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(Hydroxy)apatite (HAp) [Ca1o(PO4)s(OH),l, has emerging potential as a cement coating material, with
applications in environmental remediation, nuclear waste storage and architectural preservation. In these
low temperature environments and when precipitating from aqueous solution on to a porous substrate,
the crystal size, nucleation sites and modified surface properties created are key to designing the most
effective coating. In this study we show that bacterial (biogenic) or chemical (abiotic) syntheses on to
Portland cement alter these critical performance parameters. We identify that the most significant
difference between these two methods is the rate of pH change of the solution during synthesis, as this
alters the surface properties and layer structure of HAp formed on cement. We show that iron present in
Portland cement is not incorporated into the HAp structure; that formation of nanoparticulate/
nanocrystalline HAp begins in the top 20—-50 um of the cement pore structure; and that a slow pH rise
in the deposition solution controlled by bacteria metabolic activity leads to a rougher and more
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hydrophilic HAp coating compared to the abiotic synthesis. The results present the possibility of tailoring
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Introduction

The generation of hydrophobic surface coatings for concretes
has been of significant recent research interest." ™ There is an
increasing need for such barrier coatings due to the corrosive
effects of water and chloride ingress on cementitious building
materials.”> Calcium phosphate phases, in particular (hydroxy)-
apatite (HAp, Ca;o(PO,)s(OH),), have been proposed as an effective
conservation treatment for calcitic building materials such as
limestone and marble.®® The mechanisms of apatite formation
on cement have received little investigation to date, and the
applied properties of these apatites remains under studied.
The presented work addresses this knowledge gap, through a

“ Department of Civil and Environmental Engineering, University of Strathclyde,
Glasgow, G1 1X], UK. E-mail: andrea. hamilton@strath.ac.uk,
ronald.turner@strath.ac.uk, pieter.bots@strath.ac.uk

b Department of Mechanical and Construction Engineering, University of
Northumbria, Newcastle Upon Tyne, NE1 8ST, UK

¢ Department of Engineering and Mathematics, Sheffield Hallam University,
Sheffield, S1 1WB, UK

4 School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT, UK

¢ Department of Pure and Applied Chemistry, University of Strathclyde, Glasgow, G1
1BX, UK

S Department of Physics, SUPA, University of Strathclyde, Glasgow, G4 ONG, UK

¢ Department of Physics, Swansea University, Swansea, SA2 8PP, UK

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/d1ma00320h

6356 | Mater Adv., 2021, 2, 6356-6368

the surface topography and hydrophilicity of (hydroxy)apatite coated cement.

thorough investigation of two different treatment methods to form
apatite (biogenic, and abiotic) with the aim of investigating its
formation as a surface treatment, not a mechanical consolidant.
Apatite may provide two potential benefits as a surface treatment
versus alternative methods of coating or repairing cement.

The first potential benefit is that apatite has a lower solubility
in the built environment compared to calcite, which could increase
the durability of the resulting coating. The apatite produced in this
work is closer to the hydroxyapatite end member, based on XRD
and FTIR analysis, than either of the chloro- or fluoro-apatite end
members and therefore we label it HAp but acknowledge it is not
pure stoichiometric HAp. Furthermore, many naturally occurring
forms of HAp, such as human tooth enamel,’ and bone'® contain
some CO;>~ incorporated within the structure. If this incorpora-
tion occurs within the built environment it would be undesirable
for an architectural coating because it may increase HAp
solubility,"® however acid resistance testing has shown HAp layers
on marble to be an effective protective surface barrier."* Therefore
HAp surface coatings could be a viable treatment strategy in
architectural conservation.

A second important benefit of the apatite family mineral
phases (Ca;o(PO4)6(F, Cl, OH),) is the ability to incorporate cations
and anions into their structure.’>"* HAp has also demonstrated
considerable potential as a sorbent in contaminated environ-
ments. Biogenically produced, poorly crystalline HAp, is shown

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to be more effective against remobilisation of radionuclide
analogues such as strontium’* ¢ than commercially produced
nanoparticles of HAp, and a better sorbent of Co*" in saline
solutions (90% seawater) than natural zeolite.'> We therefore
consider HAp has a potential as a physical barrier to water
ingress and a chemical barrier to radionuclide transport, when
applied to cementitious substrates.

