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Dehydration of the Sorel Cement Phase 3Mg(OH),-MgCl,'8H,O studied by in
situ Synchrotron X-ray Powder Diffraction and Thermal Analyses
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Abstract. Dehydration is an important process which affects the chem-
ical, physical and mechanical properties of materials. This article de-
scribes the thermal dehydration and decomposition of the Sorel cement
phase 3Mg(OH),*MgCl,:8H,0, studied by in situ synchrotron X-ray
powder diffraction and thermal analyses. Attention is paid on the deter-
mination of the chemical composition and crystal structure of the lower
hydrates, identified as the phases 3Mg(OH),-MgCl,-5.4H,O0 and

3Mg(OH),*MgCl,*4.6H,0O. The crystal structure of 3Mg(OH),
MgCl,+4.6H,0 is solved and refined by the Rietveld method and a
structural model for the 3Mg(OH),-MgCl,:5.4H,0 phase is given.
These phases show statistical distribution of water molecules, hydrox-
ide and chloride anions positioned as ligands on the magnesium octa-
hedra. A structural scheme of the temperature induced transformations
in the thermal range from 25 to 500 °C is presented.

Introduction

The reaction of caustic magnesium oxide with concentrated
solution of magnesium chloride gives binder phases known as
Sorel cements, with general formula xMg(OH),-yMgCl,:zH,O
(abbreviated as x-y-z).'"®! The two most important Sorel
phases are the 3-1-8 phase, which crystal structure was re-
ported in 1953 by de Wolff and Walter-Levy,”’" and the 5-1-8
phase, which crystal structure was solved by Sugimoto et al.[®]

The Sorel cements are important materials showing many
superior properties including high compressive and flexural
strength, high fire resistance, low thermal conductivity, high
resistance to abrasion, etc. As a result, they are used as floor
material, bonding agent in wet stones applications, for pro-
duction of artificial ivory, grindstones, cast stones, tiles and
other materials. The 3-1-8 cement phase is used as barrier con-
struction materials in salts formations because it is stable to-
ward Mg?* containing salts and their solutions. Due to this
quality, the material is tested for application in final disposal
concepts for radioactive wastes."!

The knowledge of the high-temperature behavior, especially
the dehydration of cementitious materials, is crucial for opti-
mizing their performance. Among the first studies on 3-1-8
phase are those reported by Cole and Demediuk, according to
which the composition of the phase changes on heating from
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3-1-8 to 3-1-5 (at 145°C), 3-1-4 (at 170 °C) and 3-1-0 (at
220 °C).'%1 The thermal investigations performed by Xia et al.
also showed a multistep dehydration process.['!! In situ crystal-
lographic studies on Sorel phases were performed by Chris-
tensen et al.l'">'3! Dinnebier et al. reported the crystal struc-
tures of the 9-1-4,1'*1 2-1-2 and 2-1-4!"3! high temperature
phases, as well as the crystal structure of the anhydrous phases
formed by heating of the 3-1-8 and 5-1-8 phases.!'®! Further
heating (above 400 °C) of Sorel cements results in formation
of magnesium oxide.

In order to fill the gap of structural knowledge of the dehy-
dration and decomposition behavior of the 3-1-8 phase, de-
tailed crystallographic and thermal studies were undertaken
under the scope of our on-going investigations on basic mag-
nesium salt hydrates.['*2%1 The dehydration processes were
followed by in situ synchrotron X-ray powder diffraction
(XRPD), thermogravimetric (TG) and differential thermal
(DTA) analyses. A structural scheme of the thermal behavior
of the 3-1-8 magnesia binder phase, in a wide temperature
range from 25 to 500 °C, is presented.

Results and Discussion

High Temperature Dehydration: in situ XRPD

The process of the 3-1-8 dehydration was followed in situ
by synchrotron XRPD. Figure 1 presents the 2D projection
(simulated heating Guinier plot) of the observed scattered in-
tensity as a function of diffraction angle and temperature. This
temperature interval (from 50 to 170 °C) was chosen because
previous studies indicated formation of two lower hydrates in
this range and the processes at higher temperatures were al-
ready reported in a previous study.l'® Three regions can be
observed in the 2D projection: the first one (7 < 100 °C)
corresponding to the 3-1-8 phase, and the following two
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(100 °C < T < 130°C and 130 °C < T < 170 °C) to newly
formed lower hydrates. The overlap of the diffraction peaks
from different phases at the borders of the thermal regions in-
dicates that the phase transitions among them are not sharp,
but occur gradually in a given thermal interval with continuous
water loss.
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Figure 1. Two-dimensional projection (simulated heating Guinier plot)
of the observed scattered X-ray intensity for the 3-1-8 phase as a func-
tion of diffraction angle and temperature. Three temperature ranges are
identified and separated by the white lines: the first one corresponding
to the 3-1-8 phase, and the following two to the lower hydrate phases
formed on heating.

