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� A talc mine tailing (MT) was used as a
source for MgO in MKPC.

� The pre-calcined tailing consisted
of ~80% MgCO3, the rest being mostly
silicates.

� Calcination of MT was carried out at
350 �C–1400 �C.

� Calcination at 1200 �C and above
reduced the phosphate reactivity
excessively.

� Recommended calcination range was
found by 4-point bending and
solubility testing.
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A mixed-mineralogy talc mine tailing (MT) fraction consisting of 80% ferroan magnesite (MgCO3) was
studied for utilization as the source of magnesium oxide (MgO) in magnesium potassium phosphate
cement (MKPC). The effects of calcination temperature of this low-grade magnesite on the composition,
BET surface area and phosphate reactivity of the resulting magnesia powder were studied. The 4-point
flexural strength of resulting MKPC was measured for all calcined raw material fractions that produced
a solid. Based on the strength measurement results, the optimal range for calcination resided between
700 �C and 1150 �C, which is drastically lower than commonly recommended for finer magnesia sources
in MKPCs. Accelerated reactivity assessment showed that phosphate reactivity behavior could not be
entirely predicted by BET surface area. The presence of impurity silicates and high iron content in all
the constituent minerals was posed as the reason for densification and loss of reactivity at higher calci-
nation temperatures.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
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1. Introduction sources such as several Mg-rich silicates may become more rele-
Hundreds of natural and synthetic phosphate mineral struc-
tures are known [1], but only a select handful have found use in
applications where mechanical properties are emphasized. Magne-
sium phosphate cements, or MPCs, are a group of cementitious
chemically bonded ceramic (CBC) materials that have received
attention as rapid repair materials in civil engineering [2,3] and
cements compatible with organic fillers [4,5]. One other promising
application is cold-climate concrete repair [6], since the setting of
MPCs, like most other similar mixtures commonly deemed chem-
ically bonded phosphate ceramics, or CBPCs, is noticeably exother-
mic [7]. This built-in heat source is beneficial for retaining the
workability in cold climates, but for most room temperature appli-
cations the violent reactions behind this heat release are exces-
sively rapid, and often the use of retardants is required to
produce mechanically sound materials. Larger scale MPC bulk
materials have sporadically been discussed in research, but thus
far mostly regarding immobilization of hazardous waste [8,9].

The formation of a phosphate solid occurs by a through-solution
reaction of reactive oxide component with phosphate ions in an
aqueous solution. The formation of struvite-K (magnesium potas-
sium phosphate hexahydrate) presented in Eq. (1), currently
thought to form through an intermediary phase of newberyite
(MgHPO4�3H2O) [10], is the main binder-forming reaction occur-
ring in popular magnesia-potassium phosphate cements (MKPCs).
MgOþ KH2PO4 þ 5H2O ! MgKPO4 � 6H2O ð1Þ
The chemical composition of these common phases in MPCs

and the cited reactions would lead to believe, that a molar ratio
of roughly 1:1 would be optimal for producing the desired end
result; a stable solid. In practice, however, a much larger surplus
of magnesia is required. Earlier magnesia-phosphate cement-
related publications [11,12] have shown, that incorporating a sur-
plus of magnesia makes the relative amount of potassium dihydro-
gen phosphate (KDP) and water the two rate controlling
parameters and large amount of the primary magnesia in the
MPC mixtures remains unreacted. The newly formed phases like
newberyite and struvite-K quickly encapsulate the magnesia parti-
cles, heavily slowing down and eventually preventing further reac-
tions with the phosphate-containing liquid phase. The exact
conditions where such sealing occurs is characteristic to each mix-
ture, being mostly a result of water-to-cement weight ratio (W/C)
and magnesia-to-phosphate molar ratio (M/P), as well as the parti-
cle size distribution, reactivity and purity of the magnesia powder
[13]. An exhaustive study by Ma et al. [13] demonstrated how opti-
mal M/P of a given mixture of raw materials is tied to water con-
tent (W/C), but also showed by means of modeling how utilizing
magnesia as the limiting factor is the least predictable and the least
understood. In general, using an excess amount of phosphate salt
would be detrimental due to it not being immobilized in a
network-forming mineral structure, leaving it in leachable form
and thus compromising the long-term chemical stability and
mechanical integrity of the end product [14]. Lastly, an excess of
water causes increased porosity and inferior mechanical proper-
ties. Additionally, phosphate reactivity of most laboratory grade
divalent oxides (MgO, CaO, ZnO) is known to be excessive to form
mechanically sound macroscopic structures [15], a feature that
requires the use of retardants. Boron compounds are routinely
used as retardants in MPCs, one of the common ones being boric
acid (H3BO3) [16–18].

