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Thermal analyses of commercial magnesium stearate pseudopolymorphs

Pierre Bracconia,∗, Cyrille Andrèsb, Augustin N’diayea,b, Yvette Pourcelotb
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7 Boulevard Jeanne d’Arc, F-21033 Dijon Cedex, France

Received 19 July 2004; received in revised form 5 November 2004; accepted 22 November 2004
Available online 29 December 2004

Abstract

Two commercial magnesium stearate powders in two well-characterised structural states are investigated using DSC and coupled TGA–DTA
under dry nitrogen flow. They consist of either a mixture of crystalline hydrates or a poorly crystallised so-called anhydrate. Following the
degassing of unbound water, 1 or 3 weight-loss peaks are observed below about 100◦C, each associated with one heat loss peak at the same
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emperature. The present results and a review of graphical data from literature show that the so-called anhydrate always contains
mount of water. At the beginning of the dehydration process, the heat loss is the same as the standard heat of vaporisation o

hen gradually departs from it by positive values. The idea according to which the mixture of dihydrate and trihydrate loses water t
nhydrate cannot be quantitatively reconciled with the present and other gravimetric results.
2004 Elsevier B.V. All rights reserved.
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. Introduction

A number of experimental investigations have been car-
ied out to measure and elucidate the variability of certain
hysical properties of magnesium stearate (abbreviated to
gSte in the following): its atomic structure, crystallinity,
ater content, thermal stability and granular properties sup-
osedly influence one or several of its functional proper-

ies, in particular, its lubricating capacity. Though, as an
ndustrial product, MgSte is not a high purity single-phase

aterial and is available in different hydration and crys-
alline states. This is probably one reason for the apparent
iversity of observations reported in the relevant literature,
synthetic review and analysis of which is, to the au-

hors’ knowledge, still lacking. This paper is aimed at filling
hat vacancy by comparing these with the accurate graph-
cal and numerical results of thermal analyses of two rep-
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resentative commercial stearate powders in clearly id
fied initial states. Indeed, it follows a previous paper[1] that
reported detailed results from X-ray powder diffraction a
yses of the very same materials. In agreement with th
erature, two structural states could be differentiated. It
shown that they could be reached reversibly at room
perature by changing the partial pressure of water va
and their modification with increasing temperature was
scribed in detail up to the melting that appeared to
place gradually above 100◦C. A majority of the various Mg
Ste powders described in the literature fits in that des
tion.

The thermal stability of MgSte has been investiga
in several publications by thermogravimetry (TGA), d
ferential thermal analysis (DTA) and differential scann
calorimetry (DSC). Coupled TGA–DTA was used by Müller
[2], DSC by Hattiangdi et al.[3], Brittain [4], and Elde
[5]. Miller and York [6], Wada and Matsubara[7], Barra
and Somma[8] and Sharpe et al.[9] used both TGA an
DSC. In most cases, X-ray diffraction (XRD) was also u
040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2004.11.021
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to characterise the structural and crystallisation state of the
materials, as the search for a correlation between the struc-
tural, thermal and functional properties motivated most au-
thors.

However, the results of these previous structural and ther-
mal analyses are in partial qualitative agreement only and
provide no evidence that such a correlation actually exists.
At increasing temperature under dry gas flow, all investigated
materials exhibit one or several successive exothermic weight
losses up to ca. 100–110◦C and then one or several thermal
events. Schematically, it can safely be stated that dehydra-
tion takes place in the first range and fusion (at least certain
thermal effects associated with it) in the range 105–125◦C.
There are several obvious reasons for the poor quantitative
agreement observed between the various published results.
They can be found as much in the different analytical con-
ditions, as in the poor resolution and quality of some re-
ported results as well as in the different synthesis, drying and
preservation conditions and purity of the investigated ma-
terials. In several reports, the lower temperature part of the
thermograms from room temperature (RT in the following)
up to 45, 60 or even 80◦C is simply ignored. Except in one
case[7] the DSC thermograms have not been integrated to
yield enthalpy values (and this cannot reasonably be done
afterwards, using the reported graphical data). The enthalpy
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2. Materials and techniques

Two representative commercial powders from vegetable
origin are investigated. They are hereinafter referred to as
VF and VG from the names of their producer, FACI and
GREVEN, respectively. A detailed description of the modi-
fications of their structural characteristics following interac-
tion with water vapour at RT and thermal treatment in a dry
atmosphere has been previously published[1].

