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A B S T R A C T

The repair of damaged cement structures represents an important area of the construction field, with dramatic
structural and economic impact. Among all the available repair materials, magnesium phosphate cements (MPCs)
are commonly used for their fast setting and hardening, low shrinkage and excellent bonding to aged concrete
surfaces. In this work a new material made of MPC doped with Halloysite nanotubes was developed for the re-
pair of cement-based structures, in particular of cultural heritage interest. Halloysites were introduced in the
composite for a twofold reason: i) to enhance the mechanical properties of MPCs; ii) to provide slow delivery
of active molecules. Here, Halloysites were loaded with an antimicrobial agent, sodium salicylate, to achieve
anti-fouling protection properties. The composites were thoroughly characterized to get a complete overview
of the physico-chemical features of the repair material and to unravel the effect of the inorganic nanotubes by
means of X-ray diffraction, scanning electron microscopy, FT-IR spectroscopy, thermogravimetry, porosimetry
and mechanical testing. The incorporation of Halloysites in MPCs improves the handling and mechanical prop-
erties of the cements and allows for the release of active molecules from the cement matrix. Some preliminary
applications of the composite were conducted in a real case study, demonstrating that it can be effectively used
for crack repair and that the use of Halloysites as nano-carriers confers additional specific protection through the
slow delivery of anti-fouling molecules from MPCs.

© 2021

1. Introduction

Over the last decades, the use of repair materials for concrete struc-
tures became crucial, given the large number of concrete-based mon-
uments that are prone to continuous damages. Cementitious materials
are among the largest produced materials by humankind, and Portland
cement is the largest used hydraulic binder for building purposes [1].
Nevertheless, the repair of deteriorated concrete structures, essential to
allow their use and preservation in safe conditions, does not have a uni-
versally-recognized and developed conservation methodology [2,3]. A
good repair procedure should improve the performance of the struc-
ture, restore its strength and stiffness, recover its appearance and im-
prove its durability, also by preventing chemical and biological degra-
dation processes [4,5]. A variety of rapid hardening materials for con-
crete’s repair are reported in the literature, namely epoxy resins, poly

AbbreviationsMPCMagnesium Phosphate Cement.HNTsHalloysite Nan-
otubes.TMPTri-Magnesium Phosphate.DAHPDi-Ammonium Hydrogen Phosphate.SASali-
cylate.XRDX-Rays Diffraction.PDFPowder Diffraction File.FT-IRFourier Transform-In-
frared Spectroscopy.TGAThermogravimetry.SSASpecific Surface Area.PSDPore Size Distri-
bution.BETBrunauer-Emmet-Teller.BJHBarrett-Joyner-Halenda (BJH).FE-SEMField Emis-
sion-Scanning Electron Microscopy.
⁎ Corresponding author.

E-mail address: francesca.ridi@unifi.it (F. Ridi)
1 These authors equally contributed to the work.

ester resins, polymer latex, polyvinyl acetate, various cement-based in-
organic binders [4], calcium aluminate cement [6], alkali activated ce-
ment [7] and Portland cement [8,9]. Despite the compositional affin-
ity, some of the drawbacks of classic repair materials based on neat
cement include a slow hardening time, a low tensile strength and ad-
hesion; furthermore, they are not suitable for repairing thin sections
[10]. Hence, Portland or blended cements should be mixed with ag-
gregates, fibers and other additives to achieve the required properties
[11]. In the last years, magnesium phosphate cement (MPC) has re-
ceived increasing attention as repair material for cementitious struc-
tures, thanks to its quick setting and hardening, low shrinkage and
good bonding ability [12–15]. MPCs can be prepared through the re-
action between MgO or Mg3(PO4)2 (tri-magnesium phosphate, TMP)
and a soluble phosphate salt (typically an ammonium or potassium
phosphate), producing struvite (MgNH4PO4·6H2O) as a binding reac-
tion product [16–18]. It is reported that MPC prepared from ammo-
nium phosphate and MgO release ammonia during the setting, creat-
ing unpleasant odor and favoring corrosion phenomena [14,19]. The
preparation of MPC through the reaction between MgO and potassium
phosphate or the replacement of MgO with TMP allows avoiding this
drawback [20]. MPCs result particularly suitable for applications in
the rapid repair of infrastructures for multiple reasons: (1) fast setting,
which is particularly useful when restoring heavy traffic areas; (2) high
early strength [21–23]; (3) low dry shrinkage and no bleeding phe-
nomena [14,24]; (4) capability to set and harden at very low tempera

