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Jose R.A. Godinho e, Alexey Maximenko f, Cem Celikutku d, Sadaf Fatima Jafri d,g,h,
Elisa Borfecchia d, Quentin Wehrung a, Roberto Gobetto d, Alessandro Pavese a

a Earth Sciences Department, University of Turin, Turin 10125, Italy
b Department of Chemical and Geological Sciences, University of Modena and Reggio Emilia, Modena 41125, Italy
c Institute of Theoretical and Applied Mechanics of the Czech Academy of Sciences, Centre Teľc, Czech Republic
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A B S T R A C T

The cementitious properties of natural Mg-rich olivine when reacted with a phosphoric acid solution are
investigated, as a function of acid concentration and liquid/solid mass ratio. The obtained cements are composed
of residual olivine crystals and amorphous silica nanoparticles dispersed in a dense and compact newberyite
(MgHPO4•3H2O) matrix. The latter was mostly formed by packed micrometric tabular crystals, although evi-
dence of the presence of a fraction of amorphous MgHPO4 was also found. Water content in the raw mix was
observed to play a pivotal role on the reaction pathway, either promoting porosity or hindering the crystalli-
zation of the products. Up to 57 % of olivine reactivity, whose dissolution was promoted by the curing tem-
perature (60 ◦C) and low pH, was achieved. All in all, these results indicate that the industrial mineral olivine
may serve a viable source of Mg for the production of phosphate cements.

1. Introduction

Alternative binders are gaining interest as one of the technological
solutions aimed at minimizing the carbon footprint of Portland cement
production [1,2]. Between them, the acid-base cements take a special
place [3]. They are dominated by phosphate binders, in which weakly
basic or amphoteric (hydr)oxides react with phosphoric acid (PA)/
phosphate salt aqueous solutions to produce phosphate compounds
through acid-base/hydrolysis reactions [4–7]. Phosphate binders are
also referred to as “chemically-bonded phosphate ceramics” (CBPCs)
because they provide materials with low porosity and high mechanical
strength [3,4,8], in which crystalline hydrates of low solubility occur
often in association with amorphous phases [9]. Some CBPCs, such as
the ZnO-based dental cements, are long known [8], others, like the
phosphate-based geopolymers (PBGs) made by metakaolin (calcinated
kaolinite, Al2Si2O7) have been object of intense research in recent years
[10–12]. The CBPCs based on metal-oxides exhibited flash/rapid
setting, which hampered their use for many applications [13]. Pre-

treatment of the oxides at high temperature was thus considered
necessary to reduce their reactivity and mitigate the rate of dissolution
[4,13]. The dead-burned magnesia obtained in this way has been
employed in magnesium phosphate cements (MPCs), which are mostly
based on struvite (MgNH4PO4⋅6H2O) or K-struvite (MgKPO4⋅6H2O),
with the addition of appropriate retarders (e.g., boric acid) to further
control the setting properties [13–15]. MPCs exhibit interesting prop-
erties, such as high early strength (compressive strength up to 28 MPa in
1 h and above 40 MPa in 3 h), excellent resistance to abrasion and frost,
fire-proof behaviour and low drying shrinkage [16–18]. Notwith-
standing, their diffusion is limited by the high cost of MgO calcination
(above 1500 ◦C) [3,13,14]. Among the possible solutions, there is the
exploitation of alternative sources of Mg.

In this work, the industrial mineral Mg-olivine is tested as precursor
for MPC formation. Olivine is an abundant natural silicate exhibiting full
miscibility for the solid solution between forsterite (Mg2SiO4) and
fayalite (Fe2SiO4) [19]. Due to its crystal structure consisting of isolated
SiO4

4− units interconnected by octahedra occupied by Mg/Fe, olivine
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possesses one of the highest dissolution rates among the silicate min-
erals, since the process requires only the breaking of the relatively weak
Mg/Fe-O bonds [20]. This motivated its use to develop CO2-minerali-
zation strategies involving dissolution in acidic environments [20–22].
Olivine dissolution in strong sulphuric/hydrochloric acid has been also
employed to synthesize high-purity MgO and nanosilica for cement-
based materials [23,24].

The above experimental evidences suggest that the olivine dissolu-
tion in PA may provide a viable alternative to the reaction with mag-
nesium oxide for the production of MPCs, similarly to what has been
described for wollastonite (CaSiO3) phosphate cements [9,25]. Further
support comes from previous works on volcanic ash geopolymers, where
a complex amorphous binding phase was observed to form when reacted
with PA solutions. This was linked to the participation of the ash reactive
phases (of which Fe-rich olivine is one of the components), that was
reported to yield a Fe-Al-Mg-Ca phosphate gel [26–29].

For these reasons, the cementitious properties of olivine reacting
with PA are here investigated as a function of acid concentration and
liquid/solid mass ratio, by addressing molecular issues. The obtained
cements were characterized in terms of mechanical properties, micro-
structure, reaction kinetics and structural features, adopting a combi-
nation of analytical techniques (compressive strength tests, isothermal
conduction calorimetry (ICC), scanning electron microscopy coupled
with energy dispersive spectroscopy (SEM-EDS), X-ray computed micro-
tomographic (CT), X-ray powder diffraction (XRPD), thermogravimetric
analysis-differential thermal analysis (TGA-DTA), 29Si and 31P solid-
state NMR and synchrotron P K-edge X-ray absorption spectroscopy
(XANES). Thermodynamic modelling has also been employed to help in
the interpretation of the reaction mechanisms. We believe such results
provide a significant contribution to understand this system and develop
strategies for managing olivine-rich wastes (e.g., volcanic ashes, steel
moulds, olivine sands), which can be employed in sustainable green
processes to produce phosphate-based materials [26–30].

2. Materials and methods

2.1. Materials

The raw material employed in this study is the Norwegian olivine
provided by Sibelco, reagent grade concentrated phosphoric acid (PA)
solution (85 wt%, Sigma Aldrich, USA), ultrapure water. The olivine
90–180 μm fraction has been milled in the laboratory with a Mini-Mill
Pulverisette 23 (Fritsch, Germany) at 40 oscillations/min for 8 min.
Particle size analysis was performed in triplicate using a laser granul-
ometer LD 1090 (Cilas, Orléans, France), and yielded an average particle
size of d50 = 20 μm and d90 = 60 μm; the specific surface area was
measured by the device ASAP 2020 (Micromeritics, Norcross, GA, USA)
and resulted in 2.7 m2/g (R = 0.9998). The bulk chemical composition
of the raw material was determined by X-ray fluorescence on fused bead
(Supermini Rigaku, Japan) and is reported in Table 1; a SEM-EDS
micrograph of the milled particles is displayed in Fig. 1. EDS revealed
the presence of minor amounts of enstatite ((Mg,Fe)2Si2O6), whereas
olivine occurred in a solid solution of Fo93-Fa7, Mg1.86Fe0.14SiO4.