Any commercial MgSte material is expected to contain
a certain amount of non-stearic chains, essentially palmitic.
The palmitic and stearic acid weight fractions have been mea-
sured in VF and VG using HPLC, following the European
pharmacopoeia recommendation. The results are shown in
Table 1and have been converted into values of the mole frac-
tion X of palmitic chain in the mixed soap Mg[Ste1−xPalmx].
A small fraction of other unidentified aliphatic chains that
amounts to only 4 wt.% in both VF and VG is present. This
is ignored in all subsequent computations: it would affect
the numerical values (e.g. molar mass) by a fraction of a
percent only. Both batches can be regarded as rather pure
commercial products. Even though the materials are still re-
ferred to as MgSte in the following, the actual molar masses
of the anhydrous molecules Mg[Ste1−xPalmx] are used in
calculating the total water content as measured by the Karl-
F ther-
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w i- and t
alues reported in[7] for 11 different materials range fro
.96 to 21.18 J g−1. Another recently published example
iversity, which is clearly attributable to the origin of the m

erials, can be found in[5]. The DSC thermograms of thr
ommercial MgSte powders are reported in[5]. They show
ne, two or four endotherms at different temperatures b
30◦C and then a small one at 145◦C assigned by the a

hor to a liquid crystalline phase transition. No exothe
an be seen up to 220◦C. Such exotherms can be notic
etween 150 and 200◦C [4,7] in the thermograms of ce

ain commercial products but not in those of the pure ph
9,10]. Unfortunately, the temperature range scanned in
ast cases is limited to 140–150◦C, respectively. Noneth
ess, exothermic events are consistent with the idea th
rganic impurities, namely magnesium salt(s) residues[7],
ay undergo chemical transformation in the heating

ess.

able 1
etermination of stearic and palmitic acid contents by HPLC

tearic acid (wt.%) [range]
almitic acid (wt.%) [range]
otal (wt.%)
in Mg[StexPalm1−x]

0 (g mol−1)
mol H2O per mol MgSte·1H2O (weight loss in wt.%)
mol H2O per mol MgSte·2H2O (weight loss in wt.%)
mol H2O per mol MgSte·3H2O (weight loss in wt.%)

he molar massM0 of the anhydrous soap is computed by setting the
t.% corresponding to the loss of 1 mol of water per mole of mono-, d
isher technique and of weight losses as measured by
ogravimetry. Except for one paper by Wada and Matsu

7], the palmitic–stearic acid ratio is never reported in o
ublications. Where needed, in order to convert fracti
eight losses found in the literature into numbers of m
f water, a typical “average” palmitic/stearic ratio of 30

n mass is assumed (the corresponding molar mass e
75 g).

The VF ad VG batches are investigated in their
eceived” state and also after modification in the follow
onditions:

(a) degassing of VG under high vacuum at RT, here 25±2◦C
during several days as required for the pressure in
degassing chamber to return to its base value, indic
completion of the process. By this treatment, the mix
of crystallised hydrates is transformed into the po

VF VG

84.03 [83.8–84.2] 81.00 [80.8–81.2]
12.17 [12.1–12.3] 15.27 [15.1–15.4]

96.20 ± 0.1 96.23 ± 0.1
0.862 0.841

583.5 582.3
2.995 3.001
2.901 2.914
2.826 2.831

tearic and palmitic weight fractions equal to unity. Values of the weig
ri-hydrate are indicated.
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crystallised anhydrate that cannot be structurally differ-
entiated from that of as-received VF[1]. Partial results
of the characterisation of one VG sample degassed under
similar vacuum conditions at 50◦C are also mentioned
in Section3.

(b) Ageing of VF in an incubator at 25± 0.1◦C in an atmo-
sphere with 85± 1% RH, during periods of time ranging
from 1 to 4 months. According to literature[9], and ref-
erences cited herein, such conditions would ensure the
crystallisation of the trihydrate starting from the anhy-
drate phase. However, it has been observed that the same
mixture of crystallised hydrate as in VG is thus obtained.
The present report also shows that the phase composi-
tion of the material aged during the longest period (4
months) was not homogeneous throughout the treated
powder bed.

