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A B S T R A C T

This work unravels for the first time the concentration dependent retarding effect of borax on tri-magnesium
phosphate-based cements by studying the hydration and the phases formed in the set cements, exploiting multi-
ple characterization techniques. In the presence of borax, the hydration was found to be slower and less exother-
mic, leading to the formation of struvite without newberyite, with no effect on cement’s strength. The observed
boron species allowed us to ascribe the retardation to the complexation of NH4+ and Mg2+ by borate and polybo-
rate anions.

1. Introduction

Magnesium Phosphate-based cements (MPCs) have recently gained
a renewed interest in a variety of fields including the repair of concrete
elements, the stabilization of radioactive wastes, water treatment and
biomedical applications [1–5]. MPCs are typically prepared by mixing a
powder component (MgO or TMP, Tri-Magnesium Phosphate,
Mg3(PO4)2) with an aqueous solution of a phosphate salt, such as mono-
or di-ammonium hydrogen phosphate, di-sodium hydrogen phosphate,
di-potassium hydrogen phosphate, or phosphoric acid. Upon mixing,
the dissolution of the powder and its reaction with the ions in the phos-
phate salt solution give a moldable paste, due to the formation of new
phases in the cement matrix. In time, the newly formed crystals entan-
gle and form a network which leads to the setting of the paste produc-
ing a hard and compact cement matrix. Depending on the type and
amount of reactants, a variety of phases can form during the setting
process and in the final cement, struvite (MgNH4PO4⋅6H2O) being the
most common [6].

MPCs are endowed with a series of properties, which make them at-
tractive for several applications. In the construction field, MPCs are ap-
pealing due to their early strength, fast setting, good durability and fa-
vorable bonding strength with old concrete [1]. For biomedical applica-
tions, these materials are promising as bone cements thanks to their fa-
vorable combination of setting time, mechanical properties and resorp-
tion rate, as well as for their ability to release Mg2+, which promotes
bone regeneration [3].

For the preparation of MPCs, the majority of literature studies take
advantage of MgO as a starting material [4]. The use of TMP is mainly
restricted to the development of materials for orthopedic applications
[7–15], also prepared by 3D printing [16–19]. These studies are in gen-
eral mainly focused on the characterization of the final cement matrix
and on its biological performances rather than on the mechanism and
kinetics of phases’ formation. Nevertheless, understanding the setting
process in such materials would be important to gain insights into the
hydration mechanisms of cements based on TMP and to develop strate-
gies to improve their performances. Even if no direct comparison of
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MgO and TMP-based cements is reported in the literature, the use of
TMP over MgO should lead to the following advantages: i. No release of
ammonia during setting, which may create unpleasant odor and favor
corrosion [20,21]; ii. Smaller increase in pH during setting, which is at-
tractive for radioactive waste storage applications [5,22,23]; iii. Less
exothermic setting reaction, important to avoid tissue necrosis in bio-
medical applications. The setting mechanism of MgO-based cements is,
on the other hand, well investigated in the literature, both from an ex-
perimental and a theoretical perspective [6,24–28].

An aspect so far neglected in TMP-based MPCs is the addition of re-
tarders, which are typically used in MgO-based systems to control the
intensity of the exothermic reactions and the setting time of MPCs
pastes [1]. A thorough understanding of the retarders and their action
mechanism is fundamental to modulate the properties of MPCs and to
extend their field of application. For MgO-based systems, a library of re-
tarders has been tested, including acetic acid [29,30], citrate [31],
sodium triphosphate [32,33], and, in particular, borax/boric acid [6,
33–37]. Borax is by far the most used and the most effective additive;
notwithstanding, in the literature there is no consensus on the mecha-
nism of action in retarding the setting of MgO-based MPCs [6,38].
Sugama and Kukacka first hypothesized that, when mixed with phos-
phate, borax is hydrolyzed in the solution to yield B4O72- ions, which re-
act with Mg2+ on MgO grains to produce a compound that precipitates
as a film around the MgO grains, retarding the reaction between MgO
and phosphate [39]. Wagh et al. identified a coating on MgO particles
as Lünebergite (Mg3B2(PO4)2(OH)6·6H2O) [28], while Lahalle et al. in-
dicated that the retardation mechanism of boric acid in the formation of
K-struvite (MgKPO4) from MgO and KH2PO4 can be attributed to the
formation of an amorphous mineral containing borate and orthophos-
phate and to the stabilization of Mg2+ and K+ ions in solution to coun-
terbalance the negative charge of polyborates formed [40]. Another
study hypothesizes that, in MPCs based on K-struvite, borax forms a
film onto the surface of MgO grains, decreasing the temperature during
setting and increasing the pH of the system [41].

On the other hand, the use of retarders for TMP-based MPCs has not
been extensively investigated yet. A few reports describe the use of re-
tarders for TMP-based cements, i.e., citrate [42] and phytic acid [43].
The use of borax, the most effective retarder for MgO-based MPCs, has
not been reported yet for TMP-based MPCs. In this work, we have ana-
lyzed in detail the effect of borax and, by exploiting several characteri-
zation techniques, we have investigated its mechanism of action.

Understanding borax’s action mechanism on MPCs is also important
for evaluating their potential toxicity. In fact, despite borax being used
since decades in a variety of fields, including food, medicine and cos-
metics, some concerns about its toxicity for reproduction have been re-
cently raised [44]. Even so, this additive is still extensively used in
MgO-based cements, and assessing if it can exert a retarding action also
in TMP-based systems and understanding in which form it is included in
the final cement matrix is of utmost importance to define the hydration
mechanism and to evaluate the potential toxicity of the materials.