2.2. Formulation design

The formulation details of the investigated MPC pastes are reported
in Table 2. A similar liquid-to-solid mass ratio (L/S) of 0.5, but different

Table 1
Chemical composition and physical properties of the raw material. The uncertainties are in the order of 2–3 %.

Chemical composition (wt%) BET (m2g− 1) D50 (μm) D90 (μm)

MgO SiO2 Fe2O3 Al2O3 NiO Cr2O3 CaO LOI

Raw material 49.1 41.4 7.3 0.5 0.3 0.4 0.2 0.6 2.7 20.4 61.3

Fig. 1. SEM micrograph of milled raw material, together with EDS spectra of olivine (1) and enstatite (2).

Table 2
Formulations used for MPC samples. L/S: liquid-to-solid mass ratio; W/P: water/
phosphorous molar ratio M/P: magnesium/phosphorous molar ratio.

Raw material PA PA conc. L/S W/P M/P

g g wt%

MPC1 10 5 60 0.5 3.6 4.0
MPC2 10 5 70 0.5 2.3 3.4
MPC3 10 5 80 0.5 1.4 3.0
MPC4 10 10 70 1.0 2.3 1.7
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PA concentrations (60, 70 and 80 wt%) in the solutions were employed
for MPC1, MPC2 and MPC3, respectively. In addition, a fourth sample
(MPC4) was prepared with L/S set to 1.0 and a 70 wt% PA solution.
These formulations allowed investigation about the role of the magne-
sium/phosphorus molar ratio (M/P) and of the amount of used water,
expressed as water/phosphorous molar ratio (W/P), two parameters
that are known to be pivotal in the definition of the MPCs reaction
pathways [6,13].

The solutions were obtained by dilution from an 85 wt% PA solution.
Powder and liquid were mixed with an automated mixer for 5 min; then
the pastes were poured into silicone moulds, sealed in plastic bags and
cured at 60 ◦C for as long as 24 h. This step was performed to accelerate
the olivine dissolution [20]. After the curing stage, the samples were
demoulded and left at room temperature for 1 month. Before the ana-
lyses, the samples were crushed and manually ground till a grain size
<63 μm.

2.3. Analytical methods

The isothermal calorimetry experiment was conducted on the 4
studied formulations with a TAM-Air 8-channel instrument (TA In-
struments, USA). For each sample the solution and the powder were
loaded in the calorimeter using an Ad-Mix® ampoule, which allows
keeping the two components separated. After they were equilibrated at
the nominal temperature of the experiment (60 ◦C), the recording of the
heat of the reaction started with the injection of the liquid onto the
powder. The slurry was mixed for 30 s, and the heat flow was recorded
for 24 h. Reproducibility was checked by measuring sample replicates.

The phase composition of olivine and hardened pastes was deter-
mined by XRPD measurements using a Rigaku SmartLab XE (Rigaku,
Tokyo, Japan) diffractometer (Bragg-Brentano geometry, CuKα radia-
tion, generator operating at 40 kV and 30 mA, divergence slit 0.33◦,
soller slits 2.5◦) equipped with a two-dimensional semiconductor de-
tector Hypix-3000. The energy resolution of the detector was increased
to reduce the fluorescence signal from iron content in the raw material.
XRPD patterns were collected from side-loaded samples between 5◦ and
70◦ 2θ, with a 2θ-step size of 0.02◦ and scan speed of 0.5◦/min, while
spinning at 60 rpm to reduce preferred orientation and texture effects.
The Rietveld analysis, using high-purity corundum as an internal stan-
dard (10 wt%), was employed to determine the mineralogical compo-
sition of the raw material and cement pastes, including the amorphous
content. The software Topas Academic V7 was adopted for the Rietveld
refinement of XRPD patterns. The Rietveld strategy was based on the
Fundamental Parameters approach and involved the refinement of 8
Chebyshev polynomial background coefficients, sample displacement
parameter, phase scale and cell parameters, together with an isotropic
(Lorentzian) crystallite size parameter of each phase. The site occupancy
and database entries of the employed phases are listed in Table S1.

The refined phase fractions were used to calculate the dissolution
degree (DD) of olivine in the samples, according to the formula:

DD =

(

1 −
Ws(1+ LS)

Wi

)

× 100

where Ws and Wi represent the olivine phase fractions in the cement
samples and rawmaterial, respectively; LS is mass liquid-to-solid ratio in
the formulation as set out in Table 2.

The thermal behaviour of the hardened cements was assessed by
recording weight loss in the temperature range 30–750 ◦C using a STA
504 thermal analyser (TA Instruments, DE). The measurements were
performed on powdered samples around 20 mg in weight at a heating
rate of 20 ◦C/min under an N2.

The SSNMR measurements on 31P were recorded at room tempera-
ture on a solid-state NMR spectrometer (JNM-ECZR 600, JEOL RESO-
NANCE Inc., Japan) with a magnetic field of 14.1 T, operating at 1H and
31P Larmor frequencies of 600.1 and 242.9 MHz, respectively. The 29Si

spectra were acquired with a Bruker Avance II 400 Ultra Shield instru-
ment, operating at the 29Si Larmor frequency of 79.5 MHz. The samples
were packed into 3.2- and 4-mm zirconia rotors and spun at a MAS
frequency of 20 and 12 kHz, for 31P and 29Si experiments, respectively. A
90◦ pulse of 5 μs, a relaxation delay of 50 s and a number of scans of 100
were set for 31P single-pulse experiments, while a 90◦ pulse of 6 μs, a
relaxation delay of 50 s and a number of scans of 1000 were employed
for 29Si single-pulse measurements. 31P{1H} cross-polarization spectra
were collected with a contact time of 0.5 ms and relaxation delay of 1 s.
31P chemical shifts scale was referenced through the resonances of
external standard (NH4)H2PO4 (31P signal at 0.72 ppm with respect to
85 % H3PO4), while the 29Si chemical shift scale was calibrated through
the signal of external standard kaolinite (at − 91.2 ppm with respect to
TMS). The 29Si chemical environments are expressed with the Qn(mAl)
notation, where n indicates the number of the SiO4

4− bridging oxygens
and m indicates the number of Al to which they are connected to [31].
The SSNMR spectra deconvolution analysis was carried out using the
DMFIT software [32], by employing pseudo-Voigt functions; the esti-
mated uncertainty on the determined fractions is in the range of ±1 %.

The P K-edge XANES spectra of the samples were collected at the
ASTRA Beamline of SOLARIS National Synchrotron Radiation Centre in
Krakow (Poland). All the samples were finely ground, and thinly
deposited on Kapton foil, to be measured in transmission mode. They
were examined by using Ge (111) double crystal monochromator, at
room temperature and in a N2 atmosphere under low pressure of 11
Torr. A FePO4 standard was measured for energy calibration to 2154.2
eV between samples. A number of scans ranging from 3 to 6 was
collected for each sample, while the corresponding μ(E) curves were
averaged after checking for signal reproducibility. The XAS spectra were
collected with an energy step of 5 eV in the pre-edge region and of 0.2 eV
in the near-edge region (XANES), with a time step of 1 s. The energy
alignment and normalization to the edge-jump as well as XANES Linear
Combination Fitting (LCF) analysis were performed by using the
DEMETER open-source package (ATHENA) [33]. The reference spectra
of two relevant magnesium-phosphate compounds, newberyite and
bobierrite, and iron-phosphate compounds, namely strengite and viv-
ianite, were retrieved from the inorganic P XANES database of the ESRF
ID21 beamline [34–36].