Portland cement is widely used as a building material and as
a waste form for low level radioactive waste and backfill within
geodisposal facilities.'” ' Here, we investigate the aqueous
solution based formation of HAp on Portland cement® (CEM
II/A-LL) to determine the mechanisms of formation and its
surface engineering properties. Pseudomonas fluorescens was
selected for use as the HAp-generating strain based on past
observations of its capacity to generate calcium phosphate
minerals,>® combined with the relative ease with which it can
be cultured. Here, we compare HAp formed with and without
Pseudomonas fluorescens, to develop a conceptual model of the
process, and show that in both cases the deposited layer begins
as nanocrystals in pores of the top ~50 um of the cement,
creating an altered layer. Subsequently, a thin, smooth HAp
layer (R, = 1.67 pum, sessile drop water contact angle = 85°)
formed on top of the altered layer under abiotic conditions, and
large well faceted HAp crystals (R, = 8.68 pm, sessile drop water
contact angle = 52°) precipitated when formation was aided by
microbial metabolic activity.

Materials and methods
Cement substrate preparation

Cement blocks (5 x 2 x 1 cm) were prepared from 'Multicem
32,5R (CEM-II/A-LL)’, Hanson Heidelberg cement powder
(500 g) with deionised water (200 g) to form a paste. After
mixing for 15 minutes at low speed using a rotary mixer, the
resulting cement paste was cast into silicone moulds and left to
set for 24 hours at 100% RH and 20 °C. Samples were then
removed from their moulds and cured in a Ca(OH), saturated
solution to minimise carbonation. Curing was carried out
at 20 °C for at least 28 days. After curing, the weight of
each block was recorded (20 g each), then all samples were
vacuum packed prior to further treatment to minimise cement
carbonation.

Phosphate treatments

All cement samples were placed in an autoclaved, phosphate
amended lysogeny broth (LB), which consisted of 20 g L™ LB
(Lennox), (Sigma-Aldrich), 9.4 g L' KH,PO, (0.0691 mol L™,
Sigma-Aldrich), 2.2 g L' K,HPO, (0.0126 mol L', Fluka).
During microbial treatment the cement samples were equilibrated
with 100 mL autoclaved phosphate amended LB for 1 day, prior to
the addition of a 1 mL inoculum of Pseudomonas fluorescens
SBW25 (ODggo = 0.1) grown in regular LB, to induce the formation
of HAp. For direct comparison with the biogenic system, abiotic
experiments were conducted to understand the role of bacteria in
HAp production. During abiotic treatment, HAp formation was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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induced through the addition of 10 mL 1 M NaOH to 90 mL
phosphate-amended LB, instead of adding P. fluorescens. Treat-
ment progress was monitored visually (e.g. the colour of the
cement samples) and by measuring the pH of the phosphate
amended LB. After ageing for 21 days in the LB the cement
samples had changed colour (from dark grey to murky white)
and the pH had stabilised in both treatments. At this point the
cement samples were removed from the phosphate amended
LB, washed in deionised water under mild agitation and
vacuum sealed for storage prior to further analysis.

To induce HAp formation as a control, without the presence
of a cement substrate, 0.1 g Ca(OH), was added as a source of Ca
ions instead of cement, to 100 mL of phosphate amended LB and
autoclaved. All flasks were incubated for 20 days at ambient
temperature with continual shaking (Yellowline OS2 shaker, speed
setting 2) inside a fume cabinet. After 20 days the precipitate was
collected from an aliquot of 10 mL by centrifuging for 20 minutes
at 8000 x g and 20 °C. The supernatant was decanted and the
collected solid was suspended in 50 mL deionised water to wash
the precipitate and re-centrifuged to collect the solid. The control
precipitate was dried at 37 °C for 24 hours and stored at ambient
temperature in a sealed centrifuge tube prior to further analyses.

Composition and speciation

HAp was removed from the surface of the cement samples using
diamond-coated files to produce a fine powder for compositional
analysis using ICP-OES (inductively coupled plasma-optical emission
spectroscopy), CHN (carbon-hydrogen-nitrogen), TOC (total organic
carbon), FT-IR (Fourier transform infra-red spectroscopy) and
Mossbauer spectroscopy. All samples were vacuum-packed for
storage prior to analysis, to minimise carbonation.

