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Abstract
Thermogravimetric analysis–mass spectrometry, in situ X-ray diffraction, scanning electron microscopy and Fourier

transform infrared spectroscopy were used to characterize hydromagnesite [Mg5(CO3)4(OH)2�4H2O] from Dujiali Lake in

Tibet, China. This study describes the variations in the thermal decomposition mechanisms of hydromagnesite at varying

heating rates and under either helium (He) or carbon dioxide (CO2) atmospheres. In a He atmosphere, only two decom-

position stages were observed; the loss of the crystalline water followed by the combined dehydroxylation and decar-

bonation. However, under a CO2 atmosphere, the dehydroxylation and decarbonation occur separately as the inert CO2 gas

prevents the decomposition of the MgCO3 component of hydromagnesite. Overall, the thermal decomposition is an

endothermic process. A distinctly exothermic process occurs at about 540 �C under conditions of high partial pressure of

CO2 or high heating rate and implies the crystallization of magnesite (MgCO3). We propose that the release of H2O and

CO2 at different stages likely results from the complicated hydrogen bonds and different carbonate groups in the crystal

structure of hydromagnesite.
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Introduction

Hydromagnesite [Mg5(CO3)4(OH)2�4H2O] forms at Earth’s

surface conditions and is one of the most common mag-

nesium carbonate minerals found in nature, especially in

carbonate playas [1–4]. During the past decades, extensive

research has been conducted on the thermal decomposition

of hydromagnesite to study its structural features, main

physical and chemical properties [5–18], and to better

understand its industrial application as a fire retardant

[19–23]. For example, Padeste et al. [11] conducted an

analysis of the thermal decomposition of hydromagnesite

under nitrogen (N2), hydrogen (H2), and carbon dioxide

(CO2) atmospheres. Additionally, Khan et al. [16] found

that procedural variables including atmospheric conditions

and heating rating affect the origin of the exothermic peak

of hydromagnesite during the decomposition process.

Recently, Hollingbery and Hull [23] summarized the cur-

rent state of knowledge regarding the thermal decomposi-

tion of hydromagnesite. Despite numerous investigations

into the thermal decomposition of hydromagnesite, there

remain uncertainties. For example, the cause of an

exothermic event at just above 500 �C under some specific

conditions remains uncertain with at least two explanations

being proposed [7, 8, 18, 23]. Khan et al. [16] suggest that

this exothermic event is due to mechanical stress within the

crystal structure caused by the release of CO2 which

becomes trapped, while Sawada et al. [7, 8, 18, 24] attribute

& Mianping Zheng

zhengmp2010@126.com

& Chuanyong Ye

yechuanyong@cags.ac.cn

Yongjie Lin

linyongjie2014@163.com

Ian M. Power

ianpower@trentu.ca

1 Institute of Mineral Resources, Chinese Academy of

Geological Sciences, No. 26, Baiwanzhuang Street,

Beijing 100037, China

2 School of Earth Sciences and Resources, China University of

Geosciences, No. 29, Xueyuan Road, Beijing 100083, China

3 Trent School of the Environment, Trent University, 1600

West Bank Drive, Peterborough, ON K9L 0G2, Canada

123

Journal of Thermal Analysis and Calorimetry (2018) 133:1429–1437
https://doi.org/10.1007/s10973-018-7197-8(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0002-3237-6163
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-018-7197-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-018-7197-8&amp;domain=pdf
https://doi.org/10.1007/s10973-018-7197-8


this exotherm to the crystallization of magnesium

carbonate.

Thermal analysis using thermogravimetric techniques

has proven very useful for determining the stability of

minerals, such as the mass loss steps, the temperature of the

mass loss, and the mechanism for the mass loss [25–30].

These thermoanalytical techniques have been used to study

several complex minerals including hydromagnesite

[11, 14, 26]. More recently, a novel method of equivalent

characteristic spectrum analysis (ECSA) was developed to

analyze the mass spectrum of thermogravimetry analysis–

mass spectrometry system according to the operating

principle of TGA–MS coupling system [31]. This method

can effectively separate the mass and eliminate the mass

discrimination and temperature-dependent effect, even

though there may be overlapping of characteristic peaks.

