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a b s t r a c t

Low-grade magnesium hydroxide is being used with very promising results as flame retardant filler in
polymeric materials and as aggregate in the formulation of mortars for passive fire protection, com-
bining an economic and sustainable solution. Simultaneous TGA–DSC was used to evaluate low-grade
magnesium hydroxide thermal decomposition in order to examine the suitability of this product for a
eywords:
agnesium hydroxide

hermal analysis
ow-grade magnesium hydroxide
assive fire protection
irect sulphation

broad range of temperatures. Thermal analysis in air shows an unexpected exothermic peak, as well
as the endothermic peaks corresponding to the decomposition of magnesium hydroxide, magnesite and
dolomite. Thermal decomposition using nitrogen as gas flow does not show the exothermic peak, whereas
a new endothermic peak corresponding to decomposition of calcite appears. In situ XRD patterns collected
in air atmosphere at high temperature allows determining the presence of anhydrite, which was related
to direct sulphation of calcite from the sulphur trioxide generated during the combustion of petcoke
adsorbed on the particle surface of the low-grade magnesium hydroxide.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Magnesium hydroxide is widely used as a flame retardant and
moke-suppressor in polymeric materials [1,2]. Its mechanism of
ction is based on the heat absorbed from the combustion sys-
em when it undergoes its endothermic decomposition with an
ssociated heat of 1.42 mJ kg−1 [3]. Furthermore the water vapour
eleased during the decomposition dilutes the combustion gases
nd the magnesium oxide layer generated during the breakdown
ould act as a protective char in the condensed phase [4]. Unlike the
ommonly used aluminium hydroxide (alumina trihydrate, ATH),
hich starts decomposing around 200 ◦C, magnesium hydroxide

egins to decompose above 300 ◦C [5,6]. This allows the use of
agnesium hydroxide in polymers with processing temperatures

igher or close to 200 ◦C, such as polyamides and polyesters [1,3].
However, magnesium hydroxide used as flame retardant filler is

ore expensive than ATH. The high purity of magnesium hydrox-

de together with the costs associated with the optimisation of
ts particle size and shape in order to improve its effectiveness
n polymeric matrices are the main factors responsible for its
igh price. Low-grade magnesium hydroxide (LG-MH), an indus-

∗ Corresponding author. Tel.: +34 93 403 7244; fax: +34 93 403 5438.
E-mail address: chimenos@ub.edu (J.M. Chimenos).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.12.018
trial by-product obtained in the calcination of magnesia, has been
used by some researchers as flame retardant filler in polymeric
materials with very promising results [7,8]. As LG-MH costs less
than pure magnesium hydroxide, it can be used as cheap filler in
materials commonly used without flame retardant for economic
reasons.

The endothermic decomposition of LG-MH is also relevant to
the formulation of mortars for passive fire protection [9,10]. In
this case, LG-MH acts as an aggregate that delays the advance of
temperatures in case of fire, which means these mortars can be
used to protect building structures from fire [11–13]. The use of
low cost materials and/or by-products leads to a combination of an
economical and sustainable solution for passive fire protection.

Since LG-MH consists of several hydroxide and carbonate phases
and contains several impurities introduced during processing, its
thermal behaviour differs substantially from that of pure magne-
sium hydroxide. In both applications, the thermal properties of the
materials formulated with LG-MH differ several respects from pure
magnesium hydroxide [7,9]. The presence of an exothermic peak,
observed in the analysis of mortars formulated with LG-MH, high-

lighted the need to study the thermal behaviour of LG-MH. Factors
such as its geochemical composition, processing and particle size
distribution are strongly related to its thermal behaviour. Hence,
the aim of this research was to examine the thermal behaviour of
LG-MH, in order to find more efficient formulations of mortars and

dx.doi.org/10.1016/j.tca.2010.12.018
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:chimenos@ub.edu
dx.doi.org/10.1016/j.tca.2010.12.018


4 chimica Acta 515 (2011) 43–50

k
t

2

2

n
h
s
c
i
f
T

a
X
m
a
K
B
c
T
d
a

2

e
o
d
h
L
p
t
e
b
h
t
p
i

c
a
d
p
a
a

s
o
a
a
m

3

s
m
–
n
m

with water vapour release in the range of 241–484 ◦C. The DTG
curve shows for this stage a peak centred on 400 ◦C, which is close
to these determined by other authors [3,14]. The mass loss in the
range of 484–645 ◦C is due to the decarbonation of MgCO3 (Eq. (2)).