Magnesite mineral (magnesium carbonate, MgCO3) is a com-
monly utilized source of magnesium oxide (MgO), though due to
magnesium being deemed a critical element by the EU, alternative
vant in the future. The transition of magnesite to magnesia is
achieved by heat treatment at temperatures commonly above
600 �C [14]. This transition from carbonate to oxide by release of
carbon dioxide (CO2) initially produces a porous microstructure
[19], which can be retained if not heated further, maximizing the
surface area of the resulting magnesia particles. Such high surface
area variant of magnesia is known as ‘‘active magnesia” in cement-
related research [14]. Exposing this porous form to higher temper-
atures (>1200 �C) solidifies the structure by sintering mechanism
and drastically reduces the reactive surface area as well as the
defect sites that promote wetting and dissociation of magnesia in
acid phosphate solutions [20].

Phosphate bonding, like other chemical bonding technologies
such as alkali-activated geopolymers, is an attractive processing
route for utilizing low-grade raw material sources such as
mixed-mineralogy tailings, due to its high tolerance to impuri-
ties [16,21]. It has been found, that pure magnesium oxide
has high solubility even in mild phosphoric acid solutions,
which can result in poor strength of the final material. The
reduction of surface area in magnesia by high-temperature
treatment offers some level of control in phosphate reactivity.
The aim of this study was to establish the effect of calcination
on the phosphate reactivity of a talc mine-derived mixed-
mineralogy ferroan magnesite tailing, and to determine the opti-
mal calcination temperature range for utilizing it in MKPC. Even
though the decomposition behavior of the pure mineral equiva-
lents of the main constituents is relatively well known, the
appropriate temperature ranges for this specific tailing fraction
needed to be determined experimentally.
2. Materials and methods

2.1. Magnesite tailing

The magnesite-rich mine tailing was acquired from a talc mine
located in Sotkamo, Eastern Finland. The main minerals of these
talc deposit rocks are talc (40–65%) and ferroan magnesite (35–
55%) [22]. The ore is located in the middle of mica schists and
sulphide-bearing blackschists. In addition to talc, the mine pro-
duces Ni concentrate as a side product. The mine tailings are
formed when the talc ore is crushed, milled and chemically pro-
cessed in order to recover the talc and Ni concentrate from the
gangue material.

The key constituent minerals of this tailing sample are pre-
sented in the Table 1. Mineralogical characterization was per-
formed by SEM/EDS according to the methodology described in
previous study [23]. The tailing consists mainly of ferroan magne-
site and it is devoid of quartz and alkali feldspar minerals which is
typical for tailings rich in carbonate minerals.

EDS analysis of individual magnesite grains in Table 2 shows
that the main constituent of the tailing is not stoichiometric
MgCO3, but it has a varying amount of iron (Fe) substituting Mg
in the lattice. It is known, that there is a solid solution series
between magnesite (MgCO3) and siderite (FeCO3) [24]. Ferroan
magnesite with iron carbonate content between 5% and 30% is
called breunnerite [25], which is typical form of magnesite in Fin-
land [22]. For the sake of clarity, ‘‘ferroan magnesite” and plain
‘‘magnesite” will be used when referring to this Fe-containing
magnesium carbonate mineral in this paper. The minority minerals
listed in Table 1 are mostly Mg-silicates also with a significant
amount of Fe substitution, making iron content an overarching
characteristic of this tailing.



Table 1
Magnesite tailing (MT) mineral composition (% of total area by EDS).

Ore deposit type Mg-Fe silicates Magnesite Dolomite Mg silicates Other/undetermined

Talc 6.901) 80.41 1.83 10.392) 0.47

1) chlorite (Mg,Fe)3(Si,Al)4O10 and serpentine (Mg, Fe)3Si2O5(OH)4 groups
2) talc Mg3Si4O10(OH)2, olivine (forsterite) Mg2SiO4

Table 2
Elemental composition (EDS) of magnesite grains.

