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1 Introduction

Magnetic nanoparticle constructs for in situ repair
of critical cementitious infrastructure

E. Cali,*®® M. Pedrotti,
and M. P. Ryan®

*© G. Sernicola,® S. Fearn,? L. Vandeperre,® R. J. Lunn®

Cement barriers in critical infrastructures, such as nuclear waste containment, can degrade and crack over
time, enabling radionuclide release and further failure mechanisms. Repair in such hazardous scenarios is
challenging, creating demand for remotely applicable solutions. This paper investigates silica-coated
magnetic nanoparticles (SiO,@FesO4 NPs) as a novel gelling material for sealing microcracks in cement.
The nanofiller is developed by coating magnetic nanoparticles with a silica shell using the water-in-oil
emulsion method. The magnetic core enables targeted emplacement of the NPs within cracks, whereas
the silica shell undergoes gelling through siloxane network formation upon destabilization. The
developed SiO,@FezO4 NPs constructs exhibit high stability due to surface charge repulsion. Application
of a 0.48 T magnetic field locally concentrate the NPs, overcoming electrostatic stabilization and
inducing coalescence and subsequent gelling. This allows for the development of a magnetically drivable
filler, that can be concentrated at the defect location and subsequently gelled. X-ray computed
tomography (X-ray CT) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) demonstrated
the effectiveness of this process in filling artificial crack geometries, providing insights into the 3D spatial
and temporal evolution of the repair. Moreover, Scanning Electron Microscopy combined with Energy
Dispersive X-ray Spectroscopy analysis provided evidence of additional calcium-silicate—hydrate
formation resulting from the reaction of the nanofiller with cations present in the cement. These results
show for the first time that magnetic concentration can overcome charge-based stabilization of
SiO,@FeszO4 NPs nanoparticles, enabling their use as highly effective material for sealing nano- and
micro-cracks in physical barriers.

difficult to localize and can enlarge existing defects, thereby
increasing leakage rates and the potential for contaminant

Cementitious materials are widely used in critical infrastruc-
ture, but are susceptible to severe degradation phenomena,
including cracking and spallation. In the nuclear industry, their
potential as physical barriers for radionuclide containment in
deteriorating nuclear infrastructure has been widely investi-
gated.”” Colloidal silica injected as a suspension of silica
nanoparticles (NPs), has gained extensive interest in grout
cracks in ageing UK waste vessels and limiting radionuclide
migration into groundwater.*”” thanks to its low viscosity and its
nanometre-scale particles. The sole use of SiO, as filling mate-
rial bears, however, certain limitations,*®* as emplacement
requires large hydraulic gradients, high-pressure injection is
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migration and surrounding-material damage. Additionally, an
accelerant (generally an electrolyte suspension) to destabilise
the suspension of negative SiO, NPs and allow the creation of
surface Si-O-Si (siloxane) bonds, i.e. formation of a hydrogel®>*°
must be used, posing a treat for chemical alteration of the
system and the case for local cation leaching at the cement
surface.™

Technologies using magnetite nanoparticles (Fe;04 NPs) for
separation are well established in biomedical applications,***
as, for magnetite NPs of <100 nm size, their super-
paramagnetism allows for easy manipulation in low magnetic
fields and separation from any background matrix.

Coating of Fe;O, NPs with silica has been demonstrated for
life sciences applications™**"* and the removal of toxic heavy
metal ions from water.>*>* In these scenarios, the silica is
applied as an inert barrier layer to protect the magnetite core in
a range of pH environments.”>*®* However, the use of a silica-
coated-magnetite system to address the structural integrity of
cementitious infrastructures has not yet been reported. For this
specific application, embedding a magnetic core into colloidal
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silica offers the potential of controlled transport and emplace-
ment of the SiO,-coated Fe;0, (SiO,@Fe;0,) NPs via magnetic
field manipulation. The presence of a magnetic core also means
that neither a concentrated suspension nor a chemical accel-
erator is required for injection. Rather, we hypothesised that by
using magnetic guidance to deliver the particles into a con-
strained geometry (the local crack), the field could then be used
to overcome electrostatic interactions and drive gelling only
within the crack.

In this work, we develop a water-dispersible super-
paramagnetic silica-coated magnetite (SiO,@Fe;0,) nano-
particle system, which can be destabilized by magnetic field
concentration to induce gelling. To mimic the effect of the
ambient ions present in the real system, tests are also carried
out in a NaCl electrolyte. Following characterization of the NPs
pre- and post-gelling, further investigation is then carried out to
evaluate the SiO,@Fe;0, NPs behaviour when driven through
a simulated crack into cement via a magnetic field. We show
that the SiO,@Fe;0, NPs are successfully driven to the desired
location and gel only after correct emplacement, proving that
the magnetic field concentration is sufficient to overcome the
electrostatic repulsion.