Table 1
Physicochemical characterization of LG-MH.

LG-MH Ore feeding

MgO (%) 49.01 41.45
CaO (%) 6.69 5.07
SiO2 (%) 2.63 2.50
Fe2O3 (%) 2.06 1.50
SO3 (%) 2.80 0.17
Al2O3 (%) 0.35 0.25
MnO (%) 0.11
P2O5 (%) 0.08
V2O5 0.14
K2O (%) 0.10
TiO2 (%) 0.02
LOI (1100 ◦C) (%) 32.89 49.23
Density (g cm−3) 2.44
4 J. Formosa et al. / Thermo

now to establish the temperature interval for passive fire protec-
ion.

. Experimental

.1. Materials

The LG-MH used in this study is produced and sold by Mag-
esitas Navarras During the calcination of natural magnesite in a
orizontal rotary kiln at 1100 ◦C to obtain caustic calcined magne-
ia, magnesium oxide powder is collected in the fabric filters and
yclones of the air pollution control system. The flue-dust collected
s stockpiled, tempered with water, and then weathered outdoors
or a long period, resulting in the hydration of magnesium oxide.
he final product is a LG-MH called Envimag®.

To carry out the physicochemical characterization, LG-MH was
nalysed by X-ray fluorescence (XRF) using a Philips PW2400
-ray sequential spectrophotometer to elucidate the major and
inor components. X-ray diffraction pattern was performed in
Bragg-Brentano Siemens D-500 powder diffractometer with Cu
� radiation to obtain information about the crystalline phases.
ulk density was measured with helium pycnometer and the spe-
ific surface by the BET single point method with a Micrometrics
ristar 3000 porosimeter. Finally, particle size distribution was
etermined by light scattering with a Beckman Coulter LS13 320
pparatus.

.2. Thermal analysis

A TA Instruments SDT Q600 Simultaneous TGA-DSC was
mployed to evaluate LG-MH thermal decomposition by means
f thermogravimetric analysis (TGA). TGA were performed in two
ifferent atmospheres: air and nitrogen (N2), with a continuous
eating rate of 10 ◦C min−1. For all experiments, 30.0 ± 0.5 mg of
G-MH was used and the flow rate was 100 mL min−1 over the sam-
le. Each sample was previously stabilised at 50 ◦C and heated at
he defined heating rate up to 1000 ◦C or 1400 ◦C. Moreover, differ-
ntial scanning calorimetry (DSC) was simultaneously determined
y the same thermal decomposition experiments to measure the
eat flow associated with thermal decomposition. In all DSC curves
he heat flow signal was corrected by taking into account the sam-
le’s mass at each temperature. The Universal V4.7A software of TA

nstruments was used for thermal analysis interpretation.
In situ high-temperature X-ray diffraction (XRD) patterns were

ollected at 125, 250, 375 and 500 ◦C, and between 500 and 800 ◦C
t intervals of 20 ◦C with a Bragg-Brentano Siemens D-500 powder
iffractometer provided with an Anton Paar HTK 1200N high tem-
erature chamber. The sample properly milled was heated in an air
tmosphere at 10 ◦C min−1 and then allowed to stabilise for 5 min
t the required temperature before its XRD was recorded.

To establish the parameters of the thermal decomposition of
ome natural carbonates contained in the LG-MH, a sample of the
re feeding the kilns of caustic magnesia was also studied and char-
cterised. Also studied was the decomposition of petcoke used as
fuel during the industrial process of calcinations of the natural
agnesite.