In this work, we investigated for the first time the effect of borax on
TMP-based MPCs, in the attempt of clarifying the interactions taking
place in the retarding mechanism. The impact of different concentra-
tions of borax on both the setting mechanism and the final properties of
TMP-based cements was thoroughly assessed by combining different
characterization techniques. The setting time of the pastes was mea-
sured by means of the Gillmore test, whereas differential scanning
calorimetry was used to monitor the heating evolution. The kinetics of
phases’ formation was followed by means of confocal Raman mi-
croscopy, and the pH during the setting reaction was also measured. Set
cements were also analyzed in terms of morphology, phases’ composi-
tion and mechanical properties by exploiting Field Emission-Scanning
Electron Microscopy, X-ray Diffraction, Compressive Tests and Solid
State NMR spectroscopy for the observation of 31P and 11B nuclei [40,
45,46]. The release of boron from the cement matrix upon incubation

in water was also assessed. This multi-technique approach allowed us to
unravel the effect of borax on both the cement formation reaction and
on the final product, as well as hypothesizing its action mechanism on
TMP-based cements at a structural level.

2. Materials and methods

2.1. Materials

Magnesium hydroxide (Mg(OH)2, purity > 95 %) was purchased
from Fluka, newberyite (MgHPO4·3H2O, purity > 97 %) was obtained
from Sigma-Aldrich, while di-ammonium hydrogen phosphate
((NH4)2HPO4, DAHP, purity > 99 %) was supplied by Riedel de Haën.
Sodium tetraborate decahydrate (borax, Na2B4O7·10H2O, pu-
rity > 99 %) was purchased from Alfa Aesar. Milli-Q water was used
throughout all the experiments. All materials were used as received,
without any further purification.

2.2. Preparation of cements with different amounts of borax

Cements were prepared by mixing TMP with aqueous solutions of
DAHP, which react producing struvite (MgNH4PO4⋅6H2O) and new-
beryite (MgHPO4⋅3H2O) [42]:

Mg3(PO4)2 + (NH4)2HPO4 + 15H2O → 2MgNH4PO4⋅6H2O +
MgHPO4⋅3H2O

TMP was prepared by means of a calcination reaction by heating at
1000 °C Mg(OH)2 and MgHPO4·3H2O in a 1:2 mol:mol ratio (procedure
thoroughly described elsewhere [47]). The purity and the size distribu-
tion of the product were confirmed by XRD pattern and laser granulom-
etry as shown in Fig. S1. Cements containing different amounts of borax
were prepared according to the compositions in Table 1. TMP and bo-
rax were weighted and, after carefully mixing the powders for 1 min
with a spatula, a 3.5 M DAHP aqueous solution was added to form the
paste (TMP to liquid ratio 1.5 g/mL). After about 30 s of mixing with a
spatula, the appearance of the paste was observed (see Section 3.2); af-
terwards the paste was transferred in a cylindrical plastic mold (diame-
ter: 1 cm) and allowed to set at room temperature (RT) and controlled
relative humidity (RH > 96 %).

2.3. Cements characterization

2.3.1. Setting time
The initial and final setting times of the cement pastes containing

different amounts of borax were determined by means of a Gillmore ap-
paratus (Matest, Bergamo, Italy), following the C-266 ASTM standard.
Fresh pastes were prepared according to the compositions in Table 1
and placed in plastic molds. Samples were kept at RT and RH > 96 %
for the whole duration of the experiment and, every 5 min, their surface
was tested with the Gillmore apparatus. The cement is considered to
have attained its initial (t1) or final (t2) setting time when its surface re-
spectively bears the initial or final Gillmore needle without appreciable
indentation (initial needle diameter: 2.12 mm, weight 113.4 g and final
needle diameter: 1.06 mm, weight 453.6 g). The error bars associated
with the measurements (±5 min) correspond to the used sampling in-
terval.

Table 1
Composition of the prepared cements.
Sample TMP (g) 3.5 M DAHP (mL) Borax (g) Borax/TMP wt%

B0 0.5 0.333 0 0
B2 0.5 0.333 0.01 2
B5 0.5 0.333 0.025 5
B10 0.5 0.333 0.05 10
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2.3.2. Differential scanning calorimetry (DSC)
DSC was used to monitor the heat flow released during the setting

reaction of MPCs containing different amounts of borax. Measurements
were carried out using a DSC Q2000 (TA Instruments, New Castle, DE,
USA). For the experiment, samples were prepared by mixing 50 mg of
TMP with 0 mg, 1 mg, 2.5 mg, or 5 mg of borax for samples B0, B2, B5,
and B10, respectively, and adding 33 µL of 3.5 M DAHP solution. Each
paste was quickly mixed and placed in T0 Al Hermetic pans (TA Instru-
ments) for the measurement. The hermetically sealed pans were sub-
jected to an isothermal scan at 25 °C for 16 h.