2 Experimental and methods
2.1 Materials

2.1.1 SiO, coating of 12 nm Fe;O0, nanoparticles. Size
controlled (12 nm) magnetite (Fe;0,) nanoparticles (NPs) were
synthesized following a thermal decomposition method
described in detail previously.”” Encapsulation of the Fe;0, NPs
in silica shells was achieved through a reverse microemulsion
method adapted from previous work.>*** 10 mL cyclohexane,
1.3 mg Igepal CO-520 (polyoxyethylene (5) nonylphenylether,
Sigma-Aldrich) and 50 pl of DI H,O were mixed at room
temperature under vigorous stirring for the time required for
the reverse microemulsion to become homogeneous. 3-4 nmol
of oleic acid-capped Fe;O0, NPs concentrated in 1 mL of cyclo-
hexane were subsequently added dropwise to the stirring
mixture and equilibrated for 15 minutes. 80 ul of TEOS
(99.999%, Sigma-Aldrich) and 150 ul of NH; H,O (ACS reagent,
Sigma-Aldrich) were subsequently added dropwise, separated
by a mixing period of 15 minutes. The solution was kept under
constant stirring at room temperature for 72 h. The resultant
SiO,@Fe;04 NPs were recovered by washing with a mixture of
absolute ethanol (=99.8% AnalaR NORMAPUR ACS, VWR) and
methanol (=99.5% GPR RECTAPUR, VWR) for product precip-
itation, followed by centrifugation (4500 rpm, 30 minutes, 18 °©
C). After redispersion of the SiO,@Fe;0, NPs in ethanol, hexane
was added to the product, which was subsequently centrifuged.
The washing procedure was repeated at least six times to ensure
purity, and the product stored in DI H,O.

2.1.2 Portland cement preparation. Ordinary Portland
Cement (Blue Circle ‘General Purpose’ Cement) was used to
create two miniature vertical slabs (Fig. 1(a)) and three ‘cracked’
cylinders of cement (Fig. 1(b)). A 0.4 water to cement ratio was
used, curing was performed at 20 °C in an insulated environ-
ment for the first 7 days and then air-dried up to a total of 28

J. Mater. Chem. A

View Article Online

Paper

days. For each specimen, about 25 mL of cement mixture were
cast into a 50 mL Falcon centrifuge tube used as a mould. After
curing, a simulated planar fracture along the longitudinal plane
of the cylinders was created with a wedged section by means of
an industrial water jet cutter (samples NM and S1).

2.2 Sample preparation

For each experiment, gel time was evaluated as the time
required for the SiO,@Fe;0, suspension to form a visible, non-
flowing gel under magnetic-field application, as assessed by
macroscopic observation and photographic documentation
upon inversion.

2.2.1 Gelling of SiO,@Fe;0, NPs in liquid through NacCl
addition. To induce gelling of SiO,@Fe;0, NPs, model experi-
ments were performed by evaluating the addition of an elec-
trolyte accelerator to the colloid suspension (sample E in
Fig. 1(a)). NaCl was used as accelerator in a 0.33 M final
concentration, with a 5:1 volume ratio between the SiO,@-
Fe;O,4 NPs and the accelerator.® The mixtures were reacted for
times ranging from 7 days to 14 days and aliquots of different
contact time samples were diluted in DI H,O and sonicated for
30 minutes, following dropcasting on TEM grids (holey carbon
film copper grids, 3.05 mm diam., 300 mesh, TAAB) for micro-
scopic characterization.

A zoom-in schematic of the NP circled in “NM” shows the
structure of the core-shell NPs described in this work. The
schematics represent the complementary analyses carried out
to evaluate penetration and gelling performance of the material
described in this work within the crack.

2.2.2 Gelling of SiO,@Fe;0, NPs through magnetic field
application. Initiation of gelling through the sole presence of
a magnetic field, without chemical initiator to screen the
surface charge, was investigated by transferring an aliquot of
SiO,@Fe;0, NPs dispersed in DI H,O into a 25 mL Falcon
centrifuge tube to which a NdFeB magnet was fixed on the side
(sample “M” in Fig. 1(a)). The tube and magnet were left in
position for 28 days, after which the magnet was removed and
the sample sonicated in order to attempt redispersion of any
ungelled NPs. The gelling efficiency was evaluated through
dropcasting of the sonicated sample on a TEM grid and then
characterized with a JEOL JEM 2100 F operated at 200 kv.