https://doi.org/10.1016/j.conbuildmat.2021.124056
0950-0618/© 2021.
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tures [25]; (5) high bonding strength with old concrete [14]; (6) high
deicer-frost resistance and abrasion resistance [24]; (7) fire-proof be-
havior [26]; (8) low thermal expansion coefficient [27].

Conservation of degraded cement-based historical monuments and
structures is an important issue and requires the development of compat-
ible consolidants. New formulations enriched with inorganic admixtures
as Halloysite nanotubes (HNTs), that are expected to enhance damaged
structures lifetime, constitute a possible method to improve materials for
conservation. HNTs are nanotubular clays compatible with cementitious
materials [28,29], ideal for reinforcing purposes, abundant in many lo-
cations around the world, cheap, non-toxic and endowed with an empty
lumen which can be loaded with active molecules to obtain a controlled
release [30–33]. Nowadays, HNTs are used in many applications, both
as nanocarriers and to increase the mechanical performances of various
materials, and they were recently used also in cementitious materials
made of Portland cement [28,34]. MPCs blended with pozzolanic ma-
terials, aggregates, fillers and other admixtures, such as retarders [35],
are reported in the literature. Fibers addition to these composites is a
well-recognized method for improving the ductility and flexural tough-
ness of MPCs, and different types have been used in MPCs, including
steel fibers [36,37], basalt fibers [38], glass fibers [26], polypropylene
chopped fibers [39], and coir fibers [40]. Few studies are reported on
the effect of clays and nanotubular materials on the MPCs properties:
bentonite clay [41], metakaolin [42], and carbon nanotubes [43,44]
were shown to improve the microstructure of MPCs and enhance their
mechanical properties. Nevertheless, the inclusion of a nanotubular clay
which could reinforce the MPC while simultaneously releasing an active
molecule could represent an innovative approach to further improve the
features of MPCs as repair materials. In this perspective, HNTs represent
ideal candidates, and their inclusion in MPCs, to the best of our knowl-
edge, was never reported so far.

In this work a new repair material for cement-based structures made
of MPC doped with HNTs as nano-carriers was prepared. HNTs were
loaded with an antimicrobial agent, sodium salicylate (SA) [45,46] to
provide anti-fouling properties that would protect the damaged struc-
ture from the aggression of microorganisms and prevent the formation
of a biofilm [47,48]. The composite was characterized to understand
the effect of HNTs on the properties of the “hybrid” material, and the SA
kinetic release from pristine HNTs and from the composite MPC/HNTs
was analyzed. Results show that HNTs can be used as nano-reservoir for
MPC repair materials providing a slow delivery of actives into MPC ma-
trix. The composite resulted to be quickly and easily applicable, showed
improved properties and prolonged the protective effect of the mole-
cules loaded into HNT cavities, which would prevent expensive conser-
vation procedures, reducing costs arising from periodical maintenance.

2. Materials and methods

2.1. Samples’ preparation

2.1.1. Materials
Newberyite (MgHPO4·3H2O, purity > 97%) was purchased from

Sigma-Aldrich, while Magnesium hydroxide (Mg(OH)2, purity > 95%)
was obtained from Fluka. Di-Ammonium Hydrogen Phosphate
((NH4)2HPO4, DAHP, purity > 99%) was supplied by Riedel de Haën.
DragoniteTM Halloysite nanotubes were kindly provided by Applied Min-
erals Inc; according to their datasheet, HNTs have a length of 0.5–2 µm,
outside diameter 50–70 nm, inner diameter 15–45 nm and a specific
surface area of 65 m2/g. Sodium salicylate (NaSA, purity 99.5%) was
purchased from Sigma-Aldrich. Milli-Q water was used throughout all
the experiments. All materials were used as received, without any fur-
ther purification.