Secondary electrons (SE) and back-scattered electrons (BSE)–EDS
images were collected, and analyses performed, by a Tescan Vega
scanning electron microscope equipped with a Ultim Max-15 EDS de-
tector (Oxford Instruments), operating at 10 and 15 kV and beam cur-
rent of 20 pA and 1 nA for imaging and chemical composition
determination, respectively. EDS mapping was performed with Aztec
software by employing a 512 × 386 grid, with a 0.1 μm pixel size and
0.3 ms dwell time. Additional maps on MPC4 sample were acquired on a
Jeol JSM IT300 (JEOL USA Inc.) instrument equipped with a Ultim Max-
65 EDS detector (Oxford Instruments) and operating at beam current
and voltage of 4 nA and 15kV, respectively. The maps were collected
with a 512× 386 grid, having 0.1 um pixel size and 4 ms dwell time. The
measurements were performed on samples retrieved from compression
test fragment, either directly on exposed internal surfaces (morphology)
or after epoxy-embedding and polishing (EDS maps). All the samples
were C-coated before analysis.

X-ray computed micro-tomographic (CT) imaging of the MPC sam-
ples was performed at the Helmholtz Zentrum Dresden-Rossendorf in
Freiberg (Germany), equipped with a CoreTOM (Tescan) scanner. Data
were collected at room temperature on cylindrical samples (diameter of
~7 mm, height ~ 80 mm) at 140 kV and 15 W. The voxel size achieved
with a detector binning of 2 was 8 um. 2142 2D radiographs (pro-
jections) with exposure time 1.6 s over a total angular range of 360◦. A
0.155 mm stainless steel filter was used to mitigate beam hardening
effect. The radiographs were reconstructed in three-dimensions (3D)
with a filtered back-projection algorithm using the Panthera recon-
struction software. The visualization of the reconstructed and filtered
(anisotropic diffusion algorithm) two-dimensional (2D) slices was
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performed with the Fiji freeware software [37]. Subsequent segmenta-
tion, aimed at isolating microstructural features for the characterization
and the quantitative image analysis, was accomplished with the soft-
ware Dragonfly (ORS Inc., Canada) [38]. The selection of each grey level
threshold was performed manually and kept constant between samples.

Compressive strength tests were performed on 30-day cured MPC
cubes (1 × 1 × 1 cm), measuring 4 replicates by means of an Instron
3345 (Instron, USA) loading frame at a loading speed of 0.2 mm/min
and 5 N load cell under laboratory conditions (23± 2 ◦C, room humidity
40 ± 5 %).

2.4. Thermodynamic modelling

The geochemical GEMS-PSI software [39], along with the PSI ther-
modynamic database [40], the cement-specific Cemdata18 [41] and the

recently proposed database of magnesium phosphates magnesium sili-
cate hydrates (M-S-H) [42,43], were used for simulations of the phase
assemblages resulting from the olivine dissolution in the formulations of
Table 1. GEMS was chosen as it directly models the Gibbs energy of the
system and minimises it under the constraint of total bulk chemical
composition [39,41]. Some assumptions were made in the definition of
the model: i) enstatite was considered inert, since its kinetics of disso-
lution are significantly slower than those of forsterite; ii) Fo100 was
used as a dummy of olivine (Fo93). Such approximations are motivated
by the comparatively high purity of the employed raw materials and the
lack of thermodynamic data on Fe-phosphates; iii) a fixed temperature
of 60 ◦C was set, since the relative stability of magnesium phosphate
phases is highly dependent on the temperature [37], although the
samples were cured only for 24 h at 60 ◦C. The thermodynamic data at
conditions of 1 bar but above 25 ◦C are calculated using the temperature

Fig. 2. Isothermal calorimetry curves collected at 60 ◦C. Top: heat flow normalized to the cement mass; bottom: cumulative total heat normalized to the cement
mass. Arrows mark a contribution ascribed to product formation.
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dependence of the “apparent” Gibbs free energy of formation as detailed
below:

where a0, a1, a2, and a3 are the empirical coefficients of the heat capacity
equation C0

p = a0 + a1T + a2T− 2 + a3T− 0.5 and T0 is the reference tem-
perature (298.15 K). ΔfG0

T0
and S0T0 refer to free energy and entropy of

formation from the elements at 298 K, respectively. The above calcu-
lation is built into the GEMS-PSI code. A more detailed description of the
derivation of the dependence of temperature of the Gibbs free energy is
given in [39].

3. Results and discussion

3.1. Isocalorimetry

The recorded heat flow traces (normalized to the amount of cement)
up to 100 min, collected at 60 ◦C to represent the curing conditions of

the samples, are shown in Fig. 2 (top). All the curves are characterized
by an intense exothermic peak appearing at the very beginning of the

reaction and reaching its maximum within the first 10 min. MPC2 and
MPC3 display similar peak positions and heights (2.8 min and
0.350–0.360 W/g, respectively), while MPC1 shows a slight delay and
higher intensity (3.5 min and 0.401 W/g). MPC4 peaks to 0.650 W/g, at
3.6 min.

This first exothermic event is characterized by a marked asymmetry,
which is more pronounced for MPC1, followed by MPC2, MPC3 and
MPC4. When considering the full-time scale (inset in Fig. 2, top), it is
apparent that a second component, evidenced by a change in slope, is
present in all the heat flow curves (see arrows). The heat flow curve of
MPC1 drops to negligible low values already after ~90 min, while for
the other formulations this additional exothermic event is more resolved
in time. In MPC4 it is clearly visible as a second maximum at around 200
min. When considering the curves of heat released after 24 h, illustrated

Fig. 3. X-ray diffraction patterns of olivine raw material and cement samples.

ΔaG0
T = ΔfG0

T0 − S0T0 (T − T0) −

∫ T

T0
d Tʹ

∫ T́

T0

C(T́ )́P
Tʹ́ dT́ʹ= ΔfG0

T − S0T0 (T − T0) − a0
(

Tln
T
T0

− T+T0

)

− 0.5a1(T − T0)
1
− a2

(T − T0)
2

2TT0
− a3

2
( ̅̅̅

T
√

−
̅̅̅̅̅
T0

√ )2

̅̅̅̅̅
T0

√
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in Fig. 2 (bottom), the MPC1 formulation, obtained with 60 wt% PA
solution and the highest M/P ratio, confirmed its fast overall kinetics
with the maximum of evolved heat reached already after 80–90 min.
Moreover, this produced the lowest amount of heat (201.6 J/g) after 24
h.