Using this analytical technique to study the decomposition

mechanisms of hydromagnesite, we performed a series of

TGA/MS experiments on hydromagnesite samples under

He and CO2 atmospheres at heating rates of 5, 10, 15, and

20 �C min-1, respectively. The decomposition mechanism

of hydromagnesite has been disclosed due to mass spec-

trometry analysis of the volatiles formed during decom-

position. This study describes the variations in the thermal

decomposition mechanisms of hydromagnesite at varying

heating rates and under either He or CO2 atmospheres.

Experimental

Materials

Hydromagnesite deposits were found in the first lake ter-

race of the northwest of Dujiali Lake during a field survey

in March 2015 [3]. The hydromagnesite sediments directly

overlay Quaternary sediments in the lake terrace, which

was subparallel to the land surface and around 10 m thick

above the present lake surface. After removal of the

weathered surface crust, a representative sample was taken

from the DPSP01 profile through the hydromagnesite

deposit. The hydromagnesite samples were analyzed

directly after crushing without prior size fraction separation

since one of the objectives was to remove the effect of the

particle size on the experiments.

Scanning electron microscopy

SEM was carried out at the Centre for High-Throughput

Phenogenomics at The University of British Columbia,

Canada. Samples were mounted onto aluminum stubs using

12-mm carbon adhesive tabs and coated iridium (10 nm)

using a Leica EM MED020 coating system. Imaging was

performed using an FEI Helios NanoLab 650 emission

SEM operating voltage of 1.0 kV to produce high-resolu-

tion images.

Fourier transform infrared spectroscopy

FT-IR spectroscopy of the hydromagnesite sample was

performed by direct transmittance using the KBr pellet

technique. Spectra were recorded in the range of

4500–400 cm-1 using a Spectrum 100 FT-IR spectrometer

(PerkinElmer Inc., USA). Aliquots (around 1 mg) of each

powdered hydromagnesite sample were diluted with

100 mg of vacuum-dried KBr powder and subjected to a

pressure of 10 tonnes, and then tableting the mixture of

hydromagnesite and KBr into a very thin film with a

diameter of 13 mm was performed. All the spectra were

measured at a spectral resolution of 4 cm-1, and 16 scans

were signal-averaged in each interferogram.

In situ X-ray diffraction

XRD patterns were collected on a Rigaku SmartLab X-ray

diffractometer with Cu Ka radiation. The high-temperature

experiments were performed using an X-ray reactor

chamber HTK1200 Anton Paar, in which the scan rate was

5� min-1, and the XRD patterns were recorded in a

reducing atmosphere. The intensity data were collected in a

2h range from 5 to 80� with a scan rate of 5� min-1 in the

temperature range of 50–800 �C. The data were collected

at the intervals of 50 �C, and each test point was stopped

for 3 min under constant temperature. In this chamber, the

gas flow (H2, N2) was forced through the sample packed on

a sintered glass sieve and placed in the center of an oven,

and the heating rate at 5 �C min-1.

Thermogravimetric analysis/mass spectrometry

The TGA/MS experiments were performed at the Institute

of Engineering, Thermophysics, Chinese Academy of

Sciences, using a Rigaku Thermo Mass Photo thermo-

gravimetric analysis instrument in a flow of pure He and

mixed flowing gases atmosphere (He and CO2) at atmo-

spheric pressure. Under He atmospheric conditions,

approximately 10 mg of each sample underwent thermal

analysis and were heated from 25 to 900 �C with a flow

rate of 300 mL min-1 at a heating rate of 5, 10, 15, and

20 �C min-1, respectively. In addition, 10 mg of each

powdered hydromagnesite sample was diluted with 3 mg

of calcium sulfite (CaSO3) and subjected to thermal anal-

ysis (25–900 �C) at a heating rate of 20 �C min-1 in pure

flowing He atmosphere. In CO2 atmosphere condition, the

concentration of CO2 was controlled to 5% with a helium

flow rate of 285 mL min-1 and a CO2 flow rate of

15 mL min-1. Approximately 10 mg of each sample
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underwent thermal analysis and were heated from 25 to

900 �C at a heating rate of 10 and 20 �C min-1, respec-

tively. The qualitative analysis of the mass spectrum at an

arbitrary temperature can be automatically performed by

directly linking to the NIST-MS Library Search software,

and we can understand complex multistage reactions and

translational reactions through simultaneous measurements

of dynamic TGA and MS. The method of equivalent

characteristic spectrum analysis (ECSA) is to analyze the

mass spectrum of TGA/MS system according to a study by

Xia et al. [31].