2.1.2. Preparation of TMP
Tri-Magnesium Phosphate (TMP) was obtained by means of a cal-

cination reaction, following a method reported in the literature [17].
Briefly, 60 g of newberyite (MgHPO4⋅3H2O) and 10 g of Mg(OH)2 (mo-
lar ratio 2:1) were mixed and placed in ceramic crucibles. The pow-
der was heated in a muffle (Nabertherm) at 1000 °C for 5 h to form
Mg3(PO4)2 according to the following reaction:
Mg(OH)2 + 2MgHPO4⋅3H2O → Mg3(PO4)2 + 8H2O

After quenching at room temperature, the calcined product was
crushed with agate mortar and pestle and sieved (cut-off 150 µm).

2.1.3. Preparation of MPCs with HNTs
Cements were typically prepared by mixing 0.5 g of TMP with differ-

ent amounts of HNTs (0%, 2%, 5% and 10% weight HNTs/weight TMP).
The two powders (TMP and HNTs) were accurately mixed with a spat-
ula for at least 3 min to ensure a complete homogenization. The cement
pastes were then prepared by adding 0.333 mL of a 3.5 M aqueous so-
lution of DAHP, obtaining a 1.5 g/mL TMP/liquid (TMP/L) ratio (see
Table 1). The cement forms according to the following reaction [17]:
Mg3(PO4)2 +
(NH4)2HPO4 + 15H2O → 2MgNH4PO4⋅6H2O + MgHPO4⋅3H2O

After mixing for about 30 s, pastes were poured in plastic molds
with 1 cm-diameter and set at room temperature and relative humid-
ity > 96% for at least 5 days before characterization.

2.1.4. Loading of HNT with SA
The encapsulation of SA in HNTs was performed in slightly ba-

sic aqueous solution, as reported elsewhere [46,49]. 1 g of HNTs was
mixed as a dry powder in a concentrated solution of sodium salicylate
in water (11 g NaSA in 12.5 mL of water), adjusting the pH of the so-
lution at ~ 8 with NaOH 1 M to maximize the electrostatic interaction
between the lumen of the nanotubes and salicylate. The suspension was
then evacuated, kept under vacuum at p < 20 mbar for 3 h and cycled
back to atmospheric pressure for 1 h. Afterwards, the suspension was
kept again at p < 20 mbar for 1 h and cycled back to atmospheric pres-
sure for 1 h. The cyclic in/out vacuum pumping procedure was repeated
three times in total. Finally, HNTs were separated from the solution by
centrifugation, washed with water to remove unbound molecules and
dried overnight at 60 °C.

2.2. Characterization techniques

2.2.1. Gillmore test
The initial and final setting times of the pastes were measured by

means of a Gillmore apparatus (Matest, Bergamo, Italy), according to
the ASTM standard C-266. The experiment was carried out on fresh
pastes, prepared according to the compositions in Table 1. Immedi-
ately after mixing, the pastes were placed in plastic molds and the sur-
face was tested every 2 min with the Gillmore apparatus. Cement is

Table 1
Nomenclature and composition of the prepared samples.

Sample
TMP
(g)

HNT
(g)

DAHP 3.5 M
(mL)

% wt HNT/
TMP

TMP/L (g/
mL)

H0 0.5 0 0.333 0 1.5
H2 0.5 0.01 0.333 2 1.5
H5 0.5 0.025 0.333 5 1.5
H10 0.5 0.05 0.333 10 1.5
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considered to attain its initial or final setting time when its surface re-
spectively bears the initial or final Gillmore needle without appreciable
indentation (“initial setting” needle ∅=2.12 mm, weight 113.4 g and
“final setting” needle ∅=1.06 mm, weight 453.6 g).

2.2.2. 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 grinded with mortar and pestle and flattened on a Si zero-back-
ground sample holder. Peaks’ assignment was based on the Powder Dif-
fraction Files (PDF) of the database of the International Centre for Dif-
fraction Data.