In the formulation of MPC2, obtained by increasing the acid con-
centration (70 wt%), still preserving the same amount of liquid in the
mix, the overall kinetics slow down. The isocalorimetric signal indicates
that this should be mainly due to the contribution of the second event of
heat release, forming a broad peak in the heat flow curve extended well
beyond 300 min. This translates in an enhancement of the developed
total heat after 24 h (270 J/g).

The increase in PA concentration (80 wt%) in MPC3 further extends
the second enthalpic contribution in time. Here, the rates during the first
reaction step are faster (higher heat flow peak at about 3 min) but they
drop below those of MPC2 during the second reaction step. Therefore,
the total released heat at 24 h takes intermediate values between MPC1
and MPC2 (240.6 J/g).

A different behaviour is exhibited by sample MPC4, which was
formulated with the lowest M/P ratio but twice the amount of liquid
with respect to the other samples. A remarkable increase in the overall

rates with twice the amount of released heat is observed (524 J/g).

3.2. XRPD and TGA-DTG

The XRPD patterns of the olivine raw material and cement samples
are displayed in Fig. 3. The results of the Rietveld quantitative phase
analysis are reported in Table 3, while an example of the graphical
output of a Rietveld refinement for MPC1 is illustrated in the Supple-
mentary Material Fig. S1.

The raw material powder was composed of olivine (88 wt%), with
minor amounts of enstatite and Mg-chlorite [44]. When turning to the
cements, from a qualitative standpoint, it can be noticed that residual
olivine remains in all the samples. This is a common aspect of this class
of cements, since the powder dissolution step is frequently incomplete,
owing to kinetic factors or an unfavorable stoichiometry with respect to
some of the reagents (here M/P is significantly higher than 1) [5,6,13].
In all the diffraction patterns, peaks pertaining to newly formed new-
beryite (MgHPO4⋅3H2O), were observed.

The quantitative phase analysis indicated that in the samples ob-
tained by employing the same L/S ratio, the residual olivine content
decreased down to around 40 wt%. This implies that around 25–33 % of
olivine reacted, according to the concentration in the starting mixture
(Table 2). Olivine dissolution increased with the decrease in M/P molar
ratio. This is well exemplified in MPC4, where the higher amount of acid
increased the olivine reactivity up to ~57 %, in agreement with the
results of isothermal calorimetry (Fig. 2).

For most samples, the enhanced olivine dissolution correlated with
the amount of precipitated newberyite (MPC4 > MPC2 > MPC1),
whereas the amorphous fraction remained almost constant (18.2–20.4
wt%). At variance with this trend, in MPC3 the residual olivine was
similar to that in MPC2, but the crystalline newberyite content dropped
to its lowest value and the amorphous content achieved its maximum
(35.0 wt%).

The TGA thermograms of cement samples are shown in Fig. 4,
together with the related derivatives. For MPC1, MPC2 and MPC4, the
main weight loss occurred between 140 and 250 ◦C. This is the

Table 3
Results of Rietveld quantitative phase analysis of the prepared samples. The
reported errors represent the standard deviation of three different measurements
at the same conditions.

Raw
material

MPC1 MPC2 MPC3 MPC4

wt%

Olivine 88.1 ± 1.1 43.9 ±

0.7
40.7 ±

0.6
39.2 ±

0.5
18.9 ±

0.6
Enstatite 8.7 ± 0.6 3.8 ± 0.5 4.1 ± 0.4 3.3 ± 0.4 2.6 ± 0.4
Chlorite 3.2 ± 0.2 2.1 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 1.4 ± 0.2
Newberyite 31.9 ±

0.4
34.2 ±

0.5
20.1 ±

0.4
56.7 ±

0.6
Amorphous 18.2 ±

1.0
19.1 ±

0.9
35.0 ±

1.0
20.4 ±

1.1

Fig. 4. Thermal analysis (TGA, top; DTG, bottom) of the MPC samples.
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temperature interval of the first step of thermal decomposition of new-
beryite, corresponding to its dehydration to obtain MgHPO4 [45]. A
further weight loss, up to 450–500 ◦C, is assigned to decomposition of
the anhydrous MgHPO4 into the corresponding pyrophosphate,
Mg2P2O7 [45]. According to the theoretical weight loss associated with
newberyite (36 %) [40], a good match is observed with respect to the
total measured weight loss and the one estimated through newberyite
content by XRPD: 13.8 % and 11.5 % for MPC1; 14.9 % and 12.3 % for
MPC2; 22.5 % and 20.4 % for MPC4. The measured difference (2.3, 2.6,
2.1 %, respectively) may be related to water bound to the X-ray amor-
phous phase. The thermogravimetric curve of MPC3 differed from those
of the other samples since the weight loss started already at 40 ◦C, thus
suggesting the presence of residual PA solution and dehydration of a
hydrated gel, in accordance with the higher amorphous content detected
by XRPD [26,27,46].

3.3. Spectroscopic analyses

3.3.1. Solid-state NMR
The single-pulse 31P MAS spectra of the cement samples are pre-

sented as black lines in Fig. 5. All spectra displayed one peak centered at
− 7.1 ppm, assigned to the unique crystallographic P site of newberyite
[47]. The broad lineshape, uncommon for crystalline compounds
(Fig. 3) [31,48], was possibly related to the presence of paramagnetic
elements (i.e., Fe), which are known to significantly broaden the NMR
spectra due to the dipole-dipole interaction between nuclear and elec-
tron magnetic moments [49,50]. Moreover, a minor resonance centered
at − 19.5 ppm was identified, whose chemical shift could be assigned to
amorphous aluminum phosphates formed by the partial dissolution of
the chlorite impurities [11,12].

The spectra deconvolution allowed isolating an additional contri-
bution, centred between − 0.7 and − 1.5 ppm, whose resonance may be
assigned to an amorphous HPO4

2− component [47,51]. It is well evident
in the MPC3 sample, where it comprises most of the signal (53 %,
Table 4), although the different δiso (isotropic chemical shift) may
indicate a variation in the local environment of phosphorus, as sug-
gested by the TGA analysis. The results of 31P{1H} cross-polarization
experiments, which enhance the signal from 31P nuclei in close to
hydrogen nuclei [52], are illustrated in Supplementary Material Fig. S2.
In the MPC3 spectrum, the resonance assigned to the amorphous phase
is visible, albeit less intense than the one pertaining to newberyite,
indicating a less efficient magnetization transfer. This may be due to a
lower concentration of protons, a larger distance between 1H and 31P
nuclei, or a higher mobility (i.e. faster dynamics) [31,52]. Given its
much lower intensity, we cannot prove/disprove the presence of this
component in the MPC1, MPC2 and MPC4 samples, for which the signal
was already very low in the single pulse 31P MAS spectra.