To quantify Ca, Si, Fe, and P content, 10 mg of powdered HAp
from the cement treatments and the abiotic precipitate were dis-
solved in 10 mL of concentrated trace-element grade hydrochloric
acid (2 mL) and nitric acid (8 mL) via microwave digestion using a
MARSXpress microwave digestion system (CEM Corporation). Sam-
ples were diluted 1:10 in ultrapure water prior to analysis using an
iCAP 7000 Plus series ICP-OES (Thermo-Fisher). To quantify the total
and organic carbon (CHN and TOC respectively) content of the HAp,
5 mg of each sample was mixed with 5 mL sulphurous acid (TOC
only). Further sulphurous acid was added until effervescence was
observed to stop. Untreated and acidified samples were then freeze-
dried and weighed into tin capsules for CHN and TOC analysis
respectively, using an Exeter CE440 Elemental Analyser.

X-ray diffraction (XRD) was carried out using a Bruker D8
Advance diffractometer on intact cement samples and powder
from the abiotic precipitate; these samples were washed
in deionised water and vacuum sealed for storage prior to
analyses. During the XRD analyses, the step size used was 0.01°
20, count time was 4 s per step, a Gobel mirror was used on the
primary beam path and only the powder sample was rotated. A
silicon standard was analysed to determine instrumental peak
broadening, using the same instrument settings as the samples.
For quantification of the dominant crystalline phases (HAp and
calcite), Rietveld refinements were performed using TOPAS
(Bruker).
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For FT-IR analysis, the powdered samples were transferred
onto the diamond ATR element of the Spectrum Two FT-IR
spectrometer (PerkinElmer, USA). Background spectra were
taken before each measurement and automatically subtracted
from the sample spectra using Spectrum (PE) software. Spectral
repeats were taken of three sub-samples and averaged to
produce the final FT-IR spectra representative of each sample.

>’Fe Mossbauer spectroscopy was used to investigate the
oxidation state and coordination environment of Fe within
surface scrapings from samples of ordinary Portland cement
and the abiotic and biogenic treatments. Mdssbauer spectra
were collected at 293 K using a constant acceleration spectro-
meter with a 25 mCi °’Co source in a Rh matrix. Absorbers were
prepared from ground samples mixed with graphite powder to
ensure a Mossbauer thickness ¢ < 1. Spectra were measured in
the velocity range £12 mm s~ ' relative to o-Fe and were fitted
using the Recoil analysis software package. Two broadened
Lorentzian paramagnetic doublets were fitted to the resultant
spectra. It was assumed for the purposes of fitting that the
recoil-free fraction ratio f(Fe*")/f(Fe*") = 1.0. Spectral measure-
ments were carried out for 2 weeks per sample. Data collection was
halted after 2 weeks, because beyond 2 weeks an unfeasible
(>1 month) additional collection time would be required to
produce a statistically significant improvement in spectral
signal-to-noise ratio.

Imaging

Samples for electron probe microanalysis (EPMA) were embedded
in epoxy resin, sectioned and polished by Petrolab Ltd (Cornwall,
UK). The resin-embedded polished cement samples were coated
with Ir to improve the electrical conductivity for electron imaging.
EPMA analyses were performed using a JEOL JXA-8530F field-
emission EPMA with four integrated wavelength-dispersive X-ray
(WDX) spectrometers. Beam conditions were 20 kV and 40 nA
defocused to a 1 um spot, with a 50 ms per pixel sampling time
and 1 pm per step stage scan.