2.2.3 SiO,@Fe;0, in contact with a Portland cement -half
section. A sample was prepared by using a vertical pouring
section of Portland cement in contact with the SiO,@Fe;0, NP
suspension (sample “B” in Fig. 1(a)). The cement section was
fixed on the side of a Falcon centrifuge tube to occupy half the
volume of the tube. This allowed evaluation of possible gelling
effect on the NPs suspension of Ca®** ions released by the
cement into the water or present on the cement surface. To
prevent the cement-suspension interaction from being driven
by gravity, the centrifuge tube was kept in a vertical position (as
shown in Fig. 1(a)). The sample was studied after 12 h of contact
between the suspension and the cement.

2.2.4 SiO,@Fe;0, in contact with a Portland cement half-
section with magnetic field application. The setup from sub-
subsection 1.2.3 was also used to study the combined effect of

This journal is © The Royal Society of Chemistry 2026
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Fig.1 Schematic representing the different sample setups described in this work; (a) shows the SiO,@FezO4 NP suspension described in section
1.2.1-1.2.4, when: mixed with an electrolyte solution ("E"), a magnetic field was applied on the side of the container ("“M"), a magnetic field was
applied on the side of the container through the vertical half section of Portland cement ("A”), in contact with the vertical half section of Portland
cement with ho magnetic field ("B"); (b) shows the different crack geometries prepared for the experiments described in subsubsection 1.2.5:
a cracked wedge sample with application of a magnetic field ("S1") and a control sample with no magnetic field application ("NM").

exposing simultaneously the NP suspension to a vertical cement
surface (hence to Ca** ions) and to a magnetic field applied
orthogonally to that surface (sample “A” in Fig. 1(a)). The
sample was studied after 12 h of magnetic field application,
when the magnet was removed and the sample sonicated for 10
minutes to attempt redispersion of any ungelled NPs.

2.2.5 Gelling of SiO,@Fe;0, NPs through simulated cracks
in Portland cement via magnetic field application. A final
model experiment was carried out by inducing flow of the
SiO,@Fe;04 NPs through a simulated crack in a cementitious
section. Fig. 1(b) presents a schematic of the experimental
setups. Two different crack geometries were used for the
experiment: a full section and a wedged section. The different
geometries were used to evaluate the effects of surface geometry
on NP flow through the crack, and any subsequent gelling,
when applying a 0.48 T magnetic field. Finally, to study the
effect of calcium (Ca®>*) ions present in the cement on the NP
gelling behaviour, an identical control experiment was carried
out using the wedge-cracked cement section without applied
magnetic field. For this series of geometries, water sealing
between the Falcon tubes and the cement cylinders was
provided by a rubber O-ring and an external layer (approx. 1
mm) of commercial silicone gel sealant.

This journal is © The Royal Society of Chemistry 2026

2.3 Sample characterization

The gelling efficiency (of the SiO,@Fe;04 NPs) in each experiment
described above was investigated at the macroscale through
a Nikon XT H 225 LC X-ray computed tomography system and at
the micro/nano-scale with a JEOL JEM-2100 F and a JEOL JEM
2100Plus TEMs operating at a 200 kV voltage, taking advantage of
the high-contrast given by the Fe-based NP cores with respect to
sole SiO,. After addition of NaCl, the samples were prepared for
TEM analysis with a 1:1000 dilution of the original electrolyte-
added sample followed by ultrasonication in order to avoid
possible artefacts due to drying effects when depositing concen-
trated samples on to the grid. The SiO,@Fe;0, NPs penetration
within the crack was studied using an environmental SEM (eSEM,
Quanta 650 FEG) coupled with EDS detector (XFlash 6160). The
eSEM was operated at 800 Pa to prevent drying of the analysed
samples and avoid consequent artefacts. High-resolution SEM
imaging was carried out with a Zeiss Auriga featuring a Schottky
field emission gun operating at 5 kV. High resolution time-of-flight
secondary ion mass spectrometry (ToF-SIMS) was carried out using
an IONTOF ToF-SIMS 5 instrument to evaluate the penetration of
the nanoparticles through the cement crack. The analytical ion
beam used was a 25 keV Bi' LMIG, in high current bunch mode

J. Mater. Chem. A
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with a beam current of ~1 pA. The analytical area was 50 mm”.
Positive secondary ions were collected, for a total of 100 scans.
After each analysis, the sample was then moved a further 0.25 mm
away, and another mass spectrum collected. The secondary ion
counts were then normalised to the total ion counts obtained in
each analysis, and the Fe' secondary ion counts were then plotted
as a distance in mm, from the edge of the cross-section.