The water content of the as-received and modified batches
has been measured by standard Karl-Fisher (K-F in the fol-
lowing) and/or thermogravimetric methods. Weight losses
were obtained by TGA as detailed next and by using the in-
frared balance method following the standardised analysis
conditions prescribed by the European pharmacopoeia, i.e.
heating at 100◦C until constant weight.

Coupled TGA–DTA, on the one hand, and DSC, on the
other hand, have been carried out under high purity nitrogen
fl ly-
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at the expense of the fine diffraction lines of the crystallised
hydrates.

Another important observation is that the water content
measured by the K-F method systematically exceeds by about
0.5 mpm the result obtained by the standardised infrared bal-
ance method. In fact, heating up to 150◦C in air proves nec-
essary to reach agreement with the K-F method. The differ-
ence with the water content values assessed by TGA is still
somewhat larger, in excess of about 0.7 mpm. The data are
plotted inFig. 1which also includes a point computed from
numerical and graphic data taken from Wada and Matsubara
(the weight loss of one of their materials only, namely Mg-st
F, can be estimated with sufficient accuracy). A comparable
difference is observed in that case also.

The results of the thermal analyses of four representa-
tive samples are shown inFigs. 2–5. Each figure consists of
a set of three plots with the same temperature scales, and
shows the results obtained by TGA (integral and differential
curves), DTA, and DSC (obtained independently from the
former two). The TGA–DTA experiments inFigs. 2 and 3
have been duplicated and the reproducibility is satisfactory.

The similarity of the DTGA and DTA traces below ca.
100–105◦C in every figure is evidence that the gravimetric
and calorimetric data are strongly correlated in that temper-
ature range. The similarity of the DTA and DSC traces is
e ech-
n pro-
d SC
c tric
d DSC
e and
t data.
T t, ex-
p as
d a
p ween

F e K-F
m ed
a

ow (10 cm3 min−1) using the STD 2960 and DSC ana
ers of TA Instruments. In both series of experiments
eference samples consisted of a comparable weight of
eads, and a unique heating rate,β = 2◦C min−1 was used
ost TGA, DTA and DSC thermograms published in the
rature were reportedly acquired at either 10◦C min−1 (most

requently), 5◦C min−1 [7] or 2◦C min−1 [6,9,11]. In orde
o help evaluate the influence of that parameter, and com
esults from different literature sources, we carried out
bration experiments at 2 and 10◦C min−1. The maximum
emperature of a DTA event observed atβ = 10◦C min−1

as found 20± 3% higher than that of the same event
erved atβ = 2◦C min−1. In other words, events observed
he 50–100◦C temperature range at 2◦C min−1 would occur
etween 60 and 120◦C at 10◦C min−1.

. Results

All as-received and modified materials differ in their w
er content but the later value clearly depends on wheth
s obtained using the K-F or TGA techniques. In the for
ase (the K-F analysis) it is found equal to 1.70 for the
eceived VF and 2.43 for the as-received VG. The figure
n mole of water per mole of MgSte and this will be abbre
ted to mpm in the following. In a modified VF batch ag
months in the standardised conditions mentioned ab

he measured value is 2.26, which corresponds to an u
f 0.56 mpm. As shown previously[1] this is sufficient to
ause the diffraction band of the rotator phase to disap
vidence that the calorimetric data obtained by different t
iques in distinct experimental set-ups are accurately re
ucible. Accordingly, the numerical results obtained by D
an be directly compared or combined with the gravime
ata. To this end, the heat flow curves obtained in the
xperiments have been integrated with respect to time
he result plotted versus temperature along with the raw
his allows the evaluation of the cumulated evolved hea
ressed in J g−1 and its comparison with the TGA curves
etailed later on. Becauseall TGA and DSC curves show
lateau over a narrow interval located somewhere bet

ig. 1. Water content of various MgSte samples as measured using th
ethod and TGA and expressed in mole H2O per mole MgSte (shorten
s mpm in text).
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Fig. 2. Thermal analyses of batch VG as received.

120 and 140◦C (but not near RT), this is taken as the origin
of the ordinate of the DSC curves. The corresponding (and
always small) heat flow value is subtracted from the raw data
prior to integration.

The numerical values for the partial weight losses deter-
mined at the peak temperatures of the DTGA curves and of
the heat losses determined at the peak temperatures of the
DSC curves are listed inTables 2 and 3. The weight loss
values are in mpm and were computed considering that the
sample weight at 130–140◦C is that of the anhydrous ma-
terial (as already assumed in computing the abscissa values
of the data point inFig. 1). The values of enthalpy changes
associated with each thermal peak are expressed in kJ per
mole of anhydrous MgSte.