For transmission electron microscopy (TEM), thin lamellae
of the samples (approx. 100 nm thick) were prepared via the
in situ lift-out method using a FEI Helios G4 CX DualBeam high
resolution monochromated, field emission gun, scanning elec-
tron microscope (FEG-SEM) with precise focused ion beam
(FIB). The samples were initially sputter-coated with a 30 nm
thick Pt/Pd layer to make the samples conductive for SEM
imaging. After transferring the cement blocks to the dual beam
microscope, 500 nm of electron beam platinum (Pt) was
deposited (at 5 kV, 6.4 nA for the electron source) on the
surface of the target area. This was followed by a second Pt
layer (1 pm) using the FIB (at 30 kV, 80 pA for the liquid Ga ion
source). A bulk lamella was initially cut (by the FIB at 30 kv,
47 nA), before a final cut-out was performed (at 30 kv, 79 nA).
Thinning and polishing of the lamellae to electron translucency
was performed with a final polish/clean using a gentle ion
beam (5 kV, 41 pA). The lamellae were attached, using Ion
Beam Pt, to a Cu FIB lift-out grid (Omniprobe, USA) mounted
within the SEM chamber (in situ) and then stored under
vacuum before and during transport to and from the TEM.
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The resulting FIB-SEM lift-outs allow TEM imaging perpendi-
cular to the surface of the cement samples, enabling analysis of
the HAp layer and interface at this surface. Bright field TEM,
high-angle annular dark-field-scanning transmission electron
microscopy (HAADF-STEM) images and energy dispersive X-ray
(EDX) spectra and maps were recorded using an FEI Titan(3)
Themis G2 STEM operating at 300 kV with an FEI Super-X
4-detector EDX system, a Gatan One-View CCD and a Gatan
Quantum 965 ER imaging filter. HAp and cement are both
susceptible to alteration under electron irradiation.>* Therefore
probe currents and electron doses (dwell times) were limited to
ensure that no significant changes in morphology or crystal
structure were observed during data acquisition, either imaging or
during mapping; the latter for <15 min per region of interest.

Surface properties

The surface topography of the cement substrate and treated
samples were mapped using focus-variation microscopy (Alicona
4G infinite focus scanner). Contact angle measurements were
made on identical samples, thoroughly rinsed with DI water and
dried under a stream of nitrogen gas. Three individual 20 pL
droplets of deionised water were spotted onto the surface and
images were captured using a Nikon digital camera. Droplet
contact angle measurement was performed using Fiji and the
LBADSA plugin.*

Results and discussion

Impacts of treatment on the composition, speciation and
distribution of mineral and cement phases

The evolution of pH in the phosphate amended LB is summarised
in Fig. 1. Prior to any amendments, the pH of phosphate amended
LB was approximately 6.2. This shows that during the biogenic
treatment, pH increased from ~6.2 to ~ 8.5, while the adjusted
pH in the abiotic treatment remained stable at ~9, as shown
before in previous work.”” Between the treatments, there are two

10
9]
8]
T 4
Q]
7- . .
] —0O— Abiotic treatment
] —O— Biogenic treatment
6
5-I""l""l""l""l""l
0 5 10 15 20 25
Time (day)

Fig. 1 Summary of pH evolution during the abiotic and biogenic treat-
ment of the cement blocks; the coloured lines represent a B-spline
through the median values of parallel experiments and are intended as a
guide to the eye only.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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main differences: (1) a starting pH of 6 or 9 in the biogenic and
abiotic treatments, respectively, and (2) the presence or absence of
microbial metabolic activity. Preliminary PHREEQC models show
that due to the high phosphate buffer capacity (81.7 mM PO,>"),
the pH should remain stable, even with the dissolution of alkaline
phases within the cement samples (e.g. Ca(OH),). Thus, it is likely
that microbial metabolic activity was the cause of pH increase
during the biogenic treatment, e.g. from the formation of ammo-
nia as a by-product of microbial proteolysis.’®*” Therefore stable
PH during the abiotic treatment is likely due to the absence of
microbial metabolic activity and the elevated initial pH.