2.2.3. Fourier Transform-Infrared spectroscopy (FT-IR)
FT-IR spectra were collected using a Bio-Rad FTS-40 spectropho-

tometer (Hercules, CA, USA). The samples were analyzed in KBr pellets
prepared by mixing 1.00 ± 0.05 mg of sample with 100.0 ± 0.1 mg
of KBr (Sigma-Aldrich, FT-IR grade). The spectra were acquired in the
range 4000 – 400 cm−1 using a resolution of 2 cm−1, 64 scans and scan
delay of 600 s.

2.2.4. Thermogravimetry (TGA)
Thermogravimetric analyses were performed by means of a STD

Q600 instrument (TA Instruments, New Castle, US). Samples placed
in alumina pans were measured from room temperature to 1000 °C at
10 °C/min in nitrogen flux (100 mL/min).

2.2.5. Gas porosimetry
The Specific Surface Area (SSA) and Pore Size Distribution (PSD) of

the cements were determined with a Coulter SA 3100 analyzer (Beck-
man Coulter), using nitrogen as adsorptive gas. Set cement samples were
cut into small pieces and inserted in samples’ holders. Prior to the mea-
surements, samples were outgassed for 2 h at 50 °C. The mild outgas
temperature was chosen in order to prevent the conversion of struvite to
different phases, such as dittmarite [50]. The specific surface area (SSA)
was obtained using the Brunauer-Emmet-Teller (BET) method, while the
pore size distribution was estimated using Barrett-Joyner-Halenda (BJH)
analysis.

2.2.6. 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.

2.2.7. Compressive strength measurements
The compressive strength of the set cements was tested by perform-

ing a compression analysis with an electromechanical universal testing
machine Instrom 5500 L with a 10 kN load cell. Sample H0 was pre-
pared by mixing 2.4 g of TMP with 1.6 mL of DAHP solution 3.5 M,
whereas for sample H10, 0.24 g of HNTs were carefully mixed with 2.4 g
of TMP before the addition of DAHP solution. The pastes were poured
in cylindrical molds (diameter 13 mm, height ~ 13 mm) and were set
at room temperature, at relative humidity > 96% for 5 days. The spec-
imens 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. Five samples were prepared
for each composition, and the reported results are the average ± the as-
sociated standard deviation.

2.2.8. Release kinetic
The amount of released SA from HNTs and from HNTs incorporated

in MPC was quantified by means of UV–vis spectroscopy. Samples were
analyzed in cuvettes with a Cary3500 spectrophotometer (Agilent) in
the 400–220 nm range, with an integration time of 0.02 s and a band-
width of 1 nm, using water as reference. Prior to the measurement, the
absorbance of NaSA was measured at 296 nm to obtain the calibration
curve, A = 0.033·c – 0.013, where c is the concentration of NaSA (µg/
mL). The release of SA from loaded HNTs was studied by dispersing
10 mg of HNT-SA in 5 mL of water, while stirring at 25 °C. At prede-
termined times, 50 μL of suspension were withdrawn and replaced with
50 μL of water. The withdrawal was diluted with 450 μL of water and
analyzed by UV–vis spectroscopy to quantify the amount of released SA
from the nanotubes.

The release kinetic of SA from the composite containing 10 wt% of
HNT-SA into MPC was investigated using a disk of H10-SA (diameter
~̴ 0.8 cm, height ~̴ 0.3 cm, prepared with 300 mg of TMP, 30 mg of
HNT-SA and 200 μL DAHP 3.5 M solution) directly dipped in 3.5 mL of
water in a cuvette, continuously stirred at 25 °C and periodically ana-
lyzed. As a reference, a MPC containing pristine HNTs was also analyzed
at 296 nm, in order to detect possible contributions due to the dissolu-
tion of the cement matrix. A quantitative evaluation of the release prop-
erties was obtained by fitting the experimental data according to the
most commonly used models in the analysis of drug-release. Typically,
the released amount of drug is described as the ratio between the cumu-
lative amount of drug released at time t (Mt) and at infinite time (M∞).
Three kinetic equations were used: i) the Higuchi equation [51], where
the fractional release (Mt/M∞) is proportional to the square root of time

(1)

where kH is the Higuchi dissolution constant; ii) the Korsmeyer-Pep-
pas equation [52–54]

(2)

where kKP accounts for the structure and geometry of the dosage
form, while nKP is used to characterize different systems (nKP ≤ 0.5 cor-
responds to a Fickian transport, 0.5 < nKP < 1 corresponds to non Fick-
ian transport, nKP = 1 to Case-II transport, and nKP > 1 to super Case-II
transport); iii) the Weibull model [55,56]

(3)
where kW defines the time scale of the process, and nW is used to

indicate the transport mechanism (nW ≤ 0.75 corresponds to a Fickian
transport, 0.75 < nW < 1 indicates a combination of Fickian diffusion
and Case-II transport, nW > 1 indicates a complex transport mecha-
nism).