3 Results and discussion
3.1 SiO,@Fe;0, NP characterisation

TEM micrographs of the coated NPs obtained by applying the
optimised microemulsion procedure are reported in Fig. 2(a—c).
After 72 hours of reaction, a homogeneous coating of 17.3 +
2.0 nm was obtained on the 12 nm Fe;O, NPs. The micro-
emulsion coating method resulted in single-core structures
with high control over the SiO, shell sizes and coating effi-
ciency, with no SiO, core-free particles observed (analysis based
on n = 253 imaged NPs). The method allows for the formation
of aqueous micelles in an organic solvent, allowing for; the
formation of nanoreactors where the growth of silica shells
around the initially hydrophobic magnetic NP cores is achieved,
according to La Mer theory.?®?***> The NPs suspension shows
a high degree of dispersion, visible from Fig. 2(a—c). The pH of
the SiO,@Fe;0, NP samples prior to addition of accelerator was
measured as 6.58 (pH meter, Inolab pH 7310, WTW). At near-
neutral pH the SiO, NP liquid suspension is characterised by
surface Si-O- functional groups, since the pH is higher than the
point of zero-charge (pzcsio, = pH 2).>'* No agglomeration is
indeed observed by imaging and evidence of numerous isolated
NPs was found (Fig. 2(c)), expected due to the strong electro-
static repulsion generated by the formation of an electrical

Fig. 2
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double layer surrounding the SiO, NPs dispersed in a polar
medium (water in the case presented here). This is confirmed by
a size distribution of 51.7 & 3.9 nm of the NPs measured from
TEM images, which agrees well with that measured by Dynamic
Light Scattering (DLS) (SI Fig. S2, average diameter = 53.1 =+
10.3) and confirms that the colloids remain stable (no
agglomeration or gelling is observed).

3.2 Gelling of SiO,@Fe;04 NPs by electrolyte addition

The effect of adding a 2 M NaCl solution to SiO,@Fe;04 NPs in
a 1:5 ratio was examined at two time points by collecting aliquots
of the sample after 7 and 14 days. Fig. 2(d and e) show NPs from
the aliquot collected after 7 days, and Fig. 2(f) after 14 days upon
addition of the electrolyte. Upon destabilization by the electrolyte,
extensive growth of inter-particle connections is observed by the
presence of “necks” in the contact areas between the different
coatings when compared to the as-synthesized NPs (Fig. 2(a—c)),
indicating direct interaction of the Si-O- functionalities on the NP
surfaces. Specifically, in Fig. 2(d-f) the Fe;O, cores are still easily
differentiable, however the morphology of the SiO, coatings has
changed from spherical shells to an interconnected network, due
to the formation of Si-O-Si bonds in-between NPs. This is caused
by the increase in the ionic strength of the host solution caused by
the addition of the electrolyte, resulting in charge screening and
an increased probability of NP collision, and hence of gelling.
Imaging multiple aliquots from the same sample confirmed that
gel formation occurred within the first 7 days.

3.3 Gelling of SiO,@Fe;0, NPs by magnetic concentration

Fig. 3 shows the effect of applying a magnetic field on a diluted
suspension of as-synthesized SiO,@Fe;04 NPs for 28 days. The

(a—c) TEM micrographs of SiO,@FezO4 NPs obtained by applying the microemulsion method described in this work. Homogeneous,

core-centred coated NPs are obtained, characterized by high dispersibility. (d—f) TEM micrographs of the coalesced silica shells after addition of
a 2 M NaCl solution to a SiO,@FezO4 NPs sample. (d and e) Were collected after 7 days and (f) after 14 days upon NaCl solution addition,
respectively. Gelling of the silica shells is evidenced by the visible silica network embedding the FesO,4 cores. Sample preparation was performed
by dilution of an aliquot of the gelled sample followed by ultrasonication for 10 minutes. Features characterizing the gelled SiO,@FesO,4 NPs after

7 and 14 days of the addition of the electrolyte are mostly similar.