The single-pulse 29Si MAS spectra of the raw material and cement
samples are presented in Fig. 6. The raw material spectrum was domi-
nated by a very broad signal centered at − 58.3 ppm, close to the
chemical shift range of nesosilicates (Q0), which is assigned to olivine
[49,50]. Additional resonances at lower ppm values are related to the
silicate impurities in the raw material, such as the inosilicate (Q2)
enstatite at − 81.9 ppm and the phyllosilicate chlorite (Q3(1Al)) at − 93
ppm [53]. The anomalous broadening appears again in contrast with the
high crystallinity of the raw material as determined by XRPD. Indeed,
the paramagnetic broadening effects are markedly influenced by the
interatomic distance between the paramagnetic ions and the target
nuclei [50,54]. Two additional contributions were recognized, which
correspond to the typical silanol (Q3, − 101 ppm) and bulk silicate (Q4,
− 111 ppm) groups of amorphous silica [31,53].

Although the paramagnetic effects can negatively affect the accuracy
of the quantification [31,53], the deconvolution results in Table 5 are in
good agreement with those obtained from XRPD (Table 3). Along with
the improved dissolution of olivine by increasing the concentration and
amount of PA (26.8, 34.1, 35.9 and 60.8 % for MPC1, MPC2, MPC3 and

Fig. 5. 31P MAS spectra of MPC samples (black lines), with deconvolution re-
sults (red lines) and assignments. Mg–P and Al–P stand for magnesium
phosphate and aluminum phosphate, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

D. Bernasconi et al. Cement and Concrete Research 186 (2024) 107694 

7 



MPC4, respectively), a progressively larger fraction of produced silica
was calculated.

3.3.2. P K-edge XANES
The P K-edge XANES spectra of the cement samples are presented in

Fig. 7, along with reference spectra of two Mg phosphates, namely
bobierrite (Mg3(PO4)2•8H2O) and newberyite, and two Fe-phosphate,
such as strengite (FePO4•2H2O) and vivianite (Fe3(PO4)2•8H2O). The
newberyite spectrum is characterized by an intense white line at 2152
eV, followed by a post-edge feature at 2156 eV and broad oscillations at
2165 and 2168 eV in the full multiple scattering regime. The bobierrite
spectrum was characterized by a more structured signal, with a sharper
oscillation at 2164 eV and a more extended post-edge feature at 2157 eV
[34,55]. The strengite reference displayed a diagnostic pre-edge tran-
sition at 2148–2149 eV, assigned to the presence of Fe(III), while viv-
ianite showed more evident post-edge features at 2156 and 2162 eV
[35–36].

In the MPC samples, the spectral features of newberyite were
observed without significant energy shifts (Fig. 7). On this basis, a linear
combination fitting (LCF) has been attempted and the results are re-
ported in the Supplementary Material Fig. S3. In all MPCs, newberyite
accounted for >92 % of the signal, thus suggesting that the main local
environment of P closely resembles that of a Mg hydrogen phosphate.
This seems to be the case also for MPC3, which may provide support to
the SSNMR assignment in Table 4. The reminder signal was tentatively
assigned to bobierrite, although, in the LCF procedure, components
occurring <10 mol% are usually considered below the quantification
threshold [56,57]. Similarly, any attempt in introducing the Fe-
phosphates spectra to the LCF resulted in a divergent or null
contributions.

3.4. Microstructural investigations

3.4.1. SEM-EDS
The microstructure of the MPC samples is illustrated in the gallery of

SEM micrographs in Fig. 8. The internal surfaces appeared rather
compact, with unreacted olivine crystals embedded in a dense matrix.
The newberyite crystals, recognized by EDS with an M/P ratio of
0.97–1.01 (Supplementary Material Fig. S4), thus close to the nominal
values, were pervasive and densely packed. They were more developed
inside some of the large pores, as shown by the micrographs of MPC4,
where they exhibited a tabular pseudo-hexagonal habit, often accom-
panied by a hopper morphology, typical of fast crystallization [58]. The
morphological analysis showed the presence of domains formed by the
aggregation of micrometric and sub-micrometric particles. They
impaired the compactness of the microstructure and appeared more
developed in MPC1, as illustrated in the corresponding high-
magnification micrograph in Fig. 8. An amorphous, or gel-like, phase
exhibiting a different morphology is also observed in MPC3 (Fig. 8). The
EDS spectra in Fig. S4 suggest that neither P-rich gel nor a magnesium
phosphate phase are present.

The cement cross-sections investigated with BSE-EDS (Fig. 9) further
confirmed these observations. The “aggregation” domains in MPC1
clearly evidenced a higher microporosity and were composed by
micrometric particles of amorphous silica and some residual olivine

crystals, in contrast with the other compact regions (lower right half of
the micrograph), rich in Mg phosphate (i.e., newberyite) intermixed
with precipitated silica, embedding the olivine grains. The EDS maps in
Fig. 9 clearly showed that the amount of newberyite in these regions was
higher in sample MPC4 than MPC1 and MPC2, in agreement with XRPD
(Table 3). In MPC3, the amorphous phase (bottom right) was more
abundant than in the other samples and displayed a chemical compo-
sition very similar to the one of the crystalline regions (top left), albeit
enriched in P, with a mean M/P ratio of 0.92 (Supplementary Material
Fig. S5). Additional EDS maps on MPC4 showed a relatively homoge-
nous distribution of iron in the matrix, together with small regions rich
in Mg-P-Fe, suggesting a preferential binding to the phosphates (Sup-
plementary Material Fig. S6). From the microstructural point of view,
the polished sections evidenced the presence of diffused microcracks,
which may be due to the sample preparation procedure, although
similar crack patterns have been previously reported in volcanic ash
geopolymers as well as MPCs based on struvite or K-struvite and
ascribed to dehydration and shrinkage effects during curing
[26,28,59–61]. This suggests that control on curing process is funda-
mental to improve the mechanical performance of these materials [62].

3.4.2. CT
The MPCs microstructure has been further investigated by CT. Ex-

amples of slices of the reconstructed volumes are shown in Fig. 10. From
a qualitative point of view, the cement samples appeared compact with
the brighter olivine crystals homogeneously distributed throughout the
phosphate matrix. A limited porosity was present, mostly due to sub-
spherical pores, caused by air entrainment [63]. The MPC1 sample was
characterized by extensive dendritic domains whose darker distribution
of grey levels resulted from the association of a higher fine porosity and
a low absorption (inset Fig. 10), in agreement with SEM-EDS observa-
tions (Fig. 8–9). In addition, in MPC2 the total porosity was also
contributed by cracks, frequently starting from the subspherical pores
and/or connecting them, that may be ascribed to drying shrinkage
during the material hardening [64]. In fact, in brittle materials pores act
as stress concentrators [65]. These cracks are present in the sample
MPC3, although with lower density and size, while are not observable in
the sample MPC4.