2.2.9. Resistance of MPC to dissolution in water
The extent of MPC dissolution when in contact with water was eval-

uated by analyzing samples from the release experiment after incuba-
tion in water for 1 week (i.e., disks of diameter ~̴ 0.8 cm, height ~̴
0.3 cm) in 3.5 mL of water. After the release experiment, cements were
freeze-dried and the weight loss % was calculated with the following
equation:

(4)

The weight after incubation was corrected for the amount of released
SA from the cement (about 0.02 mg). An MPC not incubated in wa-
ter was also freeze-dried, and its weight compared with that prior to
lyophilization, in order to correct the values for the weight loss due to
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the freeze-drying process (3.4%). The obtained values are the average
of 4 replicates (the reference samples + the three replicates of MPC/
HNT-SA).

2.3. Application for cracks consolidation

The cement paste H10 was applied in a crack to test the perfor-
mances of the developed material in a real application. 2 g of TMP and

Fig. 1. (A) Photos of freshly prepared formulations poured on millimeter grid paper and
(B) corresponding setting times, obtained by means of the Gillmore test. H0, H2, H5 and
H10 refer to MPCs prepared with 0, 2, 5 and 10% of HNTs, respectively (see Table 1).

0.2 g of HNTs were mixed with a spatula; after the homogenization of
the powders, 1.333 mL of DAHP 3.5 M were added, and the paste was
mixed for about 30 s. The fresh cement was loaded in a syringe, and ex-
truded directly in the selected cracks, after 3 min from the beginning of
the mixing.

3. Results and discussion

3.1. Effect of HNTs on MPC pastes

The effect of HNTs on the consistency and fluidity of the cement
pastes was initially evaluated by analyzing the aspect of the pastes
poured on millimeter grid paper immediately after mixing. The results
of the test, reported in Fig. 1A, reveal that HNTs increase the compact-
ness of the paste, making it less fluid, improving the moldability and the
handling properties. This effect is not related to the setting time of the
cements, which is shown in Fig. 1B: all formulations achieve an initial
setting time (t1) in 8–10 min and a final setting time (t2) in 12–14 min.
Therefore, considering the experimental error associated to the Gillmore
test, the setting time does not depend on HNT content. The obtained set-
ting times are in line with other reports for MPCs [20], and demonstrate
that the fast setting kinetic of these materials is not influenced by the
presence of HNTs. A quick setting process is crucial for rapid repair ap-
plications, such as concrete repair [13,14,24]. It is worth mentioning
that when longer setting times are required for a specific application, re-
tarders such as borax can be easily included in the formulation [57].

3.2. Characterization of the set cements

Set cements were analyzed in order to investigate the formed phases
and the microstructure, and the results are reported in Fig. 2. The
crystallinity was evaluated to detect the possible effect of HNTs on the
phases formed in cement formulations. XRD patterns of sample H0 and
H10 in Fig. 2A do not show any significant difference: in both samples
the diffraction peaks are attributed to struvite (MgNH4PO4⋅6H2O, PDF:
03–0240), newberyite (MgHPO4⋅3H2O, PDF: 01–0597) or farringtonite
(Mg3(PO4)2, PDF: 25–1373) which are respectively the products and
the reactant of the setting reaction of MPCs, reported in section 2.1.3.

Fig. 2. (A) XRD patterns, (B) FT-IR spectra, (C) TGA curves and (D) Nitrogen adsorption/desorption isotherms of samples H0 and H10.
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The XRD signals of HNTs are not detectable in the H10 sample, likely
due to the very poor intensity of its diffraction peaks compared to that
of the other phases (see the diffraction pattern in Figure S1A).