2.3.3. Confocal Raman microscopy
The setting kinetics of the cement pastes B0 and B10 was studied by

means of confocal Raman analysis. Measurements were conducted on a
Renishaw inVia Qontor confocal MicroRaman system using a 785 nm
laser, a front illuminated CCD camera and a research-grade Leica DM
2700 microscope equipped with a 5X objective (NA 0.12, WD 14 mm).
Samples were prepared by mixing 150 mg of TMP (together with 15 mg
of borax for B10) with 100 µL of 3.5 M DAHP and were immediately
placed in a mold under the microscope's objective. Spectra of the pastes
surface were collected after 3 min, 6 min, 10 min, 20 min, 30 min, 1 h,
2 h, 3 h, 4 h, 5 h, and 24 h using 100 % laser power (100 mW), 10 s ex-
posure time, 3 accumulations in the range 150–1350 cm−1. Each spec-
trum was processed with baseline subtraction and smoothing. Signals
were discussed by comparing the experimental spectra with those of the
powdered pure phases constituting our samples (TMP, struvite, and
newberyite), which were collected using a 20X objective, 10 % laser
power, 10 s per spectrum, and 3 accumulations. For TMP, the powder
used to prepare the cements was tested, while for newberyite the com-
mercial product (see 2.1) was analyzed. A pure struvite sample was syn-
thesized following a protocol from the literature [48] (see the prepara-
tion in the Supplementary Material) and its structure was checked by
XRD (see Fig. S2) and 31P Solid State NMR (see Results and Discussion).

2.3.4. pH measurements
The pH of the pastes B0 and B10 was tested during the setting

process with a protocol typically used for cements forming magnesium
silicate hydrate [49]. 0.5 g of TMP (together with 0.05 g of borax in the
case of B10) were mixed with 0.333 mL of a 3.5 M DAHP aqueous solu-
tion and an excess of H2O (5 mL). At selected time intervals (2 min,
5 min, 15 min, 30 min, 1 h, 2 h, 3 h, 5 h, 8 h, 24 h, 48 h, 72 h, 6 days,
and 9 days) samples were mixed with vortex for about 10 s, centrifuged
at 2000 rpm to precipitate the paste (Hettich, EBA 20 centrifuge), and
then the pH of the supernatant was measured with a pH meter (pH
7 + DHS, XS Instruments). Between measurements, samples were kept
oscillating in an orbital shaker (Standard Analog shaker, VWR) at RT.

To support the relationship between pH values and cement hydra-
tion, the experiment was repeated in the same conditions and 1 mL
aliquots were collected after 2 min, 30 min, 5 h, and 4 days. Aliquots
were withdrawn, centrifuged for 1 min and the precipitate was immedi-
ately analyzed by means of confocal Raman microscopy. Spectra were
collected using the instrument described in Section 2.3.3, with a
785 nm laser operating at 100 % power (100 mW), exposure time 10 s,
3 accumulations, in the spectral range 150–1350 cm−1.

2.3.5. X-ray diffraction (XRD)
XRD data were collected with a D8 Advance with DAVINCI design

(Bruker, Milan, Italy), using as X-rays source the Cu Kα radiation (wave-
length λ = 1.542 Å), at 40 kV and 40 mA, a 2θ range of 10 – 60°, a step
size of 0.03°, and a time/step of 0.3 s. Before the analysis, set cements
were ground with mortar and pestle and flattened on a Si zero-
background sample holder. Peaks’ assignment was based on the Pow-
der Diffraction Files (PDF) of the database of the International Centre
for Diffraction Data.

2.3.6. Field emission-scanning electron microscopy (FE-SEM)
FE-SEM images were collected on cements’ cross-sections with a

field-emission ΣIGMA microscope (Carl Zeiss Microscopy, Germany).
Specimens were fixed on aluminum stubs by means of conductive tape.
The accelerating potential was 2.00 kV, with a ∼4 mm working dis-
tance. Images were acquired using an InLens detector.

2.3.7. Compressive strength
The compressive strength of set cements (B0 and B10) was tested by

performing a compression analysis with an electromechanical universal
testing machine Instrom 5500 L with a 10 kN load cell. B0 was prepared
by mixing 2.4 g of TMP with 1.6 mL of 3.5 M DAHP solution, and B10
was prepared by mixing 2.4 g of TMP with 0.24 g borax and then
adding 1.6 mL of 3.5 M DAHP solution. The pastes were poured in
cylindrical molds (diameter 13 mm, height ∼13 mm) and set at RT and
RH > 96 % for 5 days. The specimens were extracted from the molds
and polished with abrasive paper to obtain an aspect ratio of about 1
(height/diameter), making the two surfaces of the cylinders as flat as
possible, in order to be sure that all specimens had the same dimen-
sions. Five samples were prepared for each composition; results are re-
ported as average ± standard deviation.

2.3.8. Solid State NMR (SS NMR) spectroscopy
SS NMR spectroscopy was applied to investigate set B0 and B10 ce-

ments and reference samples TMP, newberyite, struvite and Lünebur-
gite (see Supplementary Material for the preparation of struvite and
Lüneburgite and Figs. S3 and S4 for characterization). Solid State NMR
spectra were recorded on a Bruker Avance Neo 500 spectrometer, work-
ing at Larmor frequencies of 202.46 and 160.46 MHz for 31P and 11B,
respectively, with a Cross Polarization-Magic Angle Spinning (CP-MAS)
probehead accommodating rotors with outer diameter of 4 mm. 31P
spectra were recorded using a Direct Excitation (DE) pulse sequence,
under MAS at a frequency of 15 kHz and under High Power Decoupling
from 1H nuclei. For TMP and set B0 and B10 samples, quantitative 31P
spectra were recorded by applying a 90° excitation pulse and a recycle
delay between two consecutive transients of 2000 s, determined after
suitable calibration. 4 and 44 transients were accumulated for TMP and
cement samples, respectively. The 31P chemical shift scale was referred
to the signal of H3PO4 80 % at 0 ppm. The 11B spectrum of B10 was
recorded at a MAS frequency of 13 kHz, using a DE pulse sequence and,
for obtaining quantitative spectra, an excitation pulse corresponding to
a very small tip angle (about 10°), a recycle delay of 5 s and accumulat-
ing 7040 transients. All experiments were carried out at room tempera-
ture and exploiting air as spinning gas.