High Temperature Dehydration: Thermal Analyses

In order to determine the temperature ranges of formation
of the lower hydrates, as well as to calculate the amount of
water lost during the dehydrations, combined TG/DTA analy-
ses were performed. The water loss was shown to be kinet-
ically controlled and highly depended on the heating rate and
environmental conditions as compared to previously reported
results.l'%!11 Figure 2 presents the thermal analysis measure-
ment performed with the same heating rate as the one used
during the in situ X-ray diffraction data collection
(3 K'min™!), enabling comparison of the experimental results
obtained by the structural and thermoanalytical studies (it
should be noted, however, that the sample environment during
the experiments was comparable, for the thermal analysis mea-
surements an open crucible easily covered with a platinum
metal disc was used as well as the diffraction data were col-
lected from a sample filled in an open glass capillary).

The dehydration of the 3-1-8 phase starts at about 80 °C.
Between 115 and 120 °C the slopes of DTA and DTG curves
are nearly zero, which indicates the formation of the first sta-
tionary lower hydrate. The TG curve shows that 2.6 = 0.04
water molecules (Am =—11.4 £ 0.1 %) are lost up to this point
and the newly formed phase has 3-1-5.4 stoichiometry. In the
2D in situ XRPD plot the formation of this phase starts at
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Figure 2. Overlay of thermal analyses and 2D XRPD plot: Upper
panel: DTA and DTG curves (left axis) and TG curve (right axis).
Lower panel: Section of the two-dimensional projection of the ob-
served scattered X-ray intensity as a function of diffraction angle and
temperature. The two temperature regions of phase transformations
and steady phase states are highlighted.

about 90 °C, it is completed at about 110 °C and exists up to
140 °C.

By further heating, additional, continuous water loss is evi-
denced accompanied by smaller endothermic effect (as com-
pared to the one of the first phase transformation). The slopes
of DTA and DTG curves are nearly zero in the temperature
region between 155 and 160 °C, where the second lower hy-
drate is the dominant phase. At this point, the weight loss
reaches a value of —14 * 0.1 %, which corresponds to the loss
of 3.4 = 0.04 water molecules in respect to the starting 3-1-8
phase, thus the second formed phase has a 3-1-4.6 stoichio-
metry.

Heating at higher temperatures than 200 °C leads to the for-
mation of two coexisting anhydrous magnesium hydroxychlor-
ide solid solutions with general chemical formula Mg(OH),Cl,
where x + y = 2. For the given compositions Mg(OH); ,Clg 3
and Mg(OH)CI the crystal structures were reported.l'® These
phases decompose into magnesium oxide at temperature higher
than 400 °C (Figure 3). Magnesium oxide is the final dehy-
dration/decomposition product of the Sorel phases, having a
melting temperature above 2800 °C.

In order to clarify whether the mass loss is solely due to
water loss or also due to hydrolysis reaction (that is removal
of HCI) a second thermal analysis ran was performed, wherein
the obtained gas phase was tested in respect of containing
amounts of HCI. The presence of HCl was evidenced as de-
composition product only at temperatures above 350 °C.

The thermal transformations of the 3-1-8 phase up to mag-
nesium oxide, via intermediate formation of two lower hy-
drates and two hydroxychloride solid solutions, are summa-
rized in Equations (1-4) and the thermal effects are displayed
on the TG/DTA curve presented in Figure 3.
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Figure 3. TG/DTA analysis curves of the 3-1-8 phase. The steps in
the TGA curve correspond to Equations (1) to (4).