Element Mg Fe Si O Ca Mn Al Cr

Mass % 37.86 ± 2.56 8.82 ± 3.64 4.05 ± 1.77 52.54 ± 2.19 0.51 ± 0.25 0.77 ± 0.14 1.60 0.30
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2.2. MKPC sample preparation

The magnesite tailing fractions were heat treated in a muffle
furnace (Carbolite RHF 15/15) in the temperature range of 350 �C
to 1400 �C in 50-degree increments. The temperature range was
selected so that it would cover wide range of morphology for the
magnesia, from barely carbonate-free porous ‘‘reactive” magne-
sium oxide to highly densified, less reactive product. Heating and
cooling rates of 5 �C/min were targeted for the heat treatments.
Dwell time in the peak temperature was three hours for all sam-
ples and the batch size of tailing for heat treatment was 40 g.

The mixing of the cement pastes was performed manually in
plastic containers, a batch of 29.2 g at a time. Based on the DSC/
TG measurement (Fig. 3), where mass reduction corresponds with
magnesite-to-magnesia transformation, an estimated magnesia
content of 66% in the heat-treated tailings was assumed. The
magnesia-to-phosphate molar ratio of M/P = 6.0 and water-to-
cement weight ratio of W/C = 0.26 were used for all mixtures. Pota-
ble water was used as the base for all of the mixtures. A free-
flowing reagent grade potassium phosphate monobasic powder
(potassium dihydrogen phosphate, KDP, KH2PO4, Sigma Aldrich)
was used as the source for phosphate ions in the mixture. A small
amount, 0.86 wt% of the dry components, reagent grade boric acid
(H3BO3, Merck, Germany) powder was used as the retarder to
increase the workability of the mixtures.

The dimensions of the stainless-steel mold were such that indi-
vidual samples sized 10 mm � 10 mm � 50 mm were produced.
The mixtures were left to set in the mold for the initial 24 h,
demolded after that and continued to dry for 144 h in ambient con-
ditions before being finally subjected to load in the 4-point bend
test after 7 days of setting in total.

2.3. Characterization and testing

BET surface area of magnesite tailing and calcined samples were
measured with Micromeritics 3Flex Physisorption surface charac-
terization system using nitrogen probe gas. Particle size of the
as-received magnesite raw material determined by a laser diffrac-
tometer (Malvern Mastersizer 3000) with water as the dispersant.
The surface area estimation provided by the diffractometer
(Table 3) assumes spherical particles, and due to the tailing parti-
cles being mostly angular in shape, the value correlates well with
the BET surface area of the dry untreated tailing (see Table 4).
Table 3
Particle size and surface area of the as-received magnesite tailing.

D10 (mm) D50 (mm) D90 (mm)

10.7 102 213

* determined by laser diffractometer
An X-ray diffractometer (XRD, Empyrean, PANalytical) with a
Cu K-alpha radiation source and HighScore Plus software was used
for the qualitative analysis of mineral species in heat treated mag-
nesite tailings and the related MKPCs. TG/DSC-analysis was per-
formed with thermogravimetry (Netzsch STA449 F1 Jupiter),
using heating rate of 10 K/min to the peak temperature of
1450 �C. SEM imaging and analysis of heat-treated sand fractions
was performed using a Philips XL-30 scanning electron microscope
with an EDAX DX 4 EDS analyzer.

Modulus of rupture tests were performed with a custom-
made jig (Fig. 1) similar to one described in ISO 14704/2008
[26] attached to an Instron 5967 mechanical test device. The
span of top pressure points was 20 mm and the span of the
articulated bottom supports was 40 mm. Loading rate of
1 mm/min was used for all testing. Strength values reported in
this paper are based on at least two measurements per MKPC
mixture.