Samples were also analyzed by means of FT-IR spectroscopy (see Fig.
2B) and, in agreement with XRD, no differences were observed between
the two samples: all peaks are related to phosphate, water or ammo-
nium absorptions of the phases constituting the MPC matrix. The de-
tailed peaks’ assignment is reported in Table 2.

HNTs signals are not visible in H10 spectrum, probably due to the
small quantity of nanotubes present in the formulation and to the fact
that their signals are superimposed to those of the MPC phases (at about
500 cm−1, 1000 cm−1 and 3700 cm−1, see the spectrum in Figure S1B).

Further information about the phases present in the samples were
obtained from thermal analysis. The thermograms of samples H0 and
H10, reported in Fig. 1C, show that both cements lose their weight in
a single step centered at about 100 °C. The weight loss at 1000 °C is
30.5% for H0 and 31.1% for H10: the slightly smaller weight loss of
H10 likely accounts for the presence of HNTs in the sample, that only
lose 17.1% of their weight when heated at 1000 °C (see the thermo

Table 2
FT-IR peaks’ assignment.

Peak
(cm −1) Vibration Assignment Reference

574 P-O bending Farringtonite/Struvite/Newberyite [58–60]
626 P-O bending Farringtonite/Struvite/Newberyite [58–60]
759 H2O librations Struvite [60]
888 P-O(H) bending

H2O librations
Newberyite
Struvite

[59,60]

1010 P-O stretching Farringtonite/Struvite/Newberyite [58–60]
1436 N–H bending Struvite [60]
1656 O–H bending

(water)
Struvite/Newberyite [59,60]

2355 O–H stretching Struvite [60]
2500–3500 O–H stretching

N–H stretching
Struvite/Newberyite [59,60]

Table 3
BET SSA and total pore volume of the investigated MPC/HNT composites.

Sample SSA (m 2/g) Total pore volume (mL/g)

H0 28.6 0.043
H2 38.8 0.051
H5 33.3 0.046
H10 36.4 0.055

gram in Figure S3). Summarizing, the thermogravimetric curves reflect
the weight loss of the hydrated phases constituting the cement matrix,
i.e. struvite and newberyite, which upon heating gradually lose water
and ammonia molecules [61,62].

Further information on the HNTs addition were obtained from the
specific surface area and porosity of the cement matrix by means of gas
porosimetry. The adsorption/desorption isotherms (see Fig. 2D and S3)
are compatible with a reversible Type II isotherm with a multi-layer ad-
sorption, as typically observed in MPCs [63]. The specific surface areas
reported in Table 3 suggest that the inclusion of HNTs slightly increases
the SSA of the cements, irrespectively of the amount present in the MPC.
The pore size distribution of the samples (see Figure S4) was obtained
with the BJH analysis and shows that the presence of HNTs in the ce-
ment matrix does not significantly affect the size of the pores that are
in the 3–200 nm range. All MPCs display a broad pore size distribution,
centered around 80 nm. The fact that HNTs do not markedly increase
the SSA and the porosity of the MPC can be advantageous for a material
to be used for crack repair. Water is the major vehicle of many harmful
substances that are the main cause of the physical and chemical degra-
dation processes affecting concrete buildings. A very porous repair ma-
terial could therefore represent a threat to the preservation of the struc-
tural integrity of the damaged area.

Summarizing, the physico-chemical characterization of the cements
reveals that HNTs do not affect the phases formed in the cement matrix
nor its microstructure.

HNTs aggregate under the influence of van der Waals forces [33]
into agglomerates of tens of μm [64]; therefore, to assess the formation
of HNT clusters in the composites, we analyzed the samples by means
of FE-SEM. Fig. 3 reports the FE-SEM of H0 and H10 samples. Sample
H0 shows the presence of struvite crystals with the characteristic par-
allelepiped-like structures with cross-shaped and y-shaped cracks [65].
TMP, on the other hand, is characterized by smooth micrometric objects.
H10 sample appears more heterogeneous than H0 and it is possible to
recognize both struvite crystals and HNTs (SEM images of pristine HNT
nanotubes are also reported in Figure S5 in the Supplementary Mate-
rial). The nanotubes appear well dispersed into the cement matrix and
no segregation was observed.