. Results and discussion

The diffraction pattern at room temperature of LG-MH (Fig. 1)

hows brucite –Mg(OH)2– as the major phase and unburned
agnesite –MgCO3– as a minor one, along with dolomite

MgCO3·CaCO3– and quartz –SiO2–, which occur in natural mag-
esite. The calcite (or aragonite) –CaCO3– present in natural
agnesite, in addition to that generated during the tempering and
Fig. 1. X-ray pattern of LG-MH.

weathering process of stockpiled flue-dust, is also present in a
lower extent.

Table 1 shows the chemical composition and the physical
parameters of the LG-MH used in this study. The results obtained
by FRX corroborate those obtained by DRX, taking into account that
the percentage of CaO comes from both the dolomite and calcite.
LG-MH has about 50% of MgO, which means that it may have about
72% of Mg(OH)2 if one considers that all the MgO is hydrated to
form brucite. Actually this percentage of MgO hydrolysed is lower
because of the presence of magnesite and dolomite, previously
determined by means of DRX. As can be seen in Table 1, LG-MH
exhibits a mean particle size below 100 �m, which makes it suit-
able for use both as fine aggregate in mortars and flame retardant
in polymer compounding (d50 < 100 �m), which can be used as it is
in the mortar formulation or as a filler in the plastic compounding
[7,9].

Fig. 2 shows the thermal decomposition up to 1000 ◦C of LG-MH
in air atmosphere. The TG curve shows a total mass loss of about
33.3%, which is close to the LOI determined by FRX (see Table 1). This
total mass loss takes place in four consecutive stages. The mass loss
below 200 ◦C corresponds to the release of the moisture content
and water absorbed into the pores of the LG-MH. The second stage
corresponds to the thermal dehydroxylation of Mg(OH)2 (Eq. (1))
Specific surface (m2 g−1) 22.11
d90 (�m) 219
d50 (�m) 88
d10 (�m) 17

LOI: loss of ignition. dx: accumulated fraction lower than particle size.
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Fig. 2. TG-DTG curves of thermal decompo

owever, in this temperature range, the derivate of the TGA curve
DTG) shows two peaks; a small peak centred on 514 ◦C and another
ne centred on 600 ◦C. The fourth stage in the range of 645–840 ◦C
s attributed to the thermal decomposition of MgCO3·CaCO3. The
hermal decomposition of dolomite in air atmosphere takes place
n only one step (Eq. (3)) as can be observed in the DTG curve, where
single peak centred on 717 ◦C was determined. Nevertheless, it is

urprising to observe that the TGA–DTG curves does not show the
ass loss corresponding to the CaCO3 determined previously by
RX (see Fig. 1).

g(OH)2 (s)
T=241–484 ◦C−→ MgO(s) + H2O(g) (1)

gCO3 (s)
T=484–645

o
C−→ MgO(s) + CO2(g) (2)

gCa(CO3)2 (s)
T=645–898

o
C−→ MgO(s) + CaO(s) + 2CO2 (g) (3)

The thermal decompositions of dehydroxylation and decarbon-
tion are both endothermic reactions. Hence, it was expected that
he DSC curve would show only the endothermic peaks at temper-
tures close to those determined previously in the DTG analysis.
owever, the DSC curve of the thermal decomposition of LG-MH in
ir atmosphere (Fig. 3) also shows an exothermic peak at 600 ◦C. The
rst DSC peak at 407 ◦C is due to the dehydroxylation of Mg(OH)2
ith an associated endothermic heat flow of about 722 J g−1. Nev-

rtheless, the DSC curve shows an exothermic peak instead of the
econd expected endothermic peak corresponding to the decar-
onation of MgCO3. This exothermic peak, with an integrated heat
ow of 305 J g−1, explains the exothermic behaviour observed at
his temperature range in the mortars formulated with LG-MH as
ggregate [9]. Finally, the DSC curve shows a last endothermic peak

t 722 ◦C corresponding to the decarbonation of dolomite with an
ssociated heat flow of about 213 J g−1.