Additionally, an accelerated reactivity evaluation was per-
formed for select batches of raw material in accordance to Chau
et al. [27], where 7.6 g of calcined MT (providing 5.0 g of
magnesite-derived magnesia) was added to 100 ml of 0.5 M
orthophosphoric acid solution (Diluted from Sigma Aldrich VOLU-
SOL 10% solution) under magnetic stirring, and the resulting
change in pH as well as temperature were logged as a function of
time with a VWR MU 6100H MULTI meter. The same procedure
was repeated with a 1.0 M solution of KDP. The output of
accelerated reactivity assessment is a reactivity parameter R,
which indicates a point in time where pH = 7 is reached. These
measurements were to supplement the observations from strength
data and reactivity potential predicted by BET surface area. To
ensure the integrity of the test setup, reference measurements
were taken with two commercial MgO powders (Sigma Aldrich,
>98%, �325 mesh; Alfa Aesar, >96%, �325 mesh), producing
reactivity values of R = 483 s; R = 480 s in phosphoric acid and
R = 589 s; R = 478 s in KDP solution, respectively. R-values for acid
solution were within 5% of values given by Chau et al., who
reported R = 463 s for a reactive MgO powder in similar conditions.
Our R-values for KDP solution differed more significantly from the
reference of R = 690 s reported by Chau et al., possibly due to vari-
ation in particle size/grade of MgO and similar manufacturer
details of KDP between our setups. The data logging frequency of
1 min was targeted where possible, but 10 min was used for
measurements exceeding 24 h.
Specific s.a.* (m2/g) BET s.a. (m2/g)

0.220 0.242



Table 4
BET surface area of magnesite tailing after different heat treatments and the 4-point bend strength of the corresponding MKPC.

Fraction Tailing sample name Calcination temperature SBET [m2g�1] 4-point bend strength (median) of MKPC [MPa]

Magnesite Tailing (MT) dry, untreated MTref 50 �C, 24 h 0.242
MT Heat-treated MT350 350 �C, 3 h 0.29 No solid product

MT400 400 �C, 3 h 0.29 No solid product
MT450 450 �C, 3 h 0.63 No solid product
MT500 500 �C, 3 h 11.25 No solid product
MT550 550 �C, 3 h 38.24 7.8
MT600 600 �C, 3 h 82.37 9.6
MT650 650 �C, 3 h 51.97 5.1
MT700 700 �C, 3 h 29.41 13.2
MT750 750 �C, 3 h 16.37 13.8
MT800 800 �C, 3 h 10.02 8.0
MT850 850 �C, 3 h 6.35 7.8
MT900 900 �C, 3 h 3.99 9.2
MT950 950 �C, 3 h 2.88 11.0
MT1000 1000 �C, 3 h 2.29 12.1
MT1050 1050 �C, 3 h 1.74 8.7
MT1100 1100 �C, 3 h 1.30 10.6
MT1150 1150 �C, 3 h 1.04 12.7
MT1200 1200 �C, 3 h 0.69 7.1
MT1300 1300 �C, 3 h 0.27 4.0
MT1400 1400 �C, 3 h 0.10 7.2

Fig. 1. 4-point bend test setup.
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3. Results and discussion

3.1. Characterization of MT raw material and calcined fractions

The expected outcome of the heat treatments of magnesite tail-
ing was to observe the temperature range where MgCO3 releases
CO2 and transforms into periclase (MgO) with some addition of
brucite (Mg(OH)2). Decomposition and transformation of minor
minerals such as talc and other silicates was monitored as well.
The XRD-spectra collected from the heat-treated fractions are pre-
sented in Fig. 2.

The decomposition of magnesite appears to occur very sharply
between 550 �C and 600 �C, overlapping with the appearance of
periclase (MgO or (Mg1-xFex)O) and followed by magnesioferrite
(MgFe2O4) appearing at 700 �C. This was in good agreement with
previous work from Vusikhis et al., who determined these two to
be the end products of talcomagnesite-derived breunnerite decar-
bonization [25]. The decomposition of magnesite is also displayed
in the TG/DSC-data in the Fig. 3, where a mass loss of over 40%
occurs between 600 �C and 695 �C. Assuming the magnesite
content of over 80% in the tailing and factoring in the 52%mass loss
associated with magnesite decomposition, the mass reduction can
be completely attributed to CO2 release.

The slightly endothermic feature after 850 �C with negligible
mass reduction (Fig. 3) can be attributed to talc (Mg3Si4O10(OH)2)
decomposing into enstatite (MgSiO3), poorly crystalline residual
silica and water vapor [28,29]. Upon further heating, enstatite is
said to transform into clinoenstatite (Mg2Si2O6) at 1200 �C and
the silica should crystallize into cristobalite by 1300 �C, two phase
transformations that do not change mass and have negligible effect
on heat flow. This decomposition of residual talc at around 850 �C
can be observed in the XRD data (Fig. 2) as well. However, while
clinoenstatite was identified by XRD, cristobalite was not observed.