3 Mg(OH),"MgCl,*8H,0 — 3Mg(OH),*MgCl,*5.4H,0 + 2.6H,O (1)

3Mg(OH),"MgCl,+5.4H,0 — 3Mg(OH),"MgCl,+4.6H,0 + 0.8H,0
2)

3Mg(OH),*MgCl,+4.6H,0 —
4[Mg(OH),~ 67Cly<0 33 + Mg(OH),~; sCl,~¢s] + 4.6H,O (3)

4[Mg(OH),~ 67Cly<033 + Mg(OH) < 5Cl,~¢ 5] —
4MgO + 2 HCI + 2H,0 (4)

Structural Changes on Dehydration

Although the crystal structure of the 3-1-8 phase has been
known for almost 60 years, to the best of our knowledge, there
are no crystal structure descriptions of the phases formed at
the early stages of thermal decomposition, or the lower hy-
drates. The main reason for this gap of information in the crys-
tal chemistry of the Sorel phases is the fact that these materials
do not exist in form of crystals suitable for single crystal dif-
fraction and powder diffraction is the most suitable method for
crystal structure solution and refinement. Beside the intrinsic
difficulties in using powder diffraction for structure solution,
these phases exhibit severe defects and pronounced stacking
faults, making the process an even bigger challenge.

As explained by de Wolff and Walter-Levy,l”! the crystal
structure of the 3-1-8 phase at ambient conditions is built of
MgOg octahedra forming infinite double chains, running in the
direction of the crystallographic b-axis. The interchain region
accommodates chloride anions and water molecules, found at
two different positions in the unit cell. The crystal packing of
this phase is presented in Figure 4a.

During heating, dehydration of the 3-1-8 phase takes place
and part of the water molecules leaves the structure, as shown
by thermoanalytical studies. After the first dehydration step, a
first lower hydrate is formed in the temperature range from
115 to 120 °C.

This phase is characterized by very low crystallinity and
pronounced stacking defects, which are visually observable in
the shape and intensities of the diffraction pattern, which is
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Figure 4. Crystal packing diagrams of the a) 3-1-8 (top), b) 3-1-5.4
(middle) and c) 3-1-4.6 phases (bottom). Semi-transparent magnesium
octahedra characterized by statistical distribution of the anions are
drawn. It should be noted that only a tentative model of the crystal
structure for the 3-1-5.4 phase is presented (see Exp. Sect.).

given in Figure 5. As a result, after many trials, only a tentative
model of the crystal structure was derived (see the experimen-
tal part for details), which could not be subjected to uncon-
strained and unrestrained Rietveld refinement. The structural
model is shown in Figure 4b and presents an expected and
logical intermediate phase of 3-1-8 and the second lower hy-
drate. According to the thermal analyses, the stoichiometry of
this phase is 3-1-5.4. The structure solution indicates that there
is statistical distribution of chloride and oxygen species, posi-
tioned at the same crystallographic position in the unit cell.
Further heating of the 3-1-5.4 phase results in additional loss
of water molecules and according to the thermal analysis the
stoichiometry changes to 3-1-4.6 (Figure 4c). The diffraction
data quality of this phase was higher than the former hydrate,
still the peaks shape and intensities indicated the presence of
staking faults and similar defects. Fortunately, the crystal struc-
ture could be solved and subsequently refined by the Rietveld
method. In this phase all water molecules, hydroxide and
chloride anions are statistically distributed at the edge positions
of the magnesium octahedra, and there are no atoms in in-
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Figure 5. Selection of diffraction patterns obtained upon heating of
the 3-1-8 phase (pattern at 30 °C). With increasing temperature a phase
transformation takes place accompanied by significant lowering of data
quality (see the diffraction pattern at 120 °C, corresponding to the first-
formed lower hydrate). Subsequent heating results in another phase
transition and better data quality (see the diffraction patter at 160 °C,
corresponding to the second-formed lower hydrate).

terchain positions. Due to the low data quality and the statisti-
cal distribution, during the Rietveld refinement the occupancy
values of the water molecules, hydroxide and chloride anions
were constrained to chemically expected values, giving the 3-
1-4.6 stoichiometry, as obtained by the TG/DTA measurement.

The figures of merit of the constrained refinement were
slightly higher (= 0.5 %) as compared to the unconstrained re-
finement, which resulted in significantly different stoichio-
metry (3.3-0.7-4). Taken the low diffraction data quality, the
constrained, chemically reasonable model is preferred.