Results and discussion

Microscopy and spectroscopy

In hand specimen, the hydromagnesite samples were bright

white, dry, and clay-like. The detailed morphologies of the

hydromagnesite sediments were investigated using SEM

(Fig. 1). The sediments were comprised of interlocking

crystals of hydromagnesite, and the hydromagnesite crys-

tals generally had a platy crystal morphology (Fig. 1a) or

occasionally a flaky crystal morphology (Fig. 1b).

The crystal structure of hydromagnesite is based on a

three-dimensional framework of corrugated layers of

MgO6 octahedra and triangles of carbonate ions [32, 33].

The hydroxyl group is shared by three MgO6 octahedra,

while the water molecule is located at an unshared corner

of an MgO6 octahedra. The FT-IR hydromagnesite spec-

trum shows bands at approximately 796 (the strongest one),

853, and 885 cm-1 that correspond to the carbonate

(CO3
2-) bending vibration (Fig. 2). An absorption band at

approximately 1119 cm-1 is due to CO3
2- symmetric

stretching vibration. Carbonate ion in the hydromagnesite

exists as bicarbonate, and a strong band that is splitting into

two around 1423 and 1483 cm-1 corresponds to the

asymmetric stretching vibrations of bicarbonate ions

[34, 35]. Two crystallographically distinct types of car-

bonate ions exist in the hydromagnesite structure, which is

in accordance with the FT-IR results. The C(I)O3 ion is

considered to be parallel to (001) or (011) of the pseudo-

orthorhombic cell, while the C(II)O3 ion is parallel to the c-

axis and has an angle of 15� with (100). Furthermore, one

oxygen atom in the C(I)O3 ion coordinates to two Mg

atoms and the remaining two oxygen atoms coordinate to

one Mg atom, whereas in the C(II)O3 ion all oxygen atoms

coordinates to two Mg atoms [32]. The two absorption

bands at approximately 3515 and 3451 cm-1 relate to the

water of crystallization. A band at around 1645 cm-1 was

attributed the O–H bending mode of water, while a free O–

H vibration band is observed at 3649 cm-1. There are three

distinct kinds of hydrogen bonds in the hydromagnesite

structure: (1) Short O (W11) …O (11) distance (2.787 Å)

indicated a strong hydrogen bond. (2) Longer O (W1) …O

(1) and O (W11) …O (W1) distances (2.787 and 2.844 Å,

respectively) indicate a weak hydrogen bond. (3) The O

(W1) water molecule shows a very long (3.110 Å) and bent

(141�) O …O contact with O (W11), indicating a very

weak hydrogen bond [33]. Thus, FT-IR analysis confirms

the chemical composition and physical state of the hydro-

magnesite, and thus, the structure and composition of

hydromagnesite [34–37].

In situ X-ray diffraction

The XRD patterns of hydromagnesite at different temper-

atures are shown in Fig. 3. The crystalline phases were

identified in comparison with The International Centre for

Diffraction Data files. The diffraction peaks of hydro-

magnesite gradually decreased with increasing calcination

temperature and demonstrate that hydromagnesite changes

from a crystalline phase to an amorphous state. The

diffraction peak heights of hydromagnesite decreased at a

temperature of 250 �C and were completely unrecogniz-

able at approximately 350 �C. One of the diffraction peaks

Fig. 1 Representative SEM micrographs of Dujiali Lake hydromagnesite. Micrographs showing hydromagnesite with predominately platy

(a) and flakey (b) crystals morphologies
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(2h = 42�) of periclase (MgO) appeared at 350 �C whi-

le most of its other peaks appeared when the temperature

reached 550 �C. The XRD pattern confirmed the phase

transformation of hydromagnesite samples at a heating rate

of 5 �C min-1, and hydromagnesite sample contained a

small amount of aragonite.

Thermal decomposition mechanism
of hydromagnesite

The DTG curves and analysis of the outlet gases (CO2 and

H2O) of hydromagnesite at the heating rates of

10 �C min-1 in He atmosphere are presented in Fig. 4. The

coupled TGA–MS analysis revealed that the evolved gases

are water (H2O) and carbon dioxide (CO2). The relation-

ship between mass flow rate and temperature of evolved

gases with various heating rates is presented in Fig. 5.