The SEM/EDS compilation in Fig. 4 presents the morphology and
elemental composition of the as-received Fe-containing magnesite
(Fig. 4a) and at the extremes of the heat-treatment temperature
range. The magnesite-derived grain after 3 h in 600 �C (Fig. 4b)
retains the characteristic angular appearance similar to untreated
grains, but shows severe fracturing and significant reduction in
oxygen content due to CO2 escaping as part of the magnesite
decomposition. Calcination in 1400 �C produced a powder that
consisted of highly agglomerated particles where magnesia was
covered by dendritic iron-containing phase, similar to the phase
separation encountered in metallurgical slags and fly ash [30].
Due to its high atomic number compared to most other elements
present in the constituent minerals, iron-containing phases can
easily be distinguished by their high brightness in the BSE images.
Iron content of almost 5 at.% presented in Fig. 4c is slightly exag-
gerated due to iron-containing phases coating the magnesia parti-
cles and dominating the grain boundaries of the agglomerates.

The tailing showed increasingly noticeable color change from
gray to reddish brown after heat treatments starting at 450 �C, con-
tinuing to intensify in brown shades until the maximum tempera-
ture of 1400 �C. The color change pointed towards iron-related
activity, possibly the appearance of hematite. Even though most
of the constituent minerals had significant iron content, none of
the silicates have been reported to show major deterioration
beyond dehydration in temperatures where color change was
observed. However, a noteworthy mineral impurity group under
other/undetermined was 0.24% of iron sulfides pyrite, pyrrhotite
and pentlandite (FeS2, Fe(1-x)S and (Fe,Ni)9S8), that are known to
dissociate into sulfur dioxide (SO2) gas and hematite (Fe2O3) under
oxidizing atmosphere and elevated temperatures (200 �C – 650 �C)



Fig. 2. XRD-spectra of heat-treated MT. Markers for magnesite (M), Talc (T), Dolomite (D), Chlorite (C), Magnesioferrite (F), Forsterite (O), Clinoenstatite (E), Periclase (P) and
unidentified crystalline phase (U) are presented. Dwell time at peak temperature was 3 h.

Fig. 3. Thermal decomposition of as-received magnesite tailing.
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[31]. Iron sulfide minerals were consistently encountered in SEM
analysis of untreated tailing. Additionally, this presence of sulfides
in the raw material would explain the anomalous presence of sul-
fur in the EDS spectrum of calcined magnesia particle in Fig. 4b.
3.2. Influence of calcination temperature on BET surface area of MT
and strength of corresponding MKPC

The evolution of surface area as a function of calcination tem-
perature gives an estimate of what level of reactivity is to be
expected. Adjusting the surface area of magnesia by calcination
is crucial in controlling the phosphate reactivity of the tailing-
derived rawmaterial, since any milling was not applied for the tail-
ing. Beyond calcination, the amount of pre-treatments was limited
to a minimum to give an accurate representation of the potential of
utilizing this type of MgO-source on a larger scale as cost-
effectively as possible. Sample naming scheme, heat treatment
parameters, BET surface area and the median of 4-point bending
are collected into Table 4 for easy reference.

The increase in BET characteristic surface area around 450 �C to
600 �C is attributed to magnesite decomposition, though this range
of decomposition is slightly higher than that reported for finer and
higher purity magnesium carbonate [19]. The fracturing of grains
due to decarbonization (see Fig. 4b) is proposed as the main source
of BET surface area increase. Upon further heating, the porous mag-
nesia structure that results from carbon dioxide removal begins to
densify, thus decreasing the surface area. In this process, magnesia
moves away from highly reactive ‘‘caustic” or light-burned grade
towards hard-burned, a grade more commonly utilized in the
phosphate cements due to its narrower range of chemical reactiv-
ity. Observing the strength of MKPC as a function of MT calcination
temperature in Fig. 5 indeed shows that maximizing the surface
area does not produce the highest strength. Peculiarly, calcination
in 500 �C increased the surface area to 11.25 m2/g, yet no solid
MKPC could be produced. This would suggest that most of this



Fig. 4. Magnesite in as-received state (a), after 3 h@600 �C (b), and after 3 h@1400 �C (c).
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effect was not due to carbonite mineral decomposition, but some
other mineral in the MT undergoing a deterioration that increased
the surface area.