The simulated 11B MAS spectrum was computed as the sum of indi-
vidual lines using the Dmfit program [50]. For each line, the QMAS-1/2
model was employed, which simulates second order quadrupolar line-
shapes related to the central transition of half-integer quadrupolar nu-
clei under infinitely high MAS rate. The model provided the values of
the isotropic chemical shift, of the quadrupolar coupling constant (CQ),
and asymmetry parameter (η) of the quadrupolar coupling tensor for
boron sites.

2.4. Release of boron from the cements

Samples B0 and B10 for the release experiment were prepared by
mixing 0.3 g of TMP with 200 µL of 3.5 M DAHP solution (in case of
B10, TMP was mixed with 0.03 g of borax). The pastes were poured in a
plastic mold (diameter 8 mm) and set at RT and RH > 96 % for one
week. For the release experiment, MPCs were removed from the mold
and placed on a metallic grid which was suspended in a plastic test tube
containing 10 mL of Milli-Q water. A magnetic stirrer was also placed
in the test tube, to ensure homogeneity of the incubating medium. The
experiment was conducted at RT and 1 mL aliquots were collected after
1 h, 8 h, 24 h, 3 days, 7 days, 14 days, 21 days, and 28 days. After each

3
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withdrawal, 1 mL of Milli-Q water was added to the system, to keep the
volume constant. For B10, the experiment was conducted in triplicate,
and the results are expressed as average ± standard deviation. Sample
B0 incubated for 7 days was also analyzed as a reference.

The amount of boron in the samples was measured in triplicate by
means of an Agilent 720-ES Inductively Coupled Plasma Atomic Emis-
sion Spectrometer (ICP-OES) equipped with a pneumatic nebulizer and
a cyclonic spray chamber. Before the analyses, 500 µL of each sample
was diluted to 5 mL with ultrapure water and then 1.0 ppm of Ge was
added, as an internal standard to correct any matrix effect. The calibra-
tion curves were obtained using standard solutions prepared from com-
mercial standards certified at 1000 ppm. The analytical line used for B
quantification was at 208.956 nm while the Ge line used for the correc-
tion was at 209.426 nm. After each measurement, the system was
washed with a 2 % HNO3 solution.

3. Results and discussion

3.1. Effect of borax on the setting mechanism of TMP-based MPC

The effect of borax on TMP-based MPC hydration was initially eval-
uated by observing the appearance of the pastes after mixing (see Fig.
1A). Borax has a concentration-dependent liquefying effect on the
paste, thus affecting its consistency and handling properties. This obser-
vation was correlated with the setting times measured with the Gill-
more apparatus. The results, reported in Fig. 1B and Table S1, show
that pastes without borax set in few minutes (t1 = 10 min,
t2 = 15 min), consistently with data reported in the literature for other
MPCs [42,47]. The inclusion of borax in the formulation allows extend-
ing and, most importantly, tuning the setting time according to the con-
centration used: the plot in Fig. 1C reveals a linear correlation between
both the initial and the final setting times and the borax content in the
mixture. The obtained good linear dependence (R2 = 0.993) suggests

Fig. 1. A) Photos of the pastes 30 s after the beginning of mixing. The amount
of borax increases from the top to the bottom. Each photo is 3 cm × 3 cm; B)
Initial (t1, pink) and final (t2, grey) setting times obtained from the Gillmore
test; C) Plot of the initial and final setting times as a function of borax content in
the formulations and linear fittings (dashed lines). For t1, the obtained equation
is y = 8.7 + 3.5x (R2: 0.993), for t2 y = 12.4 + 7.1x (R2: 0.993). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

that TMP-based cements with a desired setting time can be obtained by
simply controlling the borax content in the formulation: this is particu-
larly important as the fast setting of MPCs, which is one of their main
characteristics [1], may hamper those applications where a certain han-
dling time is needed before paste application [36].

The setting reaction of the pastes was further analyzed by means of
differential scanning calorimetry. Immediately after mixing, the pastes
were loaded in the instrument and the heat flow during an isothermal
step at 25 °C was monitored for 16 h. The obtained curves are shown in
Fig. 2. For B0, a strong and narrow exothermic event occurs after
21 min of setting, followed by a small peak at 71 min, suggesting a
multi-step process. The presence of borax in the formulations delays
and weakens the exothermic peak, as already observed for cements
based on K-struvite [34]. For B10, a distinct exothermic peak is not visi-
ble but a low and constant heat flow release occurs up to about
150 min. The plot of peak’s maximum vs borax percentage in the sam-
ples shows a linear trend (see the inset in Fig. 2).

The heat release that occurs during setting is connected to the
exothermicity of the reaction, which is well-known for MPCs prepared
with MgO as starting material. Here, we demonstrate that also in the
case of TMP-based MPCs, the setting of the paste is connected to a heat
release, this event being affected by borax. This additive slows down
the setting reaction and makes it less violent, as it is demonstrated by
the shift in time and the decrease in intensity of the exothermic peak.

It is worth noting that in the heat flow profiles the peaks show their
maximum at time values longer than the final setting times obtained by
means of the Gillmore test (see the comparison in Table S1). Neverthe-
less, t2 does not necessarily corresponds to the end of the setting reac-
tion, but rather to the obtainment of a specific degree of paste harden-
ing. The evolution of the phases in the cement pastes might extend to a
longer time, due to dissolution and reprecipitation processes of the
crystalline phases that lead to the formation of the final material.