J. Mater. Chem. A

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta01009a

Open Access Article. Published on 14 April 2026. Downloaded on 5/6/2026 10:35:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Journal of Materials Chemistry A

Fig. 3

(a) Image and corresponding TEM micrograph of the as-prepared SiO,@FezO4 NPs suspension upon application of a magnetic field (the

NdBFe magnet is fixed on the side of the suspension container to counteract gravity effect); (b) image and corresponding TEM micrograph of the
same suspension presented in (a) after 28 days of application of the magnetic field showing NP concentration and gelling.

starting suspension (Fig. 3(a)) is characterized by dispersed NPs
at near-neutral pH, as confirmed by the observed pale-brown
colour of the suspension and by TEM imaging, showing the
expected high degree of dispersion. Upon application of
a magnetic field for 28 days, concentration of the magnetic NPs
is visible, and coalescence of the SiO, shells was confirmed by
TEM (Fig. 3(b)), proving that gelling can also be induced by
concentration of the NPs through the application of a magnetic
field.

3.4 Gelling of SiO,@Fe;0, NPs by magnetic concentration
on cement geometries

The first experiment used two half-cylinders of Portland cement
in contact with the SiO,@Fe;0, NP suspension (Fig. 4). A 0.48 T
NdFeB magnet was applied on the side of “sample A” to study
the combined effect on the gelling phenomenon of the
magnetic field and on the leaching of cations from the cement
(Fig. 4(a)). Upon 12 h of magnetic field application, a gel formed
on the cement surface of “sample A” (Fig. 4(a and b)), which is
retained even after ultrasonication (10 min) (“Sample A” in
Fig. 4(c)), confirming the non-reversibility of the process. A
control sample (“sample B”, Fig. 4(c)) was prepared to evaluate
the effect of Ca®>" leaching-only from the cement surface on the
NP suspension. The colour difference of the liquids in “sample
A” and “sample B” in Fig. 4(c) is due to the different behaviour
of the NPs in the presence/absence of the magnetic field. The
clear surrounding solution of “sample A” indeed results from
the majority of the NPs having gelled on the cement surface. In
“sample B”, only a thin NP layer was found on the cement
surface and gelling did not occur; NPs remain dispersed even
after 12 h of contact, as visible from the uniform pale-brown

This journal is © The Royal Society of Chemistry 2026

colour of the liquid, very similar to the colour of the slightly
more concentrated initial suspension in Fig. 4(b).

3.5 In situ characterisation of gelled SiO,@Fe;04 NPs within
cement cracks

To study the possibility of achieving macroscopically appre-
ciable gel formation inside Portland cement cracked sections,
a proof-of-concept was developed by carrying out the same
experiment using two half-cylinders of cement placed edge-to-
edge down one of the long sides, creating a wedge-shaped
crack (see “S1” schematics in Fig. 1(b)). After application of
a 0.48 T magnetic field orthogonal to the cracked cement
surface, the sample was stored horizontally to avoid any effect
other than the magnetic field on the NPs motion. To evaluate
the gelling efficacy due to the magnetic force, as opposed to the
positive ions present in the cement (e.g., Ca>*), a control sample
(“NM” in Fig. 1(b)) was prepared without applying any magnetic
field.

Samples observed after 5 days of magnetic field application
showed formation of a viscous gel on the surface of the cement
cylinder, leaving a clear aqueous solution when compared to the
starting suspension (SI Fig. S1(a and b), respectively). This was,
however, not the case for the NM sample, where the suspension
retained its original colour after the same 5 day-period (SI
Fig. S1(d and e)). The sample was sealed to inhibit water evap-
oration, and no NP mobility was observed upon inversion of the
test tube, therefore confirming gelling of the SiO,@Fe;O4 NPs.
To study the NPs transport through the crack and to evaluate
possible penetration in the cement pores (orthogonal to the
crack), samples S1 and NM were analyzed using Xray-Computer
Tomography (X-CT). SI Fig. S1(c) and (f) show the two samples

J. Mater. Chem. A
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Fig. 4 (a) Image of “sample A" described in subsubsection 1.2.4 before
(left-hand side) and after (right-hand side) removing the magnetic
field. The magnet was applied on the side of the Falcon tube through
the vertical pouring cement half-section. When removing the magnet
after 12 h a gel was observed on the cement surface in correspon-
dence to the magnet position (circled in red). (b) Comparison of the
gelled NPs in “sample A" after removal of the magnet from the side of
the cement pouring (left-hand side) and a starting NP suspension
(right-hand side). The difference in the colour of the initial suspension
highlights the occurred gelling of “sample A". (c) Images of samples
described in subsubsection 1.2.4 and subsubsection 1.2.3, with
("sample A") and without (“sample B") magnetic field application
respectively) after 12 h of the NPs being in contact with the cement.
After magnetic field removal “sample A" was sonicated to redisperse
ungelled NPs. The water colour difference in the two samples results
from gelling of “sample A" as opposed to “sample B", where no gelling
occurred.

prior to water removal before the analysis, where the macro-
scopic colour difference between the two suspensions, trans-
parent for S1 and brown for NM, is clearly evident.