Three prominent mass losses are observed in the temper-

ature range of 200–350, 350–550, and 550–650 �C. The

first mass loss was approximately 14.65% followed by

losses of 32.76% and 6.9% for the second and third mass

losses, respectively, when the measurements were carried

out at a heating rate of 10 �C min-1. During those

decomposition stages, approximately 59.5% of the original

hydromagnesite was released as CO2 and H2O. The theo-

retical mass loss based upon the ideal hydromagnesite

formula is 60.52% due to decarbonation (37.77%), water

loss (15.45%), and hydroxyl unit loss (7.30%). Two

prominent H2O release steps were observed, while a very

weak H2O release step occurs at around 500 �C (Fig. 5),

and most of the evolved H2O gas released in first mass loss

stage, while there was almost no CO2 gas released in this

stage (200–350 �C). There are three distinct kinds of

hydrogen bonds in the crystal structure of hydromagnesite,

which can be corresponded to the three prominent H2O

release stages. Thus, it is reasonable to conclude that the
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first decomposition stage is related to the dehydration (re-

lease of water of crystallization), while the second mass

loss stage (350–550 �C) is the combination of dehydrox-

ylation [decomposition of Mg(OH)2 to MgO] and decar-

bonation [decomposition of MgCO3 to MgO]. The

dehydroxylation step overlaps with both the dehydration

and decarbonation steps. However, it is noted from Fig. 5

that the third mass loss (550–650 �C) is attributed to the

release CO2 gas.

An experiment that added CaSO3 was conducted at a

heating rate of 20 �C min-1 under a He atmosphere to

elucidate the source of the evolved CO2 gas in the last step

(temperature range of 600–700 �C; Fig. 6). The thermal

decomposition temperature range of CaCO3 and CaSO3 is

very close, yet the activation energy for the thermal

decomposition of CaSO3 is slightly greater than CaCO3.

Given that the thermally decomposed solid product is CaO

for both compounds, the added CaSO3 will interfere with

the thermal decomposition of CaCO3 in the experiment,

resulting in the piecewise phenomenon of the release of

CO2 produced by the thermal decomposition of CaCO3. It

can be suggested that the third release of CO2 (550–650

�C) is due to the decomposition of CaCO3, as the hydro-

magnesite samples contain a small amount of aragonite.

Therefore, the first two CO2 gas release stages in a He

atmosphere are attributed to the decomposition of carbon-

ate group in the hydromagnesite structure, as two crystal-

lographically distinct kinds of carbonate ions exist.

Overall, it is reasonable to conclude that the decomposition

of hydromagnesite occurs in two prominent mass losses in

the temperature range of 200–350 and 350–550 �C,

respectively.

The TG and DTG curves of hydromagnesite at various

heating rates in a CO2 atmosphere are presented in Fig. 7.

The coupled TGA–MS analysis reveals that the evolved

gases are H2O and CO2, and the relationship between mass

flow rate and temperature of evolved gases with various

heating rates is presented in Fig. 8. The thermal decom-

position of hydromagnesite is more complex in a CO2

atmosphere than a He atmosphere. The five detail decom-

position steps of hydromagnesite samples were detected at

a heating rate of 10 �C min-1, while six detail decompo-

sition steps were detected at a heating rate of 20 �C min-1.

Three prominent CO2 release steps are observed, while the

main stage of CO2 release is observed in the temperature

range of 500–600 �C because the CO2 inhibits the

decomposition of magnesite. Two prominent H2O release

steps are observed in the temperature range of 200–300 and

400–450 �C, which occur separately with the stage of CO2

release. The last step has been attributed to the
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decomposition of calcium carbonate. Thus, the dehydrox-

ylation and decarbonation occur separately for hydromag-

nesite in a CO2 atmosphere. Overall, the partial pressure of

CO2 significantly affects the decomposition mechanism of

hydromagnesite. The decomposition of hydromagnesite

occurs in three stages under CO2 atmosphere as the

dehydroxylation and decarbonation occur separately.