The quantitative image analysis has been performed by defining four
classes of objects, according to their distribution of grey levels, namely:
1) voids (pores and cracks), with the lowest absorption; 2) the inter-
mediate region as described above for MPC1; 3) the P-rich matrix; 4) the
olivine and minor phases denser than olivine (light grey to white). The
poor contrast between the amorphous phase and crystalline newberyite
cannot allow one to obtain a reliable quantification. The adopted
approach and an example of the definition of the thresholds for the
volume segmentation are provided in Supplementary Material Fig. S7,
while 3D renderings of cylindrical ROIs of the obtained segmented
classes are shown in Fig. 11. The retrieved quantitative data are sum-
marized in Table 6. It is worth mentioning that the spatial resolution
limits the accuracy of the quantification of smallest/finer features; it is
the case of a fraction of olivine crystals and intermediate phases.
Nonetheless, since the same grey thresholds are employed for all the
samples, the errors are expected to be similar, thus allowing for a rela-
tive comparison between the samples, even though the absolute volumes

Table 4
Results of deconvolution of 31P MAS spectra.

MPC1 MPC2 MPC3 MPC4

δiso Amount δiso Amount δiso Amount δiso Amount

ppm mol% ppm mol% ppm mol% ppm mol%

MgHPO4 (am) − 1.5 8.7 − 1.4 7.5 − 0.7 52.9 − 1.7 5.3
Newberyite − 7.1 89.8 − 7.1 91.4 − 7.1 44.9 − 7.1 93.6
Al phosphate (am) − 19.2 1.5 − 19.5 1.1 − 19.4 2.2 − 19.3 1.1
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Fig. 6. 29Si MAS spectra of olivine raw material and MPC samples, with deconvolution and assignments.

D. Bernasconi et al. Cement and Concrete Research 186 (2024) 107694 

9 



measured ought to be considered semi-quantitative [66].
Nonetheless, interesting trends, in substantial agreement with the

results presented above, can be observed. The intermediate phase is
present mostly in MPC1 (orange, Fig. 11), reaching 11%vol. The volume
fraction of olivine (green, Fig. 11) is the highest in the sample MPC1,
slightly lower in MPC2 and MPC3 and significantly lower in MPC4, as
indicated by XRPD and SSNMR. The voids (blue, Fig. 11) volume frac-
tion is confirmed to be rather low (< 5 vol%) compared with other
MPCs, such as the Mg–K phosphate cements (8–14 %) [67]. Owing to
the presence of cracks, the sample MPC2 exhibited the highest value.

3.5. Compressive strength

The results of compressive strength tests on the 30-days old cements
are graphically illustrated in Fig. 12. By comparing the samples with the
same L/S, it can be noticed that the increase in PA concentration posi-
tively impacted on the measured strength. One of the possible reasons
could be the progressive decrease in the highly porous domains rich in
amorphous silica described in the previous sections, thus strengthening
the whole microstructure. It might be argued that these regions exerted
their weakening effect mostly because of their poor internal cohesion, as
well evidenced in Figs. 9 and 10. Notably, MPC2 showed worse per-
formances than MPC3 (24 against 40 MPa), possibly due to the high
number of cracks in the former, weakening the microstructure, and the
highest amount of amorphous fraction in the latter, which helps
compact the microstructure [7,63]. The highest value achieved byMPC4
(76 MPa) points to a strengthening effect of the concurrent increase in
olivine dissolution and newberyite crystallization [13].

3.6. Thermodynamic modelling and reaction products

The results of the simulation of the forsterite reaction with PA are
presented in Fig. 13 for MPC4, and as Supplementary Material
Figs. S8–S10 for the other three formulations.

According to the model, at the beginning of the reaction the disso-
lution of forsterite immediately allows reaching the supersaturation
conditions for the precipitation of silica [20,21], following the equation:

Mg2SiO4 +4H+→2Mg2+(aq) + SiO2 +2H2O (1)

This reaction increases the pH [20,25]. When pH-values of around 3
are reached, and with an M/P molar ratio in solution of ~0.5, the pre-
cipitation of newberyite is triggered, according to the equation:

Mg2+(aq) +H2PO4(aq)–+3H2O→MgHPO4⋅3H2O+H+ (2)

Reaction (2) keeps the pH at ~3.2, and up to ~50 % of forsterite is
dissolved. At the same time, the Al3+ ions by the partial dissolution of
chlorite cause precipitation of minor amounts of Al phosphate
(AlPO4•2H2O, variscite). Moreover, forsterite dissolution increases the
pH and favours the replacement of newberyite with other Mg phosphate
hydrates, such as Mg3(PO4)2•8H2O (bobierrite) and Mg3(PO4)2•4H2O.
At high forsterite conversion (> 80 %), the basic pH (8.2) induces a
destabilization of the amorphous silica, which reacts with the available
magnesium to precipitate poorly crystalline magnesium silicate

hydrates (M-S-H) [43].
A similar pathway is predicted for MPC1, MPC2 and MPC3, but,

because of the much higher overall M/P ratio (between 3.0 and 4.0) and
lower L/S ratio, the stability ranges of the dissolution products are
shifted towards the left side of the diagrams, owing to the more
concentrated conditions (Figs. S8–S10). Altogether, this results in the
anticipated precipitation of newberyite already at a forsterite reactivity
degree of just 10 %, bobierrite (20–35 %) and M-S-H (30–45 %). The
conditions of basic pH are reached at a lower reactivity degree of for-
sterite, while the Mg3(PO4)2•4H2O precipitation with respect to
bobierrite is more favoured passing from MPC1 to MPC3, due to the
increase in the acid concentration (i.e., lower amount of water). For the
same reason, at a higher reactivity degree farringtonite is stabilized
(Mg3(PO4)2), whereas in all of the three samples the chemical conditions
do not allow for a complete forsterite dissolution.

The phase assemblages of the reaction products determined by the
XRPD quantitative phase analysis and those obtained by the modelling
at the same degree of olivine conversion, are compared in Table 7. The
model correctly predicted newberyite as the main product, although a
large overestimation occurs for MPC3 (37.7 wt% against 20.1 wt%).
Variscite accounts for <1 wt%, which may explain why it was not
detected by XRPD, but, at the same time, this corroborates the assign-
ment and quantification made on the 31P MAS spectra (Table 4).

On the other hand, the model systematically indicates that an addi-
tional hydrate is expected to form, either bobierrite or Mg3(PO4)2•4H2O,
while in all the samples only newberyite was observed as a crystalline
phase. This may be explained by their slow precipitation kinetics
[25,42]. Alternatively, their formation can be mediated by an amor-
phous magnesium phosphate precursor. Transient amorphous phases
have been observed during precipitation of silica, calcium carbonates,
and alkaline phosphates [4,8,68]. Transition amorphous phases have
already been reported in MPCs, where they are considered precursors of
the crystalline reaction product K-struvite (KH2PO4•6H2O) [5,8,69].
They commonly form at high supersaturation levels [8,70], and
frequently exhibit structural similarities with the crystalline counter-
part, with which they may share the same structural units. This issue is
common to all phosphate-based cements, owing to the low volume of
water and fast dissolution kinetics, leading to out-of-equilibrium con-
ditions [6,8].