In order to further inspect the kinetics of the phases’ formation and
the effect of borax, the pastes were analyzed by means of confocal Ra-
man microscopy during setting. The kinetics of phases’ formation in
TMP-based cement is often neglected in the literature; in this work we
propose for the first time the use of confocal Raman microscopy for its
assessment. With this technique, Raman spectra of untreated samples’
surface can be collected in short times, even in the early stages of set-
ting when samples are in the form of pastes, allowing one to follow the
rapid evolution of these materials. It is worth mentioning that, since
stopping the hydration is not required for the use of confocal Raman, it

Fig. 2. DSC curves of fresh pastes at different borax content (red B0, green B2,
purple B5 and blue B10). In the inset, plot of the time of peak’s maximum vs
amount of borax in the formulations, and linear fitting of the trend (dashed
line). (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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is possible to avoid any manipulation that could affect the samples. Ac-
cording to the reaction shown in Section 2.2, TMP reacts with DAHP
forming struvite (MgNH4PO4⋅6H2O) and newberyite (MgHPO4⋅3H2O)
as final setting materials. Unreacted TMP should also be present in the
final matrix, as the cement formation reaction occurs due to dissolution
and precipitation processes around TMP, which is in excess with respect
to DAHP [4]. First, the spectra of the phases expected to be present in
the cement were collected to be taken as references for the analysis of
pastes spectra; the results are shown in Fig. 3A. The evolution of the
pastes was then assessed by collecting spectra during the setting
process. As a representative example, the spectra of B0 and B10 after
30 min of setting (B0_30 min and B10_30 min) are shown in Fig. 3B. For
B0 we can observe signals compatible with TMP (main features at
982 cm−1, 1029 cm−1, and 1058 cm−1) and struvite (564 cm−1 and
945 cm−1). The shoulder at ∼ 900 cm−1 is compatible with the presence
of a small amount of newberyite, whose most intense peak is superim-
posed to that of TMP at 982 cm−1. Concerning the spectrum of B10, al-
most all signals can be ascribed to TMP, as only a very weak and broad
band is observed at 945 cm−1, suggesting a low conversion degree to
struvite after 30 min. The small signal at 878 cm−1, present only for
B10 at short times of setting (see Fig. 3B), is compatible with transient
borate species formed during the setting process, such as Lüneburgite
(see Fig. S5 in the Supplementary Material), as sometimes suggested in
the literature for MgO-based systems [28]. The setting kinetics of the
pastes was followed by monitoring the evolution of struvite main peak
at 945 cm−1, as it is shown in Fig. 3C. For B0, a very small signal is al-
ready present after 3 min of setting, and it increases abruptly from
30 min to 1 h, reaching a plateau. In contrast, for B10 no appreciable
peaks are visible in this region up to about 30 min; afterwards, the in-
tensity of the struvite signal rises gradually up to 5 h. These data
demonstrate that, when no borax is present in the mixture, struvite for-
mation takes place rapidly, whereas, in the presence of borax, struvite
formation process begins later in time and it is slower and more grad-
ual. This was further confirmed by observing the plot of struvite’s peak
intensity at 945 cm−1 as a function of time (see Fig. 3D), which was fit-
ted with a sigmoidal function. The results of the fitting, reported in
Table S2, show that in B10 the time of the inflection point of the curve
is more than twofold that of B0 (0.56 ± 0.02 h for B0 and
1.86 ± 0.14 h for B10), confirming that struvite formation is delayed
in the presence of borax. Moreover, the obtained k, proportional to the
rise velocity (6.7 ± 1.4 h−1 for B0 and 1.2 ± 0.2 h−1 for B10), confirms
that struvite formation is slowed down when borax is present in the sys-
tem. The obtained results can be correlated with DSC curves shown in

Fig. 2: the exothermic event for sample B0 ceases in about 80 min,
while for B10 the curve returns to the baseline after about 300 min. The
relatively small discrepancies between DSC and Raman timescales can
be ascribed to the different setting conditions (hermetically sealed alu-
minum pan for DSC and plastic mold at ambient conditions for Raman).

We can conclude that confocal Raman microscopy is very effective
in monitoring the setting kinetics of cements directly on pastes, without
the need of stopping the setting reaction. This is of paramount impor-
tance as preliminary experiments performed on our samples showed
that, in our system, procedures to arrest the setting reaction, such as
freeze-drying and solvent-exchange methods, might alter the formed
phases or not be effective in immediately stopping the setting (data not
shown).

Fig. 4 reports the measurement of tpH during the setting process:
the results show an initial pH value around 8.3 for B0 and 8.8 for B10.
In B0 the pH starts to decrease after about 5 min, while in B10 it is sta-
ble up to about 2 h. Again, this is in line with the retarding effect of bo-
rax, which delays the beginning of the reaction between DAHP and
TMP. Both samples, after reaching a minimum pH value (pH 6.4 at 3 h
for B0 and pH 6.9 at 7 h for B10), slowly regain the initial value. In-
deed, the pH values attain a plateau after about 24 h in B0 and after
6 days in B10. Therefore, the timescales in which pastes reach a sta-
tionary situation are much longer for pH than for properties investi-
gated by other characterization techniques. For instance, with confocal
Raman analysis a stationary situation was reached in 1 h for B0 and in
5 h for B10. The significant delays in time found for pH variations can
be attributed to the experiment methodology. The excess of water, nec-
essary for the measurement of the supernatant pH, dilutes the system,
likely inducing a slower reaction [51]. Nonetheless, it is reasonable to
infer that the observed pH variations also occur in the pastes, but on
shorter time scales, and that the considerations drawn are meaningful
of the original system. We can hypothesize that in the early stages of
the reaction the pH of the suspension is mainly due to the DAHP solu-
tion (the measured pH of the 3.5 M DAHP solution is 8.2 at RT) and, in
B10, also to the dissolution of borax. In fact, the higher pH for B10 than
for B0 can be ascribed to borax hydrolysis, [52], which yields a pH of
9.13.