Fig. 4 reports the compressive strength of H0 and H10. H10 dis-
plays an improved compressive strength with respect to H0, showing
that HNTs reinforce MPC, enhancing its load withstanding. In the liter-
ature, HNTs are widely used to increase the mechanical performances
of various materials, including some cements [5,28,34] but, to the
best of our knowledge, their use in MPC cements is reported here for
the first time. In cements based on calcium silicate hydrate, the re-
inforcing effect of HNTs has been attributed to multiple mechanisms
[28]: i) filling of cement voids; ii) cross-linking of the matrix by in-
teraction of –OH groups from HNTs and Ca2+ in cement pastes; iii)
interaction of silica from HNTs’ surface with calcium hydroxides; iv)

Fig. 3. FE-SEM images of the investigated samples. HNT nanotubes are indicated by the white arrows.
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Fig. 4. Results of the compressive strength tests on H0 and H10 after 5 days of setting. For
each sample, 5 specimens were tested, and the results are reported as average ± standard
deviation.

swelling of the nanoclays due to water absorption within its layers. The
reinforcing effect observed in MPCs can be mainly ascribed to a filler ef-
fect due to HNT’s nanotubular morphology which contributes to the for-
mation of a denser matrix by filling the nano-sized porosities. Moreover,
HNTs are expected to inhibit the occurrence of cracks’ formation thus
requiring higher loads to initiate cracking and eventually improving the
strength of the composite [66]. It is worth mentioning that although
MPC cements are generally appreciated for their high early strength
[21], the possibility of further improving their mechanical properties
represents an additional bonus when incorporating HNTs as nano-carri-
ers in cementitious matrices.

3.3. Release kinetic

An important feature of HNTs, in addition to their role as reinforcing
agents, is the possibility to use them as nano-carriers, since they can load
and release active molecules. In the restoration of outdoor cracked struc-
tures, the presence of an anti-fouling system in the repair material, to
protect the damaged area of the structure from molds and microorgan-
isms, is particularly appealing. For this reason, SA, a well-established an-
timicrobial agent [45,46], was loaded in the lumen of HNTs nanotubes,
and its release both from the nanotubes in water and from the composite
MPC/HNTs was studied.

In order to assess the maximum amount of SA that could be released
from HNTs, the mass of SA loaded into the nanotubes was quantified
by means of thermogravimetric analysis. The TG curves of HNT and
HNT-SA, reported in Figure S6 in the Supplementary Material, reveal
that SA accounts for 8.7 wt% of the loaded HNTs.

The kinetic of release of SA from HNTs’ powder in water shows that
the release started immediately after mixing and was complete within
about 1 h (see Figure S7). On the other hand, the profile of the release
kinetic of SA from HNT/MPC composite (see Fig. 5) is much slower
than that of HNT and occurs in about 30 h. Thus, the incorporation of
HNT in MPC slows down the SA release from the nanotubes, prolonging
its protective effect.

Fig. 5. Schematic representation of the salicylate release from MPC experiments and re-
lease kinetic profile of SA from H10 composite. Markers represent the average calculated
on 3 experimental measurements ± standard deviation; the corresponding fitting curve
was calculated according to the Weibull equation.

A quantitative evaluation of the release properties was obtained by
fitting the experimental curves according to some of the most commonly
used models, as reported in the Materials and Methods section. Ko-
rsmeyer-Peppas equation (Eq. (2)) accurately accounts for the release of
SA from HNT powders, while the Weibull equation (Eq. (3)) better de-
scribes the release of SA from HNT/MPC composite (see Figure S8 and
Table S1 for the results of the fittings). As already reported in similar
systems, the mechanism controlling the release of SA from HNT is dif-
fusion controlled (nKP < 0.5, which corresponds to a Fickian transport
in the Korsmeyer-Peppas model) [52–54,67,68]. It was found in the
present study that the mechanism ruling the release of SA from HNT/
MPC arises from a combination of diffusion and relaxation mechanisms
(0.75 < nW < 1, which corresponds to a combination of Fickian diffu-
sion and Case-II transport in the Weibull model [55,56]). These results
suggest that the release mechanism of SA is more complex when HNTs
are included in the MPC and it could be associated to the migration of
SA within the porosities of the cement matrix, which somehow controls
the diffusion of SA and slows down the release. It is important to point
out that the release profile in a real application would present some
differences with the experiment described in this section: in particular,
here we observe that after about 30 h of immersion of the whole MPC
disk in water the release of SA is complete. When used to fill a crack,
only a small part of the surface of the cement would be exposed and,
more importantly, it would not be fully immersed in water, but rather
in contact with intermittent rain or humidity. Therefore, we can reason-
ably assume that in a real application the whole release of SA would be
far from being complete after 30 h, providing a long-lasting protective
effect.