Fig. 4 shows the thermal decomposition up to 1000 ◦C of LG-
H in N2 atmosphere. Great differences can be seen depending on

he gas flow. First, the TGA curve obtained using N2 exhibits a total
of LG-MH up to 1000 ◦C in air atmosphere.

mass loss of 34.7%, which is about 1.4% greater than that obtained
with air atmosphere. The mass loss associated with thermal dehy-
droxylation of Mg(OH)2 (19.1%), with a DTG peak centred on 410 ◦C,
is very similar to that determined with air as gas flow. Decarbon-
ation of MgCO3 (588 ◦C) appears 12 ◦C earlier than when using air
atmosphere, but thermal decomposition of MgCO3·CaCO3 (734 ◦C)
occurs 17 ◦C later in nitrogen atmosphere. Once again a small peak
is observed in the temperature range associated with decarbon-
ation of MgCO3 (475–647 ◦C), in this case centred on 521 ◦C. In
addition, the TGA curve using N2 has an additional mass loss of
2.9% in the 805–990 ◦C range. This mass loss may be attributed to
the decarbonation of CaCO3, which was previously identified by
DRX in LG-MH (see Fig. 1), but was not identified in the thermal
analysis performed in air.

The comparison of DSC obtained in the thermal decomposi-
tion of LG-MH at different gas flow is shown in Fig. 5. As seen in
the figure, the peaks determined in the DSC curve obtained in N2
atmosphere are displaced to higher temperatures, according to DTG
curves observed above. Despite this, the endothermic dehydrox-
ylation of Mg(OH)2 and decarbonation of MgCO3·CaCO3 are very
similar in both air and N2 gas flows. Nevertheless, unlike the curve
obtained in air atmosphere that shows a high exothermic peak, the
DSC curve obtained in N2 shows an endothermic peak at 604 ◦C that
can be attributed to the decarbonation of MgCO3. Moreover, in the
DSC curve using N2 gas, a small endothermic peak at 526 ◦C can be
observed. This peak can be related to the small DTG peak shown
at 521 ◦C. In addition, an endothermic peak at 928 ◦C, attributed to
decarbonation of CaCO3 appears in the N2 gas flow.

The simultaneous TG-DSC up to 1000 ◦C in air atmosphere from
the ore feeding the kilns of caustic magnesia was also studied. The

DTG and endothermic DSC peaks corresponding to the decarbon-
ation of MgCO3 and MgCO3·CaCO3 are in the same temperature
range as those obtained from LG-MH. However, no exothermic peak
was observed in the thermal decomposition of the ore. This means
that the exothermic peak observed in the thermal decomposition
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Fig. 3. DSC curve of thermal decomposit

f LG-MH (Fig. 3) may be related to some product or by-product
enerated during the combustion process of the natural magnesite
n the industrial kilns.
Although the rotary kiln can be fired using gas, oil or solid fuel,
he petcoke is the cheaper fuel and the most worldwide used. Tak-
ng into account this fact, it is possible that the observed exothermic
eaction may be due to the combustion of the petcoke particles

Fig. 4. TG-DTG curves of thermal decomposition
LG-MH up to 1000 ◦C in air atmosphere.

collected with the particles of LG-MH; or some by-products gener-
ated during the pyrolysis of petcoke. To elucidate this assumption,
the thermal decomposition up to 1200 ◦C of a sample of petcoke

in both air and N2 atmospheres was studied (Fig. 6). As expected,
there is a great difference in the thermal decomposition of petcoke
as a function of the gas flow used. In both air and N2 atmosphere
the mass loss occurs in a single stage, with the DTG peak centred at

of LG-MH up to 1000 ◦C in N2 atmosphere.
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Fig. 5. Comparison of DSC curves of thermal decomp

