 

products were formed by hindering the release of volatiles and increasing secondary 

cracking reaction at 300 ℃. 

2.  During the torrefaction process, calcium or magnesium had a catalytic effect on 

depolymerization, ring breakage, fragmentation, and serious polycondensation of 

cellulose. The characteristic signal peaks of cellulose (2θ = 22.6°) changed. The 

crystallinity of the torrefied cellulose with impregnated calcium or magnesium salts 

decreased from 51.1% (raw cellulose) to 7.7% (CaCl2), 34.8% (Ca(OH)2), 28.6% 

(Ca(CH3COO)2), 9.2% (MgCl2), 13.6% (Mg(OH)2), and 12.0% (Mg(CH3COO)2). 

This implied that CaCl2 and MgCl2 had a stronger effect than other calcium or 

magnesium salts. It is likely that Mg+ turned into Mg(OH)2 solid products at the 

temperature of 300 ℃.  

3. The impregnated calcium or magnesium salts reduced the activation energy of 

torrefaction (raw cellulose: 162.0 kJ·mol−1) to 78.1 kJ·mol−1 (CaCl2), 78.1 kJ·mol−1 

(Ca(OH)2), 77.9 kJ·mol−1 (Ca(CH3COO)2), 57.2 kJ·mol−1 (MgCl2), 90.5 kJ·mol−1 

(Mg(OH)2), and 99.7 kJ·mol−1 (Mg(CH3COO)2). It meant that calcium or magnesium 

salts (especially MgCl2) had a strong catalytic effect on cellulose torrefaction 
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