A close examination of the figures shows that all materials
start loosing weight and heat at RT as soon as dry nitrogen

Fig. 3. Thermal analyses of batch VF as received.

is set to flow through the cell. This is most likely due to
the degassing of unbound surface moisture (referred to as
adsorbed water in the following), and is complete in all cases
around 40◦C.

The two “anhydrates”, as-received VF and VG degassed at
RT, show very similar gravimetric and thermal curves below
the plateau, say below 130◦C in Figs. 3 and 4: a single broad
weight loss peak and a first broad heat loss peak, centred
between 51 and 63◦C. The TG peaks are not symmetrical and
may possibly include a weak unresolved component around
80–90◦C. The second heat loss peak at 107–109◦C has no
resolved gravimetric counterpart but the weight loss curves
actually returns to the zero level above 120◦C only. The total
weight loss at 130◦C represents some 0.94–1.05 mpm for the
as-received VF, and 0.9 for the VG degassed at RT.
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Fig. 4. Thermal analyses of batch VG, vacuum degassed at 25◦C.

As for the crystalline hydrates, in the lower temperature
range from RT to 108◦C, several weight and heat losses are
obviously related. As already mentioned, and not taking into
consideration the degassing of surface water below ca. 40◦C,
either 3 (in two cases) or 2 (in one case) very sharp peaks can
be observed. The peak temperature taken from the six graphs
of Figs. 2 and 5, fall into narrow ranges: 55.0–61.8◦C for
peak #1, 78.7–85.2 for peak #2 and 98–108◦C for peak #3.
Inspection of the TGA and integrated DSC traces allows the
conclusion that both vary with temperature in a very simi-
lar way. The comparison can be made more quantitative by
interpolating the heat flow curves over the temperature val-
ues for the corresponding TGA traces.Fig. 6a, the heat loss
expressed in kJ mol−1 is plotted versus the weight loss ex-
pressed in mpm for the crystallised as-received VG and mod-

Fig. 5. Thermal analyses of batch VF, aged 4 months 85% RH.

ified VF. It is clear that the amount of heat released is roughly
proportional to the amount of water evolved and initially not
much different from what would be obtained if liquid water
were used in place of the MgSte samples. Indeed, the equa-
tion for the dotted straight line in the figure was computed
assuming a constant heat loss per mole of evolved water,
equal to 43.6 kJ mol−1, the standard heat of vaporisation for
liquid water. In other words, it represents the heat that would
be released by the vaporisation at equilibrium of the same
weight of liquid water as lost by the analysed samples. The
same data reduction and representation was done for the an-
hydrates inFig. 6b. In both figures there is agradualdrift of
the experimental values from the straight line just mentioned
and this is in accordance with the increasing values of the
partial heat losses inTable 2.



48 P. Bracconi et al. / Thermochimica Acta 429 (2005) 43–51

Table 2
Results of thermal and gravimetric analyses of crystallised hydrated mate-
rials, as-received VG and modified VF

VG, as-received (Fig. 2) VF, modified (Fig. 5)

TGA (mpm) DSC (kJ mol−1) TGA (mpm) DSC (kJ mol−1)

#0 0.057–0.068 0.046
#1 0.397–0.414 −18.98 0.486 −26.40
#2 0.694–0.682 −46.91 0.475 −32.12
#3 0.600–0.613 −44.37 0.608 −49.93
#4 −13.02 −11.82
#5 −9.64 −7.17
#6 0.015 wt.% +23.37 0.10 wt.%

Peak identification in first column: #0 = loss of adsorbed water; #1–3 = partial
dehydration steps, #4, 5 = thermal events without gravimetric counterpart,
#6 = loss of unidentified species. Weight losses are in mole H2O per mole
MgSte except for weight loss #6 that is in weight percent. Partial heat losses
are expressed in kJ per mole MgSte.