Fig. 5 shows a series of cross-sections extracted from the X-
CT scan on samples S1 and NM. Fig. 5(a) shows a horizontal
cross-section of sample S1. A solid gel is clearly visible on top of
the vertical right surface, where the SiO, suspension was in
direct contact with the cementitious paste (lilac area in the
image). It should be noted that this lilac highlighting is used to
aid the visualization of the silica phase and is not meant to be
quantitative. Interestingly, the macro-pores within the cement
paste are partially filled by solidified gel. Looking at the

J. Mater. Chem. A
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magnified image in Fig. 5(b) it appears that smaller pores ach-
ieved a better filling than larger ones. Fig. 5(c and d) show two
vertical cross-sections at different distances from the right
interface, the former being closer than the latter. At a short
distance from the wedged section entrance, the gel entirely fil-
led the wedged surface. As the wedge becomes narrower, air
appears to remain trapped, preventing a homogeneous filling of
the crack (Fig. 5(d)). The results shown in the magnified image
in Fig. 5(e) suggest that a better pore filling is achieved closer to
the wedge. Empty or partially filled pores start appearing as one
moves away from the wedge. Similarly, Fig. 5(f) (cross-section
through the bottom of the crack) shows that only partial pore
filling was achieved in this region. Again, smaller pores show
a better filling than larger ones.

Fig. 5(g and h) show two horizontal cross-sections of sample
NM (no magnetic field applied). The horizontal cross-section in
Fig. 5(g) is orthogonal to the wedged crack while the one in
Fig. 5(h) is parallel. Interestingly, even though no magnetic field
was applied for this sample, the gel was found on the entire
wedged surface. As seen in both horizontal sections, some
spherical pores appear to have been filled by the SiO, gel. In
contrast with sample S1, neither the distance from the top
surface nor the distance from the wedged surface seems to
affect the amount of filled pores; however, also for sample NM
smaller pores show a better filling than larger ones (Fig. 5(i)).

Governed by the Young-Laplace principle, capillary pressure
increases as pore size decreases, meaning small pores are ex-
pected to fill before larger ones under a negative hydraulic
potential. This observation suggests that the SiO,@Fe;0, NP
penetration into the cement could be driven solely by the
hydraulic gradient between the dry cement and the suspension,
rather than by the magnetic potential. To explore this theory,
Fig. 6 reports the measured initial porosity of samples S1 and
NM, ie., ~3%, calculated as the ratio between the volume of
voids and the volume of solids as determined from the X-CT
scans. To ensure the robustness and reproducibility of these
calculations, a variance of £5 grayscale values was applied to
the manually selected segmentation threshold. The minimal
impact of this variance on the calculated porosity is reflected by
the error bars included in the plot. Upon exposure to the
SiO,@Fe;0, NP suspension, the porosity in sample NM
decreased only to a value of 2.5%, whereas the porosity in
sample S1, where the magnetic field was applied, decreased to
a value <1.5%, halving the available pore space. This suggests
that the magnetic field does indeed increase the number of NPs
that have penetrated the cement.

To confirm the observation from the X-CT scans that NP
penetration occurred through the cement, SEM analysis of the
wet S1 sample in environmental mode was carried out using an
800 Pa pressure to minimize water evaporation within the
sample and to disregard SiO, gelling due to drying artefacts.®
Specifically, after X-CT scans were performed, the sample was
removed from the aqueous medium before SEM analysis (SI
Fig. S1(c)) and imaging was carried out on the surface of the
cement section, first near the crack (without disassembling the
cement sections), as well as at the cross-section (after separating
the cement half-sections), as presented in the schematic

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 X-CT scan of sample S1 and NM (no magnetic field applied). Any remaining suspension was removed before X-CT scan and the sample
was scanned upside-down, in order to make sure that any phase found on the cement surface was gelled (i.e., a solid phase). The segmented
magnetite-silica phase is shown in lilac for visualization purposes only to increase the contrast against the cementitious and the air phase and is
not quantitative. (a) Vertical cross section of sample S1 showing solid gel formation at the surface where the cement-colloidal suspension
interface was present. (b) A 4X magnification of the area near the wedge showing most of the pores filled by silica gel. (c) A horizontal cross-
section of sample S1 taken close to the top surface (cement - silica suspension interface) showing the wedged area to be filled by colloidal silica.
(d) A horizontal cross-section of sample S1 taken at the bottom of the wedged section showing partial filling of the wedged section. (e) and (f) A
4X magnification of the area near the wedge boxed in figure (c) and (d) respectively. (g) Sample NM (cross-section plan is transversal to the wedge
plan); (h) vertical cross-section of sample NM (cross-section plan is parallel to the wedged plan), (i) a 4X magnification of the boxed area.