In order to obtain information about the extent of their dissolution
in contact with water (see section 2.2.9), MPCs were freeze-dried and
weighted. The weight loss is (2.7 ± 0.8) %, demonstrating their excel-
lent resistance to dissolution.

3.4. Application of MPC/HNT composite in cracks

According to the previous results, MPCs are regarded as promising
candidates for cracks repair because of their good cohesion, short setting
time and final mechanical properties [23,24,69]. The material that we
developed presents several advantages with respect to pristine MPCs, as
the inclusion of HNTs improves the handling properties, the final com-
pressive strength of the composite and allows for the possibility of in-
cluding protective molecules to be released when the material gets in
contact with water (for instance, due to rain or humidity).

The new MPC composite was tested in a real case-study; some cracks
were selected and filled with the H10 formulation, following the proce-
dure described in section 2.3 (see Fig. 6). For this preliminary in situ
evaluation, an outdoor structure made of concrete, constantly exposed
to external environmental agents, was selected. As it is shown in Fig.
6B, the paste can be easily applied with a syringe after 3 min from the
beginning of the mixing and can fill the entire depth of the crack, with-
out leaving void space which could eventually cause further cracking.
After crack filling, the formulation can also be finely adjusted with a
spatula within some minutes from the application, before the final set-
ting time is achieved (i.e., about 14 min). It is worth mentioning that
in order prolong the setting time of MPCs and thus to extend the time
frame of application, retarders can be incorporated in the formulation
[35,57]. The application was monitored for several months, demon-
strating excellent stability, as no degradation of the MPC could be ob-
served (see Fig. 6C and 6D). This is in agreement with the results ob-
tained from the resistance to dissolution test, where MPCs lost only 2.7%
of their initial weight even after one week of complete immersion in
water, suggesting that, even under rainy conditions, these formulations
could display a long-lasting stability.
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Fig. 6. Pictures of formulation H10 in preliminary in-situ applications. Pictures were taken
before the application (A), during the application (B), 1 month after the application (C)
and 4 months after the application (D). The coin, used on purpose to give an idea of the
crack size, has a diameter of 16 mm.

4. Conclusions

MPCs are emerging materials for the repair of damaged structures
given their appealing properties such as rapid setting and high early
strength. This paper describes an innovative material for crack repair
based on a magnesium phosphate cement containing halloysite nan-
otubes, which improve the mechanical properties and act as nano-car-
riers to load and release an anti-fouling molecule, i.e., salicylate. It was
demonstrated that the inclusion of HNTs in MPCs provides several ad-
vantages:

- HNTs improve the consistency and the handling properties of the paste
without affecting the setting time, which is important as the quick set-
ting and hardening process of MPCs is commonly regarded as one of
their main strengths for repair applications.

- HNTs can be dispersed in the inorganic cement matrix, leading to an
improvement of MPCs’ compressive strength.

- HNTs can be used to obtain a prolonged release of an anti-fouling mol-
ecule from the cement matrix when in contact with water.

- In-situ application by using the cement paste containing HNTs nan-
otubes to repair a crack shows an excellent injectability and a
long-lasting stability.

In conclusion, the results presented in this work show that the in-
clusion of HNT nanotubes in MPC-based formulations produces several
improvements over the available materials and paves the way for the
use of clay-based nano-fillers in magnesium phosphate cements for re-
pair applications, especially in the conservation of cement monuments.
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