In the narrow temperature range 108–130◦C, the single
broad peak characteristic of the anhydrates (around 107◦C)
either splits into two fine components at 114 and 122◦C
(peaks #4 and #5 inTable 2) or narrows and shifts to 117◦C
(result not shown in a figure). These temperature values are
close to those reported by Sharpe et al.[9] for the fusion of
pure magnesium stearate and palmitate (115◦C). The under-
lying fundamental question is obviously to decide whether the
pair of DSC peaks just mentioned signals the fusion of two
distinct soap phases (with identical X-ray diffraction spectra)
or the thermotropic mesomorphism of a single phase.

At last, a small but well-defined weight loss peak is de-
tected at 146–150◦C. It seems to be coupled with an exotherm
at 153◦C in the DSC curves for the as-received VG only
(Fig. 2).

4. Discussion

4.1. Water content of commercial pseudo-polymorphs

A certain number of similar observations reported in the
previous section and in the literature point to the same conclu-

Table 3
R ed VF
a

#
#
#
#
#
#
#

P le
H gSte.
W

Fig. 6. (a) Heat loss vs. weight loss as obtained from distinct DSC and
TGA experiments for crystallised materials as-received VG and modified
VF. For details on the integration of the DSC curves see text. The slope of
the dotted line is equal to the molar standard heat of vaporisation of liquid
water; (b) heat loss vs. weight loss as obtained from distinct DSC and TGA
experiments for the poorly crystallised so-called anhydrates: as-received VF
and modified VG. For details on the integration of the DSC curves see text.
The slope of the dotted line equals the molar standard heat of vaporisation
of liquid water.

sions. First, most commercial magnesium stearate materials
seem to be made of either a mixturein variable proportions
of the crystallised hydrates or of the poorly crystallised so-
called anhydrate. When the anhydrate VF is stored 2 months
in humid air, the uptake of water measured by the K-F method
amounts to 0.56 mpm. In comparison, the difference between
the weight losses at 140◦C in Fig. 5 (VF modified) and in
Fig. 3 (as-received VF) is in the range 0.57–0.68 mpm. For
the commercial materials A and B of Rajala and Laine[10]
exposed to dry and humid atmospheres, the difference can
be estimated at 0.75 and 0.35 mpm, respectively. In[8] the
difference amounts to 0.77 mpm between samples MgSt#111
and MgSt#112, and to 0.55 between samples MgSt#211 and
MgSt#212. This is evidence that, at room temperature, chang-
ing the water content by only a fraction of a mpm is sufficient
esults of thermal and gravimetric analyses of anhydrates, as-receiv
nd modified VG

VF, as-received (Fig. 3) VG, degassed at 25◦C (Fig. 4)

TGA (mpm) DSC (kJ mol−1) TGA (mpm) DSC (kJ mol−1)

0 – – – –
1 0.937–1.052 −73.54 0.905 −70.93
2 – – – –
3 – – – –
4 – −24.24 – −19.5–25.9
5
6 0.05–0.07 wt.%

eak identification in first column as inTable 2. Weight losses are in mo

2O per mole MgSte; partial heat losses are given in kJ per mole M
eight loss #6 in weight percent.
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to bring about the change in structure from the rotator to the
crystalline phases and vice versa, as described in[1]. As seen
in the following, it proves difficult to reconcile this in quan-
titative terms with the (reversible) conversion of a mixture of
stoechiometric trihydrate and dihydrate into anhydrous Mg-
Ste.

Another conclusion is that the water content of the so-
called anhydrate is not zero. Instead, based on results of
TGA analyses only, it amounts to about 1 mpm, ranging from
0.90 mpm for the VG fully degassed at RT, to 0.94–1.05 mpm
for the as-received VF. In comparison, Müller [13,14] in-
dicates ca. 1 mpm. From the point of least slope in the
TG traces reported by Rajala and Laine[10], one can es-
timate the change at 0.99 mpm in material A, and 1.06
in material B. The loss of sample MgSt#12–14 in[8]
can be roughly estimated at 0.85 mpm. This material ex-
hibits the same X-ray diffractogram as our VG degassed
at 50◦C in [1] the weight loss of which was found to
be 0.903–0.906 mpm. Obviously, there is ample evidence
that the actual composition (measured by TGA) of the so-
called anhydrate exposed to ambient conditions is close to
that of a monohydrate. Its formula will be noted MgSte-
(1− x)H20, wherex is meant to take a small value compared
to unity.
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tri-hydrates only, the reaction should be written as:

nTMgSte· 3H2O → nTMgSte· (1− x)H2O

+ nT(2+ x)H2Ovap (1)

nDMgSte· 2H2O → nDMgSte· (1− x)H2O

+nD(1+ x)H2Ovap (2)