We can speculate that water wets the surface of TMP grains, leading
to a slow dissolution process and to a release of Mg2+ and PO43- ions,
which surround undissolved TMP grains (it is worth noting that TMP
has a solubility constant K with log K = –23.50 [53]). Mg2+ ions then
react with ammonium and phosphate ions from DAHP to form struvite
(MgNH4PO4⋅6H2O) and, to a smaller extent, with hydrogen phosphate

Fig. 3. A) Raman spectra of the reported pure phases; B) Raman spectra of samples B0 (bottom) and B10 (top) after 30 min of setting. The spectra are offset for dis-
play purposes; C) Raman spectra (region 900–1000 cm−1) of samples B0 (left) and B10 (right) collected during setting. The spectra were normalized with respect to
the most intense signal of the spectrum (982 cm−1). D) Plot of the intensity at 945 cm−1 (struvite’s most intense peak) vs time, normalized at the plateau value.
Dashed lines represent sigmoidal fittings (see Supplementary Material, Table S2).
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Fig. 4. pH evolution during setting for samples B0 (red dots) and B10 (blue squares). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

resulting in newberyite (MgHPO4⋅3H2O). Given that in struvite phos-
phates are incorporated as PO43-, the HPO42- ions from DAHP need to
lose a H+ to form such phase, thus decreasing the pH of the system. The
observed acidification of the cement pastes during setting could thus be
connected to struvite formation. Such speculations were confirmed by
collecting aliquots from the pH experiments as described in Section
2.3.4 and analyzing them by means of confocal Raman microscopy (see
Fig. S6). We can observe that after 2 min the amount of formed struvite
is negligible, whereas after 30 min this phase starts to form, consis-
tently with the decrease in pH. The comparison of the pH profile of B0
and B10 shows that in the presence of borax the decrease in pH is de-
layed, making easy to relate this effect with the retarding one.

In the following stage of the process, i.e., after about 5 h for B0 and
8 h for B10, the pH slowly begins to rise up to a constant value (8.2 for
B0 and 8.9 for B10). We hypothesize that in this stage the pH is con-
trolled by TMP/struvite crystals that are present in the suspension,
which result in an alkalization of the aqueous medium in which they
are incubated. To demonstrate that, we measured the pH of a suspen-
sion containing 0.3 g of TMP and 3 mL of water (same TMP/water ratio
as that used for the pH experiment), obtaining a value of pH = 9.5. An
analogous experiment was conducted measuring the pH of a struvite
dispersion (see struvite synthesis protocol in the Supplementary
Material), which also resulted in a pH = 9.5.

It is worth mentioning that, compared to other cements [5,54], the
lower pH value of these TMP-based systems could be advantageous for
radioactive waste storage applications, where pH < 11 is required [22,
23].

3.2. Characterization of set cements

The effect of borax on the microstructure and on the nature and
amount of phases formed in set cements was evaluated by comparing
B0 and B10 properties determined by means of a multi-technique ap-
proach. The phases present in the set samples were first analyzed by
means of XRD and FE-SEM; the results obtained are reported in Fig. 5.
XRD patterns of samples B0 and B10 (see Fig. 5A) resemble each other
and mainly consist of diffraction peaks from struvite and farringtonite
(i.e., TMP, see also Fig. S7). The only difference that can be appreciated
if closely looking at the diffractograms (Fig. S8) is the presence of a very
small amount of newberyite in sample B0, already evidenced by confo-
cal Raman analysis.

We can hypothesize that the lack of newberyite in sample B10 is due
to the higher pH in the early stages of setting (see Fig. 4) that affects
phosphate speciation, promoting the formation of PO43- species over
HPO42-. For this reason, newberyite (MgHPO4⋅3H2O) formation may
not occur. Interestingly, thermodynamic simulation studies support the
absence of newberyite formation in MgO-based cements when borax is
present in the mixture [6]. Moreover, in the diffractogram of B10, very
small peaks ascribable to unreacted borax are also present (see Fig. S8).

FE-SEM images (Fig. 5B) confirm the similarity of B0 and B10 after
setting. The samples are heterogeneous and in their SEM images it is
possible to mainly recognize struvite crystals, characterized by a pris-
matic elongated structure with cross-shaped and Y-shaped cracks, indi-
cated by blue arrows in Fig. 5B [55,56], and few crystals of farring-
tonite (TMP), appearing as smooth micrometric objects highlighted by
red arrows. As a comparison, Fig. S9 in the Supplementary Material
shows the morphology of the two distinct phases.

We could gain detailed information on the phosphorus and boron
containing phases in both set samples B0 and B10 by exploiting 31P and
11B SS NMR spectroscopy. 31P DE MAS spectra clearly highlight the
phosphorus containing phases present, which give rise to peaks at char-
acteristic chemical shifts. Fig. 6 reports the 31P DE MAS spectra of B0
and B10, together with those of TMP, struvite and newberyite, taken as
references.