Of other minerals in the tailing, chlorites (specified as clino-
chlore in XRD spectra) and serpentines can contribute to the area
increase during calcination. Fig. 6 shows a Mg-chlorite grain that
has undergone lattice deterioration similar to that of magnesite
presented earlier. Villieras et al. determined by heat-treatments
of magnesian chlorite [32], that the first dimensional modifications
of chlorite crystals occur as early as 450 �C – 500 �C. Upon further
heating, at 600 �C, an increase in porosity should be expected due
to thermal decomposition of interlayer octahedral sheets caused
by the escape of entrapped water molecules. Regarding serpentine
minerals, Hrsak et al. [33] determined that lattice break up occurs
at 660 �C. Heating to 800 �C � 850 �C causes chlorite to dehydrox-
ylate further and recrystallize into variants of spinel (MgAl2O4),
forsterite (Mg2SiO4) and enstatite (MgSiO3) [32]. Forsterite is the
main product of heating serpentine to 800 �C and above as well.



Fig. 5. 4-point bend strength of solid MKPC pieces and the corresponding BET surface area of heat-treated MT.

Fig. 6. An iron-containing Mg-chlorite grain after 3 h in 600 �C (MT600).
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The XRD-spectrum of MT1400 in Fig. 2 shows, that forsterite is one
of the few remaining constituents of the almost dead-burnt MT,
showing only periclase, magnesioferrite and oxides of iron as the
other crystalline phases. While surface area is a key factor in deter-
mining the solubility behavior of magnesia in phosphate solution,
increase in surface area by thermal decomposition does not affect
Mg-silicates enough to show an increase in phosphate reactivity.
This would explain why the increase in BET surface area did not
correlate with the calcination range required to produce solid
MKPC test pieces.

Dolomite (CaMg(CO3)2) comprises less than 2% of the tailing,
but its decomposition could be observed at 700 �C, likely minutely
adding to the overall periclase yield, though this is not reliably ver-
ifiable at such low concentration. As with the other constituent
minerals in MT, the exact decomposition behavior of dolomite
depends on the purity and particle size. According to Olszak-
Humienik et al. [34] natural dolomite decomposes between
550 �C and 861 �C, first by dissociation of Mg-portion, followed
by deterioration of Ca-portion, both accompanied by varying levels
of CO2 release and finally producing a mixture of MgO and CaO
when completely decarbonized. Calcination at low temperatures
can leave residual carbonate mineral matter in the sand, enabling
CO2 release as a side product of the carbonate dissolution into
acidic phosphate medium to form phosphate salts [35]. This is a
potential source for additional porosity of a final MKPC material.
Another potentially detrimental effect the presence of carbonate
minerals could have on phosphate binder formation is based on
their fairly high solubility in acids. This means, that when residual
carbonate is present in the wet MKPC mixture, phosphate ions
from KDP are more readily spent on carbonate-related phosphate
salt formation instead of interacting with the less reactive primary
oxide source [23] to produce a load-bearing microstructure. Since
KDP and water generally are the limiting reagents when producing
MKPCs, this rapid spending of KDP will have a profound effect on
the structural integrity of the final material. This interference from
residual carbonates could explain why the magnesite calcined in
relatively low temperatures produced low-strength pieces despite
there being plenty of surface area available.

In addition to the measurable outcomes, the calcination tem-
perature of the MT also affected the workability of the MKPC paste,
subjective amount of exothermic heat observed during mixing and
the color of the paste. Contrary to the assumed implications of BET
surface area data, the highest heat under manual mixing as well as
the shortest workability window was observed with MT fractions



Fig. 7. XRD spectra of MKPC prepared from MT650, MT1000 and MT1400. Key markers for Struvite-K (*), MgO (periclase) (P), Talc (T), Forsterite (Mg2SiO4) (F) and residual
KDP (K) are presented.
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calcined between 900 �C and 1050 �C. Differences in mixture work-
ability may have contributed to some of the low strength results
acquired within this region by making effective casting more
difficult.

Struvite-K (MgKPO4�6H2O) was confirmed as the main reaction
product as presented by the Fig. 7. Residual magnesia was detected
in all cases, as predicted by using a large surplus of MgO source,
thus making the amount of KDP and water the limiting factors
for binder formation. In agreement with the XRD-data of the
heat-treated MT, residual talc can be observed in the sample made
of caustic grade raw material MT650. In the case of MT1400, the
resulting MKPC shows residual KDP in the XRD spectrum, clearly
indicating that even with the 6:1 excess of MgO to KDP ratio is
not enough to spend the amount of KDP in the mixture due to mag-
nesia being highly agglomerated and not very effectively available
for dissolution.