MgSte· (1− x)H2O → MgSte + (1− x)H2Ovap (3)

nTMgSte· 3H2O+ nDMgSte 2H2O→MgSte

+ (3nT + 2nD)H2Ovap (4)

HerenT andnD stand for the mole fractions of trihydrate
and dihydrate, respectively, andnT +nD = 1. As mentioned
above, it is clear from in situ XRD that the structural state of
VG degassed at 50◦C must be the same as the intermediate
structural state reached by the system at similar temperatures
in a TGA or DSC experiment. Accordingly, it is legitimate
to assume that this structural state is reached after comple-
tion of the intermediate reactions (1) and (2) above, and thus
to assign peaks #1 and #2 in the DTGA curves to these re-
actions and peak #3 to reaction (3). According to reaction
( uld
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.2. Mechanism of dehydration of the crystallised
ydrates

According to Sharpe et al.[9] and to Rajala and Lain
10], the dehydration of pure magnesium stearate d
rate takes place in asingle gravimetric and therma
tep.

The same holds for the trihydrate[9] but surprisinglynot
or the homologous pure Mg-palmitate trihydrate (cha
erised by four thermal events). The X-ray diffractogra
f the dihyrates in[9,10] are also very different. Based

his, the previous conclusion should be regarded as qu
able.

Our XRD results[1] strongly support the idea that t
mall palmitic fraction doesnot form separate palmita
hases, either anhydrate or hydrates, in the VF and VG m
ials. Otherwise, based on the numerical data taken from[9]
wo well-separated sets of harmonics would have been
erved in the diffractograms of theanhydrates. On the oth
and, when the mixture of crystallised hydrates (as-rece
G) was heated (step by step) in a dry atmosphere, the
red crystal structure assigned to the trihydrate disapp
rst followed by the layered crystal structure of the dihydr
inally, at 55◦C, the structure (rotator phase) was the sam

hat of the sample fully degassed at 50◦C and analysed aft
eturn to ambient conditions. In the TG and DSC anal
onsidered now, the same sequence of events is expec
ake place. Though, such a picture is not in agreement
he numerical results for the TG analysis. Based on the
oing and assuming the initial state is a mixture of di-
4), the total water loss of the mixture of hydrates sho
lways be comprised within 2 (ifnD = 1) and 3 (ifnT = 1).
his is never in accordance with the TGA results. The
f the partial losses #1, #2 and #3 inTable 2is found to
e in the range 1.57–1.71. The same can be said for
imilar hydrated materials from the literature. As an ex
le, the modified batch MgSt#212 in[8] characterised by th
ery same X-ray diffractogram and DSC trace as our VG
eceived exhibits a weight loss at 140◦C equal to 1.5 mpm
f anhydrous soap. Obviously, such a discrepancy cann
esolved by assuming that the trihydrate first decompos
orm the dihydrate in reaction (1). The weight loss would
nchanged. In contrast, the total water content measur

he K-F method in as-received VG is about 2.4 mpm. T
ne possible but partial explanation might be that the frac
f water corresponding to the difference between the K-F
GA analyses is retained in the material during and afte
ion. Though it remains that the amount of water involve
he structural change associated with reactions (1) and
ower than unity (see Sections1-4above) and this cannot
econciled with.

Numerical values fornT, nD andx satisfying the system
f Eqs.(1)–(4)and the observed fractional weight loss v
es can be obtained at the expense of additional che
ssumptions.

Firstly, a certain amount of anhydrate may be assu
n the initial state. The mole fraction of anhydratenA would
ave to take values ranging from 0.33 to 0.58, which is
ompatible with the XRD spectra of VG and VF in[1]. A
efinement assuming that the water content of the anhy
ormed in situ by reactions (1) and (2) is lower than wha
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present initially in the anhydrate would require still higher
values (0.41 <nA < 0.68).

A second assumption might be that an inert phase or a frac-
tion of the soap structure doesnotparticipate in the reaction
with water vapour, The required concentration of that phase
would be 19.6–19.9 wt.% in VG as-received, and 29.7 wt.%
modified VF, respectively. Its molar mass can also be com-
puted: values in the range 467–533 g mol−1 with a mean equal
to 490.5 g mol−1 are obtained. This is different from the mo-
lar mass of magnesium stearate or palmitate and of the stearic
and palmitic acids.