In the spectra of B0 and B10 it is straightforward to recognize the
signal of struvite at 6.9 ppm [57–59], and intense peaks at 0.6, −12.6
and −18.8 ppm, also observed in the spectrum of TMP. It must be
pointed out that only the signal at 0.6 ppm arises from Tri-Magnesium
Phosphate, Mg3(PO4)2, while the peaks at −12.6 and −18.8 ppm must
be ascribed to different forms of magnesium pyrophosphate (Mg2P2O7)
and/or metaphosphate [57,60,61]. Moreover, a small signal of new-
beryite (at −6.8 ppm [59]) is present in the spectrum of B0, in agree-
ment with XRD and Raman results. No signals of DAHP, expected at
about 1 ppm [62], are observed in the spectra of B0 and B10, indicating
the complete dissolution and consumption of this reactant. The areas
underlying the 31P peaks are proportional to the amounts of phosphorus
nuclei in the different phases present in the samples, which can be ac-
cordingly quantified (Table 2). It can be observed that struvite repre-
sents 57 % and 64 % (phases molar percentage) in B0 and B10, respec-
tively, the difference being substantially compensated by newberyite
present in B0. It can also be noticed that in TMP Mg3(PO4)2 is the sole
reacting species (about 50 % of it is consumed in both B0 and B10), as
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Fig. 5. A) XRD diffractograms and B) FE-SEM images of B0 and B10. Red and
blue arrows indicate TMP and struvite crystals, respectively. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

expected. The presence of borax only slightly decreases TMP consump-
tion.

We tried to obtain information on the retarding mechanism of borax
in the reaction between TMP and DAHP by looking at the state of boron
in the set B10 sample by means of 11B SS NMR.

The 11B SS NMR spectrum of B10, reported in Fig. 7, shows typical
signals of boron atoms in BO4 ([4]B) and BO3 ([3]B) moieties: the former
give rise to the peaks observed between 0 and 5 ppm, the latter to the
broad signal centered at about 14 ppm [63–65]. Since 11B is a
quadrupolar nucleus, the signals observed are determined by both
chemical shielding and quadrupolar interaction. The latter interaction
is relatively small for boron nuclei in highly symmetric (near-
tetrahedral geometry) [4]B sites, while it is larger and evident in the
lineshape of the signals of boron nuclei in less symmetric (trigonal pla-
nar geometry) [3]B sites. Through a suitable spectral simulation [50],

Fig. 6. 31P DE MAS spectra of B0, B10, TMP, newberyite and struvite. The peak
of struvite in the spectra of B0 and B10 has a noticeable linewidth due to the re-
duced 1H decoupling power applied for acquiring the spectra.

Table 2
Relative amounts of the different phosphorus containing phases present in B0
and B10, as obtained from peak areas in quantitative 31P DE MAS spectra.
Peak areas were obtained from spectral deconvolution, by considering all
isotropic peaks and respective spinning sidebands (Fig. S10).
Sample Mg3(PO4)2 (%) P2aa (%) P2ba (%) Struvite (%) Newberyite (%)

B0 19 6 7 57 11
B10 21 7 8 64 0
TMP 75 12 13 – –

a P2a and P2b indicate the species resonating at −12.6 and −18.8 ppm,
respectively. For the sake of simplicity, considering that the number of P atoms
in metaphosphates is not well defined, for passing from the 31P signal areas to
phase percentages we have assumed that both P2a and P2b are pyrophosphate
species.

we could determine the chemical shift of [4]B ([4]BA, [4]BB, [4]BC, [4]BD)
and [3]B ([3]BA, [3]BB) sites, the quadrupolar parameters of [3]B sites, and
the relative amounts of the different sites in B10. The results are re-
ported in Table 3.

The spectral analysis reveals the presence of a large amount (63 %
of boron atoms) of borax, which is responsible for signals of [4]BD and
[3]BB [64,65]. This is in very good agreement with the solubility of bo-
rax at pH = 9 (measured in B10), reported to be 5.5/100 (g borax/g
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Fig. 7. Experimental (black) and simulated (red) 11B DE MAS spectrum of B10.
Gray peaks in the simulated spectrum are the signals corresponding to the dif-
ferent boron sites. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 3
Quadrupolar and chemical shift parameters, and relative amounts of [4]B and
[3]B 11B sites in sample B10, as obtained from spectral simulation.

[4]BAa [4]BBa [4]BCa [4]BDa [3]BA [3]BB

δiso (ppm) 0.5 1.2 2.1 2.8 18.6 20.1
CQ (MHz) 0.5a 0.5 a 0.5 a 0.5 a 2.48 2.52
Η 0.65 a 0.65 a 0.65 a 0.65 a 0.1 0.1
I (%) 6 13 10 24 8 39
a CQ and η values of [4]Q sites were fixed at the values reported in Ref. [64],

since the isotropic shape of the signals did not allow for a reliable determination
of these parameters.

water) [66] and corresponding to 37 % of boron atoms. Thus, the ob-
served [4]BD and [3]BB signals can be assigned to borax that remains
undissolved in the reaction mixture. On the contrary, the other peaks
observed must be ascribed to boron species that form and precipitate
during the cement reaction and setting, which can give us information
on the retarding mechanism of borax. At pH = 9, borax hydrolysis is
expected to give rise to various species: B(OH)4- and tetraborate B42-