Spectroscopic results suggested that an amorphous component con-
taining P might be present, in addition to newberyite. This may explain
the systematically higher content in the amorphous fraction detected by
XRPD with respect to the amount predicted by the thermodynamic
simulations (i.e., the precipitated silica). Although the P XANES LCF in
Fig. S3 points to a bobierrite-like local environment, the chemical shift
observed by 31P solid-state NMR (δiso between − 0.7 and − 1.5 ppm) is
relatively far from the bobierrite resonance occurring at 4.5 ppm, rather
suggesting the presence of an amorphous MgHPO4 phase [15,47]. This is
further supported by the MPC3 analysis, in which, on the one hand, the
EDS investigation shows an Mg/P ratio < 1 in the amorphous regions
(Fig. S5) while, on the other hand, the newberyite can describe most of
the P XANES signal of the sample, even though the amorphous compo-
nent is higher than the crystalline phases’ (Table 4). Moreover, it is also
worth considering that in MPC3 the amorphous phase may be more

Table 5
Results of deconvolution of 29Si MAS spectra.

Raw material MPC1 MPC2 MPC3 MPC4

δiso Amount δiso Amount δiso Amount δiso Amount δiso Amount

ppm mol% ppm mol% ppm mol% ppm mol% ppm mol%

Q0 (olivine) − 58.3 94.4 − 58.3 69.1 − 58.3 62.2 − 58.3 60.5 − 58.3 37.4
Q2 (enstatite) − 81.9 2.4 − 81.9 2.1 − 81.9 2.3 − 81.9 2.1 − 81.9 1.5
Q3(1Al) (clay) − 93.1 3.2 − 93.1 2.1 − 93.1 2.3 − 93.1 2.1 − 93.1 2.2
Q3 (am. silica) – – − 101.3 12.3 − 101.3 15.2 − 101.4 15.9 − 101.1 24.4
Q4 (am. silica) – – − 111.7 14.4 − 111.2 18.0 − 111.4 19.4 − 111.5 34.5
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complex than in the other samples, given that it involves additional
contributions as suggested by the different 31P solid-state NMR δiso
(Table 4) and TGA weight loss profile (Fig. 4).

Previous investigation on volcanic ash geopolymers have pointed out
the pivotal role of Fe in strengthening the matrix, due to its readily
availability in acidic environment [26,27]. Here, as olivine dissolves, it
is reasonable to expect iron to be incorporated in the reaction products,
since it is part of the solid solution (7 % fayalite). However, no decisive
conclusion about its fate has been found with the techniques employed.
In one case, NMR is severely limited in the investigation of paramagnetic
species, as discussed in Section 3.3. Moreover, no pre-edge feature
typical of Fe(III)-phosphate was observed in the samples P K-edge
XANES spectra, while vivianite contribution may be below the detec-
tion/quantification limit of XANES LCF. In this latter case, self-
absorption effects due to fluorescence detection can hamper the signal
and complicate the procedure [56]. The SEM-EDS spectra and maps
showed an Fe content uniformly distributed in the matrix. Although to
the best of our knowledge the possible substitution of magnesium with
iron in newberyite is not reported, it is proven that Fe may influence P
availability/recovery in soil by precipitation of Fe(III)/Fe(II) phos-
phates, depending on pH and redox conditions [35,35,71]. In addition,
struvite precipitation experiments in presence of Fe ions suggested
competition with Mg to precipitate vivianite [72]. The EDS analysis
shown in Fig. S6 points to a similar behaviour, where regions rich in Fe
and P were observed. Although the Fe role in the system is of paramount
importance when less pure olivine or olivine-rich waste are employed,
its investigation would require more specific approaches, such Fe K-edge
XAS, Electron Paramagnetic Resonance (EPR) and Mossbauer spectros-
copies [73].

3.7. Formation mechanism of olivine-phosphate cements

Understanding the dissolution process of forsterite is crucial to
develop a mechanistic model for the cement reaction. Previous works
have shown that mechanisms and rates of dissolution of silicate minerals
in aqueous solution depend on the connectivity of their silica framework
and the characteristics of the metal‑oxygen bonds [20]. As mentioned in
the introduction, the structure of forsterite consists of isolated SiO4

4−

tetrahedra linked by Mg2+ cations in octahedral coordination [19].
Under acidic conditions, the less stable ionic Mg–O bonds (~3816 kJ/
mol) breakmore easily than the covalent Si–O bonds (~13,000 kJ/mol)
[21,22]. The magnesium ions are thus released from the mineral surface
and form activated complexes with water. Their vacancies are replaced
by protons, and the isolated SiO4

4− tetrahedra enter in the solution [20].
This process is usually confined to the very surface of the grains (up to
100 nm), in contrast with the dissolution of chain-silicates, like
wollastonite, which is accompanied at acidic pH by a H+ diffusion
deeper into the lattice, eventually promoting silica tetrahedral conden-
sation [20,63]. Thus, this congruent dissolution of olivine coupled with
the low solubility of silica at low pH (< 3), may produce the observed
discrete silica-rich domains (Figs. 8–9), by agglomeration of sub-
micrometric particles. This is further confirmed by 29Si SSNMR, which
evidenced a significant fraction of surface silanol (Q3) groups with
respect to bulk silicate (Q4) (Table 5), as commonly found in synthetic
silica nanoparticles [74,75].

The leaching of Mg2+ ions and the replacement with protons has
been observed to come to completion in few minutes [21,22,76].
Moreover, since the concentration of the activated complexes is deter-
mined by the amount of protons and water, the dissolution rate of for-
sterite is influenced by pH and activity of water [20,21]. Therefore,
considering the conditions of the experiments, the first exothermic event
in the heat flow curves could be ascribed to this process. The successive
reaction steps, in partial overlap with the first one, include the
condensation of silica tetrahedra and the precipitation of amorphous
and crystalline phosphates, whose presence is proven by XRPD, 31P NMR
and XANES. In analogy with other CBPCs, the positive enthalpy

Fig. 7. P K-edge XANES spectra of the references and cement samples [31].
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Fig. 8. SEM-SE micrographs of MPC samples, at two different magnifications.
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contribution of these reactions can be reasonably identified as the sec-
ond signal observed in the calorimetric traces [5,9]. Unfortunately, no
physically sound approach to disentangle the contributions of single
heat flow events in the isothermal calorimetry signal have been devised
yet [9]. However, for illustrative purposes, the heat flow curve of MPC2
has been fitted by two asymmetric peak functions (Fig. S11) to show that
the apparently small enthalpic contribution of the process of product
formation is actually of the same order of magnitude of the one due to
the olivine dissolution. According to the collected experimental evi-
dence, this second event of heat release may comprise more than one

contribution, which, due to the intrinsic limitation of the method,
cannot be unfolded. Overall, the rates are low but distributed over long
times. This is common to other CBPC systems, in which high supersat-
uration levels, attained after the early dissolution steps, trigger the
precipitation of the phosphates. Since this process entails the progres-
sive conversion of water from free (in solution) to bound (into the
products), the ion mobility drops, slowing down the overall kinetics
[5,77,78].