At last it may also be conceived that the hydrates are not
stoichiometric. If so, however, the departures from stoichiom-
etry (if it is assumed proportional in the two phases) would
have to be quite large to account for the experimental wa-
ter losses. As an example, in the case of VG, the di- and
trihydrates would have to have the following compositions:
MgSte·1.51H2O and MgSte·2.27H2O, respectively, which is
strikingly at variance with the results of Sharp et al.[9]. No-
tice that the combination of the last two assumptions above
introduces too many adjustable variables to be tested numer-
ically.

4.3. Dehydration of the “anhydrate” and correlation
between heat and weight losses
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5. Conclusions

Based on structural data, it is currently assumed that com-
mercial magnesium stearate consists of either crystalline hy-
drates (di- or tri-hydrate or a mixture thereof) or a poorly
crystallised anhydrate. This proves insufficient to account
quantitatively for the results of thermal analyses presented
here and taken from the literature. The reversible change from
one structure (hydrates) to the other (anhydrate) is triggered
by a surprisingly small change in the water content, with the
anhydrate phase still containing a substantial amount of wa-
ter, about 1 mpm. The weight losses measured under dry gas
at 130–140◦C are always smaller than expected, except pos-
sibly for one material (MgSte E) among those investigated by
Wada and Matsubara[7]. Various assumptions have been con-
sidered to tentatively reconcile the structural and gravimetric
points of view. The idea that an inert fraction of the materi-
als does not participate in the reaction with water vapour or
that the crystalline hydrates are under-stoichiometric phases
(which is equivalent to a certain extent) offers a partially sat-
isfactory explanation only.

For the first time, to the author’s knowledge, partial and
total heat loss values have been presented that are in agree-
ment with the general rule that the enthalpy of dehydration
of hydrates is commensurate with the enthalpy of vaporisa-
t the
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Results reported here and in the literature which s
he weight loss of the anhydrate phase in TG experim
re fundamentally surprising. Even the anhydrate prep
y Sharpe et al.[9] by quantitative decomposition of pu
toichiometric dihydrate exhibits a substantial weight
2 wt.%). This can only be explained by reaction of
nhydrous material with water vapour from the amb
tmosphere. Based on the heat loss values inFig. 6a and b
nd on the water content measured by the K-F techn

here is no doubt that the observed loss from the so-c
nhydrates essentially is a loss of water. Both fig
istinctly show that the initial weight loss is accompan
y the same heat-loss as the vaporisation of water. How
n increasing departure from that value takes place

he progress of dehydration. As for the hydrated mate
ig. 6a and the numerical values inTable 2show a “weakly
ronounced” stepwise increase in accordance with the

hat they are mixtures of distinct crystalline phases
ifferent thermodynamic properties. More puzzling is
on-linear trend inFig. 6b and the sharp final increase
oth Fig. 6a and b. In both structures, the water molec
re “sandwiched” between the aliphatic molecular laye
similar way, forming a quasi two-dimensional sub-lat

the distance between the successive water–magnesium
aining layers is such that they cannot interact significan
nly the details of their hydrogen bonding with the oxy
toms of the polar heads and their co-ordination with
g atoms[12] can vary with the water content. A relati
etween the observed variation of the heat of dehydr
nd the local “defect” structure remains to be explained
-

ion or sublimation of water. They are at variance with
ata reported the literature[7]. But it is also observed, th

he extraction of about 1 mol of residual water from the
alled anhydrate (rotator phase) is accompanied by a ste
ncreasing enthalpy change when the fusion temperatu
pproached. This might suggest that the final steps of th
ydration and the beginning of the fusion process overla
ome extent.

Commercial magnesium stearate appears as more
lex material than currently believed, and the present p
as not succeeded in fully clarifying the relation betw

ts thermal and structural properties. A systematic com
on of accurate new experimental data with values extr
rom the literature has revealed the limits of our presen
erstanding of the hydration–dehydration process of ma
ium stearate. Contrary to current ideas, the problem
ot find its roots primarily in the material purity and d

ng process. Indeed, the same conclusions could be re
tarting from two products from different origins, hydrat
nd crystallisation states as well as from literature data (w
umerical values of reasonable accuracy could be read

he published figures).
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