Exothermic event in the decomposition
of hydromagnesite

This clearly exothermic event has been reported for

hydromagnesite at just above 500 �C under some condi-

tions [7, 8, 18, 23], yet its source and the process involved

in its formation are not well understood. Khan et al. [16]

suggest that this exothermic event is due to mechanical

stress within the crystal structure caused by the release of

CO2 which becomes trapped, while Sawada et al. attribute

this exotherm to the crystallization of magnesium carbon-

ate [7, 8, 18, 24]. In this study, the differential thermal

analysis (DTA) curves (Fig. 9) indicate three distinct

endothermic events occurring in the temperature range of

200–350, 350–550 and 550–650 �C, which corresponds to

the thermal decomposition stages, and only one small

exothermic event was observed at the heating rate of

20 �C min-1, it can be concluded that the overall thermal

decomposition of hydromagnesite is endothermic, and the

presence of an exothermic event depends on the heating
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rate when measured in a He atmosphere. In addition, this

distinct exothermic event was also observed at approxi-

mately 540 �C under a CO2 atmosphere at a heating rate of

10 �C min-1, which becomes much greater when the

heating rate is increased to 20 �C min-1. Combined with

the DTA results under He atmosphere, these data clearly

show that the presence of this exothermic at around 540 �C
also depends on atmosphere condition. The exothermic

event was followed by an endothermic decomposition

stage where the released gas was CO2 at around 560 �C
with a heating rate of 10 �C min-1 and 565 �C with a

heating rate of 20 �C min-1 under CO2 atmosphere. Fig-

ures 5 and 8 obviously show that this endothermic

decomposition stage is decarbonation. Thus, this exother-

mic event occurs due to the crystallization of magnesium

carbonate, possibly magnesite, after dehydroxylation

[7, 8, 18, 23]. Therefore, the exothermic crystallization of

magnesite occurs at around 540 �C under conditions of

high partial pressure of CO2 or high heating rates (Fig. 10).

Conclusions

Thermal decomposition characteristics of hydromagnesite

from Dujiali Lake, China, were examined using TGA–MS

combined with the in situ XRD, SEM and FT-IR. The

thermal decomposition characteristics of hydromagnesite

show remarkable variations depending on the heating rate

and atmospheric conditions. In a He atmosphere, only two

decomposition stages were observed, the loss of the crys-

talline water was followed by the combined dehydroxyla-

tion and decarbonation during those decomposition stages,
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and the dehydroxylation step overlaps both with the

dehydration and decarbonation. However, under a CO2

atmosphere the decomposition of hydromagnesite occurs in

three stages, as the dehydroxylation and decarbonation

occur separately due to the inert CO2 gas preventing the

initial decomposition of magnesium carbonate. The overall

decomposition of hydromagnesite is endothermic; how-

ever, a distinct exothermic event was observed at around

540 �C under conditions of a high partial pressure of CO2

or high heating rates, which indicates that magnesite is

crystallized. Finally, the release of H2O and CO2 at dif-

ferent stages likely results from the complex hydrogen

bonds and different carbonate groups present in the

hydromagnesite structure.
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Controlled rate thermal analysis of hydromagnesite. J Thermal

Anal Calorim. 2008;92:893–7.

15. Haurie L, Fernandez AI, Velasco JI, Chimenos JM, Lopez-Cuesta

JM, Espiell F. Effects of milling on the thermal stability of

synthetic hydromagnesite. Mater Res Bull. 2007;42:1010–8.

16. Khan N, Dollimore D, Alexander K, Wilburn FW. The origin of

the exothermic peak in the thermal decomposition of basic

magnesium carbonate. Thermochim Acta. 2001;367–368:321–33.

17. Rao TR, Cholan VS. Kinetics of thermal decomposition of

hydromagnesite. Chem Eng Technol. 2004;18(5):359–363.

18. Sawada Y, Uematsu K, Mizutani N, Kato M. Thermal decom-

position of hydromagnesite 4MgCO3�Mg(OH)2�4H2O. J Inorg

Nucl Chem. 1978;40:979–82.

19. Hollingbery LA, Hull TR. The fire retardant effects of huntite in

natural mixtures with hydromagnesite. Polym Degrad Stab.

2012;97:504–12.

20. Hollingbery LA, Hull TR. The fire retardant behaviour of huntite

and hydromagnesite—a review. Polym Degrad Stab.

2010;95(12):2213–2225.

21. Realinho V, Haurie L, Antunes M, Velasco JI. Thermal stability

and fire behaviour of flame retardant high density rigid foams

based on hydromagnesite-filled polypropylene composites.

Compos B Eng. 2014;58:553–8.

22. Laoutid F, Gaudon P, Taulemesse JM, Lopez Cuesta JM, Velasco

JI, Piechaczyk A. Study of hydromagnesite and magnesium

hydroxide based fire retardant systems for ethylene–vinyl acetate

containing organo-modified montmorillonite. Polym Degrad

Stab. 2006;91:3074–82.

23. Hollingbery LA, Hull TR. The thermal decomposition of huntite

and hydromagnesite—a review. Thermochim Acta.