The increase in acid concentration at the same L/S ratio (MPC1 to
MPC3), promotes a more effective dissolution of olivine, as confirmed by

Fig. 9. SEM-BSE micrographs of MPC cross-sections together with the layered EDS maps. The selected colours allow to visualize the qualitative phase distribution, in
terms of Mg—phosphate (orange),Si-rich region (light blue), olivine (violet) and enstatite (blue), (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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the steeper and more “compressed” first part of the heat flow curves
(Fig. 2). It follows that at equilibrium a higher amount of product is
expected to form, as predicted by the thermodynamic simulations.
However, as discussed in the previous section, the reaction becomes also
progressively dependent on the kinetics, thus favouring amorphous over
crystalline products, as well-evidenced by MPC3. The nature of the
amorphous phase(s) and the conversion into crystalline phosphates, as
well, are a function of the overall stoichiometry, represented by the M/P
and L/S ratios. Considering the overall reaction:

Mg2SiO4 +2H3PO4 +4H2O→2MgHPO4 • 3H2O+ SiO2

a water/P molar ratio of 2 is necessary to precipitate newberyite. The
actual molar ratio is 3.6, 2.3, 1.4 and 2.3 for MPC1, MPC2, MPC3 and
MPC4, respectively (Table 2). This partly explains the differences
observed in the nature of the products (including the amorphous phase,
as discussed in the previous section) and in the microstructure, as

revealed by SEM and CT. In fact, the relative amount of water has been
found to be decisive for the optimal properties in other magnesium
phosphate cements [6,78]. A large excess, as in MPC1 (3.6 against 2),
increases the cement porosity due to water segregation, as it only
partially binds to the hydrated products. This results in a non-uniform
distribution of reaction products, thereby reducing the mechanical
performance (Fig. 12). Conversely, insufficient water, as in MPC3 (1.4
against 2), inhibits the crystallization of the products, possibly by
limiting the structural mobility which is often required for amorphous-
crystalline transitions [5]. In this sample, the hindered crystallization
reduced the amount of heat released with respect to MPC2, as evidenced
by isothermal calorimetry, but was beneficial to the compressive
strength (Fig. 12).

It can be conjectured that the main strengthening mechanism in the
studied cements is the development of an interlocked lath-shaped
microstructure resembling a composite material and encompassing an

Fig. 10. CT reconstructed slices of MPCs cylinder samples.
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equilibrated mix of crystals embedded in the amorphous phase(s), as
encountered in ceramics [79] and previously documented for other
CBCs [64,67]. Although an in-depth characterization of the toughening
mechanisms in the olivine-MPCs falls outside the scope of this work, it is
clear that the observed strength originates from the complex interplay
between several factors: i) the volume fraction of crystals and the
amorphous phase; ii) the strength of the crystals, their size and habit (e.
g., elongated, tabular, equant); iii) the type and amount of porosity (as
discussed in Section 3.4.2). In sample MPC2, the detrimental effect of
the porosity (characterized by diffuse cracks) prevails over the beneficial

Fig. 11. 3D rendering of cylindrical ROIs with diameter 6 mm from the investigated samples. Pores: blue; intermediate region: orange; olivine crystals: green; cement
matrix: yellow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 6
Results of quantitative image analysis from CT data.

Classes MPC1 MPC2 MPC3 MPC4

vol%

Matrix 60.7 72.6 73.3 82.1
Intermediate 11.2 – 0.1 2.1
Olivine 25.8 23.8 23.5 12.7
Pores 2.3 4.6 3.1 3.0

Fig. 12. Compressive strength of 30-days MPC samples.
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effect of the higher amount of reaction products and the nearly stoi-
chiometric water/P molar ratio (which reduced water segregation).
Conversely, the optimal performance of MPC4 can be ascribed to the
formulation with an almost stoichiometric amount of water, a high
olivine consumption, newberyite precipitation and the near absence of
cracks. When compared with the MPCs based on (K-)struvite, this im-
plies a more substantial consumption of phosphates, as they usually
employ MgO:phosphate mass ratio around 3 [80]. Although this may
appear unfavorable, similar values have been obtained when olivine-
rich waste, like volcanic ash, was reacted with phosphoric acid (mass
ratio 3:1, 2:1), highlighting the potential of this reaction [26–29].

4. Conclusions

In this work, the cementitious properties of Mg-olivine when mixed
with phosphoric acid are investigated. The following conclusions have
been derived:

• Curing at 60 ◦C leads to relatively fast-setting cements, a process
triggered by the increase in the olivine dissolution rate induced by
the very low pH and favoured by the curing temperature.

• The Mg2+ ions released in solution favours the precipitation of
newberyite (MgHPO4 •3H2O), whereas the isolated SiO4

4− tetrahedra

of olivine are first released into solution and then precipitated as
amorphous silica particles. The former is mostly crystalline, but
solid-state NMR measurements suggested the presence also of a
fraction of amorphous MgHPO4, which becomes preponderant when
a very high acid concentration (80 wt%) is employed.

• The cement microstructure is composed by sub-micrometric silica
particles dispersed in a matrix of densely packed micrometric tabular
newberyite crystals, together with unreacted olivine crystals. The
dissolved iron is suggested to become bound to the phosphate,
although no decisive conclusion could be obtained with the analyt-
ical techniques employed.

• The thermodynamic modelling well predicted the observed phase
assemblages, although with some discrepancies due to kinetic as-
pects, which grows in importance increasing the acid concentration.

• At constant L/S ratio, a water/P molar ratio significantly larger than
2, which is stoichiometric with respect to newberyite, induces water
segregation and increases porosity, thus impacting negatively on
compressive strength. Conversely, for water/P < 1.4 the newberyite
crystallization is hindered, increasing amorphous content and me-
chanical strength. A maximum of 75 MPa was obtained with an M/P
molar ratio of 1.7 and water/P molar ratio of 2.3.

Although further studies regarding durability and optimization of

Fig. 13. Simulated pH and phase assemblage distribution as a function of forsterite reactivity for MPC4. The MP_4W in the legend represents the com-
pound Mg3PO4⋅4H2O.

Table 7
Comparison between the experimental and simulated phase assemblages of the cement samples. The calculated residual solution is not considered.

MPC1 MPC2 MPC3 MPC4

25 % consumed olivine 31 % consumed olivine 33 % consumed olivine 57 % consumed olivine

Measured Simulated Measured Simulated Measured Simulated Measured Simulated

wt%

Newberyite 31.9 29.9 35.8 31.1 20.1 37.7 56.7 54.7
Variscite 0.3 0.4 0.4 0.6
Bobierrite 6.1 10.6 7.7
Farringtonite 5.2
Silica 6.6 8 8.6 11.2
Amorphous 18.2 19.1 35 20.4
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the formulation are needed, the results here presented suggest that
olivine may be a viable alternative to the magnesium oxide in the re-
action to produce MPCs. Moreover, they may provide useful information
for better understanding olivine-rich waste reactivity under acidic
conditions in view of their recycling in phosphate binders.
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