In order to calculate the changes of phase amounts in the
course of the dehydration processes, quantitative parametric
Rietveld analysis was performed (see the Experimental Section
for details). Figure 6 shows the phase evolution in the given
temperature range (from 50 to 170 °C with a heating rate of 3
K'min™!). From room temperature to 100 °C the 3-1-8 phase
is the only phase present; from 100 to 118 °C there is mixture
of the 3-1-8 and 3-1-5.4 phases. The 3-1-5.4 phase occurs in
a short temperature interval (118-123 °C) and after that exist
in a mixture with the 3-1-4.6 phase (up to 160 °C). At tempera-
tures greater than 170 °C only the 3-1-4.6 phase is present.

Conclusions

Using in situ synchrotron powder X-ray diffraction and ther-
mal analyses (TG/DTA) the high temperature behavior of the
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Figure 6. Quantitative parametric Rietveld analysis performed on data
collected in situ on the course of the dehydration process of the 3-1-8
phase and the formation of the two lower hydrates.

Sorel cement phase 3-1-8 in the temperature region from 25 to
500 °C is studied and structurally and thermally characterized.
By heating of the 3-1-8 phase, the first lower hydrate 3-1-
5.4 is formed. Further heating results in additional loss of the
interchain water molecules and the second lower hydrate with
stoichiometry 3-1-4.6 is obtained. Above 200 °C the lower hy-
drates decompose in (minimum two) anhydrous magnesium
hydrochloride solid solutions [Mg(OH),Cl, with x +y = 2]. At
temperatures above 400 °C further decomposition takes place
and magnesium oxide is obtained as final product.

Accordingly, the following dehydration/decomposition
Scheme of the 3-1-8 Sorel cement phase can be established:
3-1-8 (up to ca. 80°C) — 3-1-54 (up to ca. 120°C) —
3-1-46 (up to ca. 160°C) — Mg(OH),~ Cl,<o35 +
Mg(OH), < sCl,~os (up to ca. 400 °C) — MgO (up to ca.
2800 °C).

Experimental Section

Phase Preparation

The initial 3-1-8 phase was prepared by a setting reaction of MgO
(company Magnesia, MgO-Typ 2923, pure) with magnesium chloride
solution (MgCl,+6H,0, Fluka p.a., dissolved in deionized water (before
use the water was boiled to remove the CO,) in appropriate stoichio-
metrical formulation. After hardening process the sample was pow-
dered and recrystallized from a 4 molal magnesium chloride solution
for two months. Afterwards, the filtered solid was purified by washing
two times with deionized cold water (7' < 5 °C). To remove the adher-
ent water the sample was washed with cold ethanol.

X-ray Data Collection

The powder diffraction data were collected in the temperature range
from 50 to 170 °C using the high-resolution powder diffractometer at
the 111 beamline, located at the British national synchrotron facility,
Diamond Light Source. The wavelength of radiation was determined
from a silicon standard to be 0.826401(3) A. The beamline setup and
characteristics are described in the literature.?'>>) The sample was
placed in an open glass capillary (Hilgenberg glass No. 50), which was
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spun during data collection for better particle statistics. The scans at
each temperature were written continuously with 3 K-min~' and 14 s
per frame. The two-dimensional projection of the scattered X-ray in-
tensity as a function of temperature and diffraction angle (Figure 1)
was made using the software Powder3D.!?3!

Crystal Structure Solution and Refinement

On heating two lower hydrates with previously unknown crystal struc-
tures were identified. The powder patterns were indexed (using the
program suite TOPAS Version 4.2)?*! and the extinctions found
pointed at P1 or Pl as possible space groups. The peak profiles and
precise lattice parameters were determined by a Pawley fit!>>! using
the fundamental parameter approach. Chebyshev polynomials were
used for the modeling of the background.

Figure 7 presents the powder pattern of the 3-1-5.4 phase. For deriving
a structural model, the simulated annealing (SA) approach was
used.[?%! The stacking faults and low crystallinity of the sample caused
the detection of false minima, leading to structural models which made
no physical sense. In order to overcome that problem all local minima
were extracted, resulting in a big number of possible crystal structures.
Based on the similarity of the structure to the structures of the initial
3-1-8 phase and next lower hydrate phase 3-1-4.6, on the statistical
distribution of the results, and on the unit cell parameters [space group
PlorPl,a=3.103) A, b=7.84(8) A, c = 7.58(1) A, a = 112.81(8)",
£ =104.3(9)°, y =89.9(5)°, T = 120 °C] the most probable model was
chosen and presented only as an estimate of the crystal structure build-
ing motives. Unconstrained and unrestrained Rietveld refinement of
that model was not possible due to the pronounced stacking faults and
similar defects, which are also visually noticeable in the diffraction
patterns collected at higher temperatures as presented in Figure 5.
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Figure 7. Pawley profile fit of the observed pattern (diamonds) of the
3-1-5.4 phase. The shape of the diffraction peaks, the background
shape and misfits visible in the difference curve (lower panel) indicate
presence of severe stacking faults and low crystallinity.