2010;509:1–11.

24. Sawada Y, Yamaguchi J, Sakurai O, Uematsu K, Mizutani N,

Kato M. Thermogravimetric study on the decomposition of

hydromagnesite 4 MgCO3�Mg(OH)2�4H2O. Thermochim Acta.

1979;33:127–40.

25. Frost RL, Weier ML, Erickson KL. Thermal decomposition of

struvite. J Therm Anal Calorim [Internet]. 2004;76:1025–33.

http://download.springer.com/static/pdf/672/art%253A10.1023%

252FB%253AJTAN.0000032287.08535.b3.pdf?originUrl=http%

3A%2F%2Flink.springer.com%2Farticle%2F10.1023%2FB%3AJT

AN.0000032287.08535.b3&token2=exp=1497438534*acl=%2

Fstatic%2Fpdf%2F672%2Fart%25253A10.1.

26. Cheng H, Yang J, Liu Q, He J, Frost RL. Thermogravimetric

analysis–massspectrometry(TG–MS) of selected Chinese kaolin-

ites. Thermochim Acta [Internet]. 2010;507–508:106–14. http://

www.scopus.com/inward/record.url?eid=2-s2.0-

77955470571&partnerID=tZOtx3y1.

27. Paulose S, Thomas D, Jayalatha T, Rajeev R, George BK. TG–

MS study on the kinetics and mechanism of thermal decompo-

sition of copper ethylamine chromate, a new precursor for copper

chromite catalyst. J Therm Anal Calorim. 2016;124:1099–108.

1436 Y. Lin et al.

123

http://download.springer.com/static/pdf/672/art%25253A10.1023%25252FB%25253AJTAN.0000032287.08535.b3.pdf%3foriginUrl%3dhttp%253A%252F%252Flink.springer.com%252Farticle%252F10.1023%252FB%253AJTAN.0000032287.08535.b3%26token2%3dexp%3d1497438534%7eacl%3d%252Fstatic%252Fpdf%252F672%252Fart%2525253A10.1
http://download.springer.com/static/pdf/672/art%25253A10.1023%25252FB%25253AJTAN.0000032287.08535.b3.pdf%3foriginUrl%3dhttp%253A%252F%252Flink.springer.com%252Farticle%252F10.1023%252FB%253AJTAN.0000032287.08535.b3%26token2%3dexp%3d1497438534%7eacl%3d%252Fstatic%252Fpdf%252F672%252Fart%2525253A10.1
http://download.springer.com/static/pdf/672/art%25253A10.1023%25252FB%25253AJTAN.0000032287.08535.b3.pdf%3foriginUrl%3dhttp%253A%252F%252Flink.springer.com%252Farticle%252F10.1023%252FB%253AJTAN.0000032287.08535.b3%26token2%3dexp%3d1497438534%7eacl%3d%252Fstatic%252Fpdf%252F672%252Fart%2525253A10.1
http://download.springer.com/static/pdf/672/art%25253A10.1023%25252FB%25253AJTAN.0000032287.08535.b3.pdf%3foriginUrl%3dhttp%253A%252F%252Flink.springer.com%252Farticle%252F10.1023%252FB%253AJTAN.0000032287.08535.b3%26token2%3dexp%3d1497438534%7eacl%3d%252Fstatic%252Fpdf%252F672%252Fart%2525253A10.1
http://download.springer.com/static/pdf/672/art%25253A10.1023%25252FB%25253AJTAN.0000032287.08535.b3.pdf%3foriginUrl%3dhttp%253A%252F%252Flink.springer.com%252Farticle%252F10.1023%252FB%253AJTAN.0000032287.08535.b3%26token2%3dexp%3d1497438534%7eacl%3d%252Fstatic%252Fpdf%252F672%252Fart%2525253A10.1
http://www.scopus.com/inward/record.url%3feid%3d2-s2.0-77955470571%26partnerID%3dtZOtx3y1
http://www.scopus.com/inward/record.url%3feid%3d2-s2.0-77955470571%26partnerID%3dtZOtx3y1
http://www.scopus.com/inward/record.url%3feid%3d2-s2.0-77955470571%26partnerID%3dtZOtx3y1


28. Jayaraman K, Kok MV, Gokalp I. Combustion properties and

kinetics of different biomass samples using TG–MS technique.

J Therm Anal Calorim. 2017;127:1361–70.
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