Unaltered version of Figure a, ¢, d, g and h is shown in S| Fig. S3.

reported in Fig. 1(b). The secondary electron images (Fig. 7(a—
d)), show the presence of a gel network both on the surface and
throughout the entire crack. Fig. 7(a and b) show the micro-
structure of the gelled sample at the crack surface and 5 mm in
depth inside the crack, respectively. A uniformly distributed gel
is evidently present within the crack. To study the penetration
depth of the SiO,@Fe;04 NPs through the length of the crack,
the section was subsequently opened for EDS maps to be
collected along the crack. EDS analysis showed presence of Fe
uniformly distributed across the crack, confirming homoge-
neous penetration of the NPs into the crack (Fig. 7(e-h)).
Fig. 8(a) shows the EDS analysis carried out on a 3.5 mm
longitudinal cross-section along the crack. Maps acquired on
the region boxed in Fig. 8(b), reported at higher magnification
in Fig. 8(c), revealed homogeneous distribution of Fe, Si, and O
along the analysed region (Fig. 8(d-f), respectively). The NP flow
caused by the applied magnetic field is indicated by the arrow in

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Plot of the calculated porosity for sample S1 and NM. The initial
porosity was calculated as the pore space occupied by both silica
matrix and air over the total volume. The final porosity is calculated by
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each point, error bars represent the minimum and maximum calcu-
lated porosity resulting from a centred range of threshold values of £5
intensity units.
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cement

Fig.7 (a) Secondary electron SEM image of the top of the cylindrical section showing presence of gelin the crack; (b—d) SEM characterization of
the network of SiO,@FezO4 gel obtained on the cementitious section within the crack; (e) secondary electron image of gelled SiO,@FezO4 NPs
within the cement crack and corresponding elemental maps obtained by EDS of (f) Fe, (g) Si, and (h) O, respectively. The more diffuse Fe
elemental map compared to the Si and O ones is due to the lower Fe content associated with the FesO,4 cores relative to the SiO; shells and to
spatial averaging in the eSEM—-EDS measurements at 800 Pa.

Fig. 8(b), and the maps were acquired from a region close to the gradient in iron (or SiO,) was not observed (Fig. 8(d-f)), con-
crack edge (“crack origin” in (b)) to the bottom of the crack, as firming that penetration of the NPs through microsized cracks
indicated by the presence of the sealant. A concentration canindeed occur even with only a 0.48 T applied magnetic force.

eSEM-EDX (800 Pa)

analysis across crask
(wet sample) /

Silicone sealant

Sealant : 5 3
te ,

Fig. 8 (a) Schematic of the EDS analysis carried out on sample S1 by eSEM. (b) Secondary electron image acquired on a longitudinal cross-
section of the gelled SiO,@FezO4 NPs through the cracked cement. EDS mapping was carried out on the boxed region to evaluate possible Fe
concentration gradient from a region closer to the crack initiation (“crack origin”) to the end of the crack (showed by presence of the “sealant”),
where the magnet was fixed. The arrow shows the direction of the NP flow through the crack; (c) SEM image of the longitudinal cross-section
boxed in (b) and corresponding (d) Fe, (e) Si, and (f) O EDS maps, respectively. The scalebars are 1000 um in (a) and 90 pm in (b—e).
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Fig. 9 High-resolution ToF-SIMS analysis of the longitudinal cross-section along the crack. Positive secondary ions were collected for a total of
100 scans per point. After each analysis, the sample was moved a further 0.25 mm away, where another mass spectrum was collected. (a) and (b)
Show the start and end collection points on the analyzed sample, and are shown in the schematics in (c): the cement cylinder was disassembled
along the crack depth and the analysis was performed on one of the half-sections from sample S1. Points “a” and “b" were acquired at 7 mm and
8.75 mm from the crack initiation, respectively. Secondary ion counts were normalized to the total ion counts obtained in each analysis, and in (d)
the Fe™ counts are plotted as a distance in mm from the edge of the cross section (black plot). An as-prepared cement sample was also analyzed
as a control to evaluate Fe* contribution before NP addition (red plot). Scalebar in (a) and (b) is 1 mm.
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Fig. 10 Secondary electron high-resolution SEM images obtained on sample S1 showing the different morphologies observed for the gelled
material within the crack. (a) Spherical NPs and needle-like structures are visible; (b) higher resolution image showing the spherical morphology
of the SiO,@FezO4 NPs is noticeable after gelling; (c) Dense network of needle-like structures found within the gelled material.