3.3. Accelerated reactivity assessment

The accelerated reactivity assessment provides an insight on
how the differently calcined MT raw material batches behave in
aqueous acid phosphate environment. Fig. 8 presents the acceler-
ated reactivity of select MT-samples in 0.5 M orthophosphoric acid
solution. As predicted by other characterization results, MT1400
neutralized the acidic solution very slowly compared to the two
less severely calcined samples. The reactivity parameter of
MT1000, R = 17 h and 32 min, was closer to that of MT1400
(R = 29 h 45 min) than MT600 (R = 54 min). Judging by R alone,
the behavior of MT1000 and MT1400 should be similar. However,
this was clearly not the case considering the XRD-data and the
strength measurement results presented earlier. Cropping the
graph to initial two hours supplemented with temperature data,
as is presented in the insert of Fig. 8 reveals, that despite having
the R-parameter closer to that of MT1400, the dissolution behavior
of MT1000 shows more similarity to MT600 during the first min-
utes of the test. The initial temperature increase arising from the
exothermic reaction of phosphate formation occurs rapidly and is
close to 10 �C for MT600 and MT1000, whereas MT1400 produces
an increase of 4 �C that is far more delayed. The pH increase for
MT1400 was sluggish as well, taking one hour to reach pH = 4.
The dip after initial rise in pH shown by all MT samples in the acid
solution currently has no clear explanation. It is not equipment-
related, since this was not observed with the commercial MgO
powders during reference measurements. Changes in temperature
did not correlate with this feature for all samples: MT600 and
MT1000 showed a drop in pH roughly after peak temperature,
but for MT1400 this did not apply.

The accelerated reactivity assessment results for 1.0 M KDP are
provided in Fig. 9. The starting pH was much higher and the
expected severity of reactions thus lower than those observed with
acid solution. For MT1400 the remarks from acid testing carry over
to KDP test: the heat output and the increase of pH were the slow-
est by far of the three samples. The pH evolution for MT600 and
MT1000, on the other hand, showed very similar trends and their
reactivity parameters were practically identical, R = 1 h 56 min
for MT600 and R = 1 h 53 min for 1000MT, respectively. However,
when cropped to the initial two hours and presented with temper-
ature data in the insert of Fig. 9, some significant differences can be
observed, especially within the first 30 min. The sharp increase
both in temperature and pH was similar to those observed in the
acid solution, but there was also a sudden near-stagnation of both
for MT600 after just a few minutes, resuming an upward trend
after about 20 min. The MT1000 did not show this behavior, and
even though the initial rise in pH and temperature were slower,
the absence of this stagnation step below pH = 7 allowed it to reach
the measurement limit as quickly as the more reactive MT600. It
was noted by Chau et al. [27] that the formation of phosphate salt
species around the magnesia particles during dissolution greatly
increases the time it takes for MgO to neutralize an acidic phos-
phate solution, resulting in a near-horizontal feature in pH-trend
lines. The step-like feature in the Fig. 9 for MT600 and the near-
horizontal phases observed for MT1000 and MT1400 in Fig. 8
would be explainable by this phenomenon. The peak temperature
change for MT600 and MT1000 for MKP-solution was effectively
the same, though the latter appeared to cool down more quickly,
even more than MT1400 at the 2-hour mark. The better retention
of elevated solution temperature by MT600 in our opinion sup-
ports the interpretation that the reaction continues after a short
period of stagnation.

Other than showing the relative reactivity of select MT frac-
tions, the accelerated reactivity measurements also showed the
effect of large particle size of MT raw material. Despite having a



Fig. 8. Accelerated reactivity measurements in H3PO4-solution for MT600, MT1000 and MT1400. Dotted line denotes temperature measurement for a solid pH trend line of
corresponding colour.