([B4O5(OH)4]2-) are the most abundant, but also minor amounts of trib-
orates B3-/B32- (B3O3(OH)4-/B3O3(OH)52-) and boric acid (B(OH)3) form
[67]. These anions, as already reported in reference [40], can interact
with Mg2+ and, in our case, NH4+ cations, abundant in the reaction
mixture, forming borates and polyborates that would give rise to the
[3]B and [4]B signals observed. Considering the low w/c ratio and the
large amount of unreacted TMP and borax, it is likely that these species
locally precipitate at the surface of reactants, rather than forming crys-
talline phases (indeed they are not observed with XRD). The chemical
shift and quadrupolar parameters here found are in qualitative agree-
ment with values reported in the literature for Mg2+ and NH4+ borates
and polyborates [68–70]. Considering the Raman and pH measurement
results, which clearly indicate that the effect of borax is to retard the
conversion of TMP to struvite and that this is paralleled by a longer per-
sistence of basic pH (9), it can be hypothesized that borax preferentially
captures NH4+ ions. This phenomenon and the precipitation of these

species on the surface of reactants can be thus hypothesized to be the
main responsible of retardation. It must be mentioned that Lahalle et al.
[40], monitoring the hydration of magnesium potassium phosphate ce-
ments and investigating the retarding effect of boric acid by means of
11B and 31P SS NMR, observed a [3]B signal ascribed to magnesium bo-
rate phases, and several [4]B signals, most of them with a negative
chemical shift and correlating with 31P signals, which were assigned to
borates bonded to phosphates, whose precipitation contributed to re-
tardation. In our case, the absence of the corresponding signals in the
31P SS NMR spectrum of B10, suggests that, when borax and TMP are
used, the precipitation of borate-phosphates, as well as of Lünebergite
[28], would not play a significant role in retarding cement hydration.

Set cements were also investigated in terms of compressive strength,
to evaluate the effect of borax on the mechanical performances of the
materials. According to the results (see Fig. S11), borax has very little
effect on the compressive strength of MPCs, as we obtained
48 ± 7 MPa for B0 and 40 ± 5 MPa for B10. It is worth mentioning
that, if needed, the mechanical properties of MPCs might be improved
by using reinforcing additives, such as fibers and nanotubular materials
[56,71–76].

3.3. Release of boron

In order to evaluate the amount of boron released from the cements
upon contact with water, ICP-OES measurements were carried out on
sample B10 after incubation in water (see Section 2.4). The result of the
test reported in Fig. S12 shows that boron is released from the cement,
reaching a constant amount after about 200 h. After this time, no fur-
ther release is observed. At this stage, the amount of released boron cor-
responds to about 40 % of that present in the formulation, and it is
likely due to the dissolution of a part of unreacted borax, which was al-
ready detected in NMR experiments. It is thus possible to hypothesize
that only B atoms resulting from the dissolution of excess borax are re-
leased from the cement, while those forming BO3 and BO4 species with
Mg2+ and NH4+ are likely retained in the cementitious matrix. This
highlights the importance of tuning the amount of borax according to
the application envisaged for cements, especially in the biomedical
field, given the recently raised toxicity issues [44]. Nonetheless, the B
released in the investigated conditions corresponds to a borax concen-
tration of 0.12 %, way below the allowed concentration limit of 8.5 %
[44].

4. Conclusions

In this work we investigated for the first time the effect of borax as a
retarder for TMP-based MPCs. Cements were prepared by reacting TMP
and DAHP in the presence of different amounts of borax (2 %, 5 % and
10 % with respect to TMP weight). The setting kinetics was examined
by means of Gillmore tests and calorimetry measurements, which
demonstrate that borax has a remarkable retarding effect, prolonging
the setting time of the paste (t2 goes from 15 min for B0 to 85 min for
B10) and reducing exothermicity (the maximum heat flow value
reached is ∼ 0.15 W/g for B0 vs ∼ 0.02 W/g for B10). This effect is re-
lated to a delay in struvite formation, as confirmed by observing stru-
vite’s peak evolution in the pastes by means of confocal Raman mi-
croscopy and by the pH modifications occurring later in time when bo-
rax is present.

The set cements were analyzed to understand how borax is included
in the cement matrix by means of XRD, FE-SEM and SS NMR. 31P SS
NMR spectra showed that the addition of borax leads to a higher
amount of formed struvite at the expense of newberyite, in agreement
with XRD. The fate of borax during the hydration was investigated by
analyzing the 11B SS NMR spectrum of sample B10. Signals arising from
B atoms in different BO4 and BO3 moieties were identified and quanti-
fied, indicating that both unreacted borax and complexes with ammo-
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Fig. 8. Hypothesized reaction mechanism for TMP based MPCs in the absence (A) and in the presence (B) of borax, with the possible speciation of ions taking part to
the reaction.

nium and magnesium ions are present in the cement, while phases con-
taining B O P bonds are not observed.

The setting reaction mechanism is depicted in Fig. 8. In the absence
of borax (Fig. 8A), DAHP quickly reacts with Mg2+ on the surface of
TMP grains, resulting in struvite and few newberyite crystals that en-
tangle and form the cement matrix. When borax is added (Fig. 8B), this
process is slowed down due to the interaction of borate species with
Mg2+ and NH4+.

We also evidenced that the unreacted borax might be released upon
incubation of the cement in water, highlighting the importance of its
fine tuning in the cement formulation, especially in the biomedical
field.

The results reported in this work might be useful to prepare TMP-
based MPCs with a specific setting time by tuning borax amount. More-
over, the combination of confocal Raman and SS NMR techniques here
used could be exploited to investigate the role of borax also in MgO-
based MPCs.
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