1 pme

3.6 Postmortem characterisation of gelled SiO,@Fe;0, NPs secondary ion counts were found to be an order of magnitude
in cement smaller, at 0.598 + 0.29 x 10 * over the same longitudinal
section of the control sample (Fig. 9(d)).

Finally, high-resolution SEM was carried out on the dried
samples and showed presence of different morphologies
through the material gelled within the crack. Fig. 10(a and b)
show evidence of both spherical NPs and needle-like structures
for this sample. Fig. 10(c) shows an SEM image acquired
towards the central section of the crack in sample S1, where
a dense needle-like network was mostly present, resembling
C-S-H (calcium silicate hydrate) crystals.>*” These results
hence suggest that Ca may be incorporated into this network.**

Our results highlight the possibility of magnetically-driven
SiO,@Fe;04 NPs to specific defect areas, resulting in subse-
quent NP gelling. The NPs presented in this work could be
applied to cracked grouted waste forms. The cement layer,
characteristic of grouted waste drums is easily obtained using
magnetic fields, with the thickness of the concrete not posing

To better evaluate and confirm the penetration and gel thick-
ness of the NPs, ToF-SIMS analysis was performed, and the
results are reported in Fig. 9. Mass spectra were acquired on the
surface of the sample's cross-section at 7.00 mm distance from
the crack origin (Fig. 9(a)) to 8.75 mm (Fig. 9(b)), with the last
data point acquired on the sealant, also shown in the sche-
matics in Fig. 9(c). Fig. 9(d) shows the Fe' secondary ion counts
plotted against the distance from the crack, where a mass
spectrum was obtained every 0.25 mm over the analysed
section. Fe' secondary ions are consistently detected
throughout the surface, dropping to 0.295 x 10~* only at the
crack end. These data are consistent with results obtained with
SEM-EDS, with Fe' homogeneously detected throughout the
entire analysed surface, confirming complete filling of the
crack. To evaluate the possible Fe contribution from the as-
prepared cement, a control sample was also analyzed. The Fe"

This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. A
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a limit to the emplacement of the NPs for the studied experi-
ments. Compared to the use of pure SiO, nanocolloids in the
field application scenario, our results prove that the presence of
a magnetic core eliminates the issue of requiring a starting
concentrated suspension to inject: a dilute suspension of
SiO,@Fe;0, NPs can be used, and the application of a local
magnetic field eventually results in the core-shell NPs concen-
tration locally increasing at the site of interest and, conse-
quently, after, in their gelling.

4 Conclusions

The results obtained in this work show the potential of using
SiO,@Fe;0, NPs for addressing challenges related to the
structural integrity of cement structures. The application of an
optimised microemulsion strategy to obtain the SiO, coating
results in hydrophilic, highly stable, and homogeneously coated
SiO,@Fe;0,4 NPs characterised by a 1:1 core/shell ratio.

It was demonstrated that gelling of the SiO,@Fe;0, NPs
developed in this work can be obtained solely by magnetic
concentration. The applied magnetic field effectively overcomes
the electrostatic repulsion between the NPs, entirely elimi-
nating the need for electrolyte addition to trigger the sol-gel
transition. This shift from chemically-induced to physically-
induced gelling yields practical implications, particularly for
sensitive environmental applications such as radionuclide
containment infrastructure. Bypassing electrolyte use (such as
NaCl) prevents severe collateral damage, including the chloride-
induced corrosion of embedded metals and the competing
action of Na' ions that can increase radionuclide desorption.

Furthermore, the magnetic drive allows for the use of highly
diluted suspensions to achieve precise concentrations exactly
where needed. This eliminates the need for high-pressure
hydraulic injection, thereby reducing the risk of crack propa-
gation, and opens the possibility of remotely guiding the
SiO,@Fe;0, NPs through bulk bodies of water like storage
ponds.

Finally, the contrast observed in X-ray CT results also high-
lights that 3D mapping of the gel distribution and crack filling
behaviour can be obtained non-destructively on deteriorating
cement infrastructure, offering valuable insights into the
internal healing mechanisms and enabling more effective
assessment of durability and performance over time.
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