The crystal structure of the 3-1-4.6 phase was solved using SA and
was subsequently refined by the Rietveld method?”! (wherein the oc-
cupancies of the atoms were constrained to the chemically obtained
stoichiometry, the unconstrained refinement did not result in signifi-
cantly lower figures of merit). The refinement data and the final agree-
ment factors (R-values) are listed in Table 1, the atomic fractional co-
ordinates and occupancy factors are given in Table 2 and the Rietveld
plot is given in Figure 8. The powder pattern is characterized by strong
anisotropy of width and asymmetry of the Bragg reflection. Both phe-
nomena were satisfactory modeled by a phenomenological approach
using symmetry adapted spherical harmonics. Only the peak’s widths
and asymmetry were treated, and no intensity correction was applied.
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Table 1. Crystallographic and Rietveld refinement data for 3-1-4.6.

3-1-4.6 phase
Molecular Formula 3Mg(OH),*MgCl,+4.6H,0
Sum formula Mg,Cl,0106H146
Space Group P1 (No. 2)
Z 2
a, b, clA 3.158(4), 6.246(9), 7.48(1)
a, i,y /° 95.03(4), 102.34(6), 91.86(9)
Temperature /°C 160
Density (caled.) /grem™ 2.116(5)
Data collection /K-min™" 2
Data collection /s per frame 4
Wavelength /A 0.826401(3)
Start and finish angle /° 260 5 and 30
- 0.89
R, 1.86
R, 15.7
Rexp® 0.06
Ry 2.48
GOF® 40.3

a) Rprages Rwps Rps Rexps Ry and GOF are as defined in TOPAS 4.2.

P>

Table 2. Fractional atomic coordinates and atom occupancy of the 3-
1-4.6 phase.

M WL SS¥ xla ylib Zlc occC
Mg |21 0.79(2)  0.4023)  0.186(5) 1.00
o1 (21 0.44(3)  0.59(1) 0.345(9) 1.13(4)
o2 (21 0.87(2) 0.087(3)  0.321(5) 1.67(4)
o3 (21 0.17(2)  0.31109)  0.975(7) 1.38(9)

a) M: Multiplicity WL: Wyckoff Letter SS: Site Symmetry. b) The
occupancies of the oxygen atoms are bigger because of the statistically
distributed chlorine atoms approximately at the same positions. The
scattering of the hydrogen atoms also contributes to higher electron
density.
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Figure 8. Scattered X-ray intensities of 3-1-4.6 phase. The observed
pattern (diamonds) measured in Debye—Scherrer geometry, the best
Rietveld fit profile (line) and the difference curve between the ob-
served and the calculated profiles (below) are shown.

No attempt was made to physically model the complex peak shape
suggesting stacking fault and other type of disorder.
Further details on the crystal structure investigations may be
obtained on request from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany [Fax: +49-7247-808-666;

severe
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E-mail: crysdata@fizkarlsruhe.de], on quoting the depository number
CSD-426757.

Parametric Rietveld Refinement

For the parametric Rietveld refinement,?32°! the zero error, unit cell
parameters and strain contribution were refined for all patterns collec-
tively in the temperature range from 50 to 180 °C. The background
was refined for each pattern separately. The structural parameters of
the published crystal structure of the 3-1-8 phase,!”! the model of the
structure of the 3-1-5.4 phase and the refined structure of the 3-1-4.6
phase were kept fixed. The calculated weight percentage for each
phase in the given thermal region was plotted as a function of tempera-
ture as presented in Figure 6.

Thermal Analyses

The thermal behavior of the 3-1-8 phase (8-10 mg) was studied using
a TG/DTA 22 (Seiko instruments). The sample was measured in an
open platinum crucible loosely covered with a platinum disk, in order
to obtain the most comparable sample environment as during the X-
ray data collection, wherein the sample was placed in an open capil-
lary. The heating rate was kept to 3 K'min™!, a nitrogen flow of
300 mL'min~'. Al,O5 was used as reference substance for the measure-
ments.
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