16 ◦C and 528 ◦C, respectively. The mass loss using air atmosphere
s close to 100% because of the total combustion of the petcoke,

hereas only 14% was determined with N as a gas flow. This mass
2
oss when the N2 gas was used is due to the loss of the volatile

atter during the pyrolysis of petcoke, with the char or other non
olatile matter (tars) remaining. This fact can be corroborated in
he DSC curves. Thus, whereas the DSC curve in air atmosphere

Fig. 6. TG-DTG–DSC curves of thermal decomposition of
n of LG-MH up to 1000 ◦C in N2 and air atmospheres.

shows a large exothermic peak centred on 540 ◦C, the variation in
the DSC curve using N2 is negligible. According to this, the presence
of petcoke particles, or char and tars generated during the pyrol-

ysis of this, may explain the exothermic peak determined in the
thermal decomposition of LG-MH at 600 ◦C (see Fig. 3). The differ-
ences between the temperatures determined in the two exothermic
peaks may be due to the combustion of different substances, i.e.

petcoke up to 1200 ◦C in air and N2 atmospheres.
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ig. 7. XRD pattern of LG-MH at different temperatures. Brucite (Mg(OH)2, B), mag
uartz (SiO2, Q), periclase (MgO, P), lime (CaO, L) and anhydrite (CaSO4, AH).

hereas the exothermic peak in Fig. 6 corresponds to the combus-
ion of the petcoke used by Magnesitas Navarras in the industrial
ombustion of natural magnesite, the exothermic peak in Fig. 3 may
e due to the combustion of char or tars generated by the pyrolysis

f this petcoke during the industrial process.

To remove the petcoke or char particles collected with LG-MH
solvent extraction of a sample was carried out. The extraction
as made according to the Soxhlet’s procedure using hexane as

Fig. 8. TG-DTG curves of thermal decomposition
(MgCO3, M), dolomite (MgCO3·CaCO3, D), calcite (CaCO3, C), aragonite (CaCO3, A),

organic solvent. After solvent extraction, thermal analysis of the
sample was conducted. As expected, the TGA–DTG curves showed
the same stages and the same peaks as those determined for the
sample without the extraction (Fig. 2). However, the DSC curve

shows again the exothermic peak attributed to petcoke combus-
tion, with associated heat of the same order of magnitude as that
determined previously (Fig. 3). This indicates clearly that solvent
extraction is not an effective method for removing petcoke or char,

of LG-MH up to 1400 ◦C in air atmosphere.
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Fig. 9. TG-DTG–DSC curves of thermal decomposition of LG-M

hich is consistent with the results obtained by other author using
wide variety of organic solvents [14].

Fig. 7 depicts the powder X-ray diffraction patterns of a LG-MH
ample at different temperatures. In the figure, only the XRD pat-
erns obtained at significant temperatures are shown. However,
s each XRD pattern was collected using an isothermal procedure
see Section 2.2.), the crystalline phases determined at each tem-
erature were not necessary the same as those established in the
GA–DTG curves. For example, the Mg(OH)2 and MgCO3·CaCO3
ere not identified by XRD at 375 ◦C and 560 ◦C, respectively.

he presence should be noted of anhydrite (CaSO4) from 540 ◦C,
hose main peak appears at 2� = 25.5◦ and minor peaks appear at

� = 30.3◦, 36.0◦, 39.6◦ and 51.1◦, coinciding with the extinction of
aCO3.

The sulphation of CaCO3 has been widely studied by other
uthors [15–17] as a conventional and economically feasible
ethod for removing sulphur dioxide (SO2) from various industrial

rocesses. If the decarbonation of CaCO3 to form CaO takes place
efore reacting with SO2, the process is often called an indirect sul-
hation reaction; whereas if the decarbonation of CaCO3 does not
ake place the SO2 may react directly with limestone and the pro-
ess is called direct sulphation reaction and is expressed according
o the following reactions [18]:

aCO3(s) + SO2(g) + 1
2 O2(g) → CaSO4(s) + CO2(g) (4)

The chemistry involved in Eq. (4) needs an excess of O2 or the
resence of some catalysts, then the SO2 can be converted to SO3
16]. Furthermore, the presence of MgCO3 in relatively high con-
entrations such as in LG-MH, significantly promote the sulphation
eaction [19].