Fig. 9. Accelerated reactivity measurements in KDP-solution for MT600, MT1000 and MT1400. Dotted line denotes temperature measurement for a solid pH trend line of
corresponding colour.
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very high BET surface area of over 80 m2/g, MT600 showed a rela-
tively high reactivity parameter R = 3300 s, which is significantly
higher than values commonly reported in literature [12,27]. The
BET surface area range that produced relatively high-strength
MKPCs was roughly 1.0–16.3 m2/g, while common values reported
for specific surface area of finer magnesia elsewhere are below that
[18,36], though Soudée and Péra have occasionally used higher val-
ues in their studies [20,37].
The accelerated reactivity results only allow subjective compar-
ison of sample fractions in different environments, as demon-
strated by the relative differences in behavior of MT1000 in the
two solutions. It could be argued, that in the MKPC mixtures the
low amount of water and different M/P-ratio would amplify the
differences in reactivity and heat output. The MT600 could react
even more vigorously and encapsulate the magnesia from
further reactions with the solvent, which ultimately results in
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unpredictable workability characteristics that are reflected on the
large spread in 4-point bend strength values presented in the
Fig. 5. The lower reactivity of MT1000 could be just enough to
avoid some of that effect while providing a more sustained source
of magnesia and consequently a more consistent, higher integrity
MKP matrix. The results surrounding MT1400 show a clear loss
of reactivity caused by excessive calcination, to a point where
residual KDP could be observed in the final MKPC product, pointing
towards incomplete reaction that ultimately manifests in reduced
mechanical integrity displayed by the low bending strength. It
should be noted, that even though boric acid was used in the
MKPCs, the retarding effect has more to do with limiting the for-
mation of Mg-K-phosphate species rather than limiting the solubil-
ity of the periclase phase [17]. This gives some confidence to
maintain that, even though boric acid was not used in the acceler-
ated reactivity tests, the main features of the results are cautiously
applicable for explaining the behavior of calcined MT-fractions in
the MKPC-pastes.
4. Conclusions

A ferroan magnesite mine tailing (MT) originating from a Fin-
nish talc ore mine was investigated as a potential raw material
for magnesium potassium phosphate cement (MKPC). The activa-
tion of magnesia (MgO) was conducted by calcination in tempera-
tures between 350 �C and 1400 �C for 3 h. The following
conclusions were drawn from characterization results of the
heat-treated tailing raw material and the corresponding MKPC
mixtures:

� An increase in measured BET surface area occurred well before
the magnesite decomposition temperature derived from TG
data. This also did not directly translate into tangible phosphate
reactivity at low temperatures (450 �C – 500 �C). Solid MKPC
pieces could only be cast from MT calcined at 550 �C and above.
This was explained by crystal fracturing of chlorite and serpen-
tine by dehydroxylation at low temperatures, what contributed
to increase in surface area without increasing the phosphate
reactivity of the heat treated MT.

� The high amount (20%) of Mg/Fe-silicates, the large particle size
(D50 = 102 mm) and significant (5%–12%) Fe-substitution in
magnesite resulted in the optimal calcination temperature to
be significantly lower than suggested in many other cases for
MKPC use. According to 4-point bend test results, the preferred
calcining temperature for the magnesite tailing under investiga-
tion would be around 700 �C � 1150 �C, resulting in what would
be classified as hard-burned magnesia in case of a pure raw
material.

� Struvite-K was the dominant binder phase in all mixtures that
produced a solid MKPC.

� Calcining the magnesite at temperatures above 1150 �C reduced
the available surface area of the MgO to a level where residual
KDP was observed in final MKPC. This was again explained by
the presence of (Mg,Fe)-silicate minerals that caused high level
of agglomeration and subsequent sintering-like densification of
the Fe-containing magnesia particle clusters, which resulted in
very poor solubility of Mg and ultimately poor strength of final
MKPC.

� Reactivity parameters observed in accelerated reactivity assess-
ment supported the strength measurement results and XRD
analysis of solid MKPC products. The maximum surface area
acquired in 600 �C produced excessively rapid reaction that
was not sustained after initial exothermic surge. Calcination
above 600 �C allows the newly formed periclase to densify fur-
ther, reducing the reactivity to a level where solubility is still
sufficiently high to facilitate MKP formation without the full
effect of encapsulating magnesia particles and isolating them
from the acidic medium.

Utilizing a mixed-mineralogy MgO-source such as the mine
tailing discussed in this paper does not follow the recommended
heat treatment range commonly accepted to control the level of
MgO reactivity for MKPC use. These findings are specific to the test
parameters and mix ratios presented herein, and different results
could be acquired by varying the W/C- and/or M/P-ratios, as well
as the amount of retarder used, providing many potential routes
for future research.
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