In the thermal decomposition of LG-MH, the direct sulphation

f CaCO3 to form CaSO4 would explain the differences in mass
oss obtained as a function of the gas flow used. Thus, whereas
n N2 atmosphere the thermal decomposition of LG-MH involves
he decarbonation of CaCO3 (see Fig. 4) with a DTG peak centred at
24 ◦C, the anhydrite formed in air atmosphere does not decompose
to 1400 ◦C. Change of the gas flow control at 800 ◦C (N2 to air).

below 1000 ◦C. To study the thermal decomposition of the anhy-
drite generated, a TGA up to 1400 ◦C (Fig. 8) was performed. The TGA
curve shows a decomposition stage in the range of 1150–1350 ◦C
with a mass loss of 2.7% that can be related to the conversion
of CaSO4 to CaO with the loss of sulphur trioxide (SO3) gas. The
DTG curve shows two peaks (1263 and 1296 ◦C) reported by other
authors during the decomposition of calcium sulphate [20–22]. The
first peak is related to the decomposition of �-CaSO4; and the sec-
ond one to the eutectic mixture of CaSO4 and CaO. This percentage
of SO3 is very close to the amount determined by XRF (see Table 1),
with the total content of sulphur in LG-MH at around 1%. However,
given the percentage of CaCO3 (6.6%), calculated from the mass loss
of LG-MH in N2 atmosphere (see Fig. 4), it can be concluded that
the amount of sulphur is not enough to sulphate all calcite con-
tained in the by-product. Under this assumption, other metal oxide
acids formed during combustion of petroleum coke react with cal-
cium carbonate to form the corresponding calcium oxyanions, e.g.
calcium vanadate or calcium nitrate [23,24].

However, the TGA–DTG curves obtained up to 1400 ◦C in N2
atmosphere, show no mass loss in the 1000–1400 ◦C range, which
confirms that CaSO4 only form in air atmosphere [16,17]. Never-
theless, the change of gas flow and the introduction of air at 800 ◦C
during the thermal decomposition of LG-MH in N2 atmosphere
(Fig. 9) show a narrow exothermic peak, which is related to the
combustion of char and non volatile matter generated during the
pyrolysis of petcoke and still remaining with the LG-MH particles.
At this temperature, the SO3 formed in the combustion reacts with
CaCO3 to form anhydrite, which decomposes later.

4. Conclusions
The thermal analysis of LG-MH shows an important mass loss
due to the endothermic reactions that take place during its decom-
position. This thermal behaviour means that this by-product could
be used as filler in flame retardant polymers or as aggregate in
mortars used for passive fire protection.
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However, it has been also determined that the thermal decom-
osition of LG-MH in air atmosphere presents an exothermic peak
ue to the presence of small amounts of petcoke or char collected
ith LG-MH. A large exothermic heat is released due to the desul-
hurisation of petcoke or char under combustion conditions. The
ulphur trioxide generated with the excess of oxygen reacts directly
ith the CaCO3 to produce CaSO4, which decomposes at tempera-

ures above 1150 ◦C. These events were not observed in the thermal
ecomposition of LG-MH in N2 atmosphere because the desul-
hurisation of petcoke (or char) and direct sulphation of CaCO3 do
ot take place. In this case, the thermal decomposition of CaCO3
as observed.

The exothermic peak has no impact on the effectiveness of LG-
H used as flame-retardant filler, because the petcoke or char

ombustion occurs at temperatures greater than the ignition tem-
erature of most polymers. However, the effectiveness of LG-MH
sed as aggregate in mortars for passive fire protection may be
ffected by the combustion heat of the petcoke or char collected
ith the LG-MH. Since the petcoke or char particles cannot be

emoved by solvent extraction processes, the exothermic heat
ould be compensated for by adding other aggregates, whose
ndothermic decomposition takes place in the same temperature
ange, e.g. natural magnesite.
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