The composition of the control HAp precipitate and powdered
surface scrapings from the cement sample after biogenic and
abiotic treatments are summarised in Table 1. In the control HAp
precipitate, Ca and P are 48.3 wt% and 21.9 wt% respectively,
corresponding to a molar Ca/P ratio of 1.70, which is close to
the expected value of 1.67-1.68 from stoichiometric HAp.?**°
Similarly, powdered surface scrapings from the biogenic treat-
ment samples had 37.3 and 16.8 wt% Ca and P respectively, and
hence a molar Ca/P ratio of 1.72. The abiotic treatment, surface
scrapings had 28.4 and 3.1 wt% Ca and P respectively, which
corresponds to a molar Ca/P ratio of 7.13. This is more than 4
times higher compared to the control precipitate and other
reported values at 1.38-1.76 for natural, stoichiometric, or carbo-
nated HAp.>* ! However it is clear that HAp does not account for
all Ca in the samples and the XRD results show calcite is present
in the coated cement samples from both treatments (Fig. 2). In
addition, C-S-H is not detected by XRD but is certainly present
(EPMA results) and will also contribute to Ca measured by ICP-
OES on digested surface scrapings. Si and Fe were detected
within the scrapings, also confirming the presence of cement
phases (Table 1). Inorganic carbon was found in all samples,
ranging from 0.65 wt% in the control HAp precipitate to 5.32 wt%
in scrapings from the cement substrate after the abiotic treat-
ment. Finally, within all samples, organic carbon was also
detected. Organic carbon is lower in both cement samples
compared to the control HAp precipitate. For samples where no
microbes have been added, it probably comes from the growth
media used.

XRD of the control HAp precipitate and both biogenic and
abiotic coatings on the intact cement samples after treatment
are plotted in Fig. 2. On precipitation from aqueous solution
and at pH > 6, octacalcium phosphate (OCP, CagH,(PO,)s-5H,0)
and dicalcium phosphate dihydrate (DCPD, brushite, CaHPO,-
2H,0) are the main other non-apatite crystalline phases which
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Fig. 2 XRD patterns of the control HAp precipitate and the intact surface
of the abiotically and biogenically treated cement blocks. Shown are stick
plots for the reflection positions of HAp and calcite, in red and black
respectively. Magenta asterisks represent minor quantitites of cement phases,
ettringite (ICSD 16045)*2 and monocarboaluminate (ICSD 59327),% but there
are insufficient isolated reflections to unequivocably confirm identification.
The purple asterisk represents a portlandite reflection (ICSD 15471).3* These
minor reflections do not interfere with the main HAp and calcite reflections,
thus were not included within the refinements to quantify the dominant
crystalline phases (i.e. HAp and calcite). Inset is a higher magnification of the
region from 30-35° 20, without intensity offset to emphasise reflection
broadening.

could form.>®> OCP has been formed along with HAp on

marble.*® In the work presented here, we did not observe the
formation of brushite or OCP. All Bragg peaks in the XRD of
control HAp precipitate can be assigned to HAp, suggesting that
inorganic carbon in that sample (Table 1) may be carbonate
incorporated into the HAp structure®””*® rather than precipitated
as calcite. In contrast, the analysed cement blocks showed
significant calcite reflections, accounting for 24.1 wt% calcite in
the sample after abiotic treatment and 3.6 wt% calcite after the
biogenic treatment. This demonstrates that the difference in
inorganic carbon content (Table 1) of surface scrapings between
the 2 coatings was due to differences in the calcite content. This
is likely responsible for the higher Ca/P ratios compared to the
control precipitate, particularly for the abiotic treated sample
which had the highest calcite content. There is a clear difference
in the FWHM (Full Width-Half Maximum) of the HAp reflections
with the broadest peaks present in the abiotic control. This is
most obvious at 30-35° 20, where at least three distinct HAp

Table 1 Elemental composition of surface scrapings dissolved in HCI/HNO3 (ICP-OES) or sulphurous acid (CHN/TOC) as measured by ICP-OES, TOC,
and CHN. Inorganic carbon = total carbon—-organic carbon. Values are the median of 3 subsamples with + distance from the median given in brackets

Control precipitate (wt%)

Biogenic treatment (wt%) Abiotic treatment (Wt%)

Ca 48.3 (+9.58, —10.5)
Fe 0.04 (+0.03, —0.01)
P 21.9 (+8.41, —5.29)
Si 0.07 (+0.01, —0.01)
Total carbon 1.56 (+0.08, —0.09)
Organic carbon 0.91 (+0.00, —0.01)
Inorganic carbon 0.65 (+0.08, —0.08)

© 2021 The Author(s). Published by the Royal Society of Chemistry

37.3 (+6.35, —6.95)
1.21 (+0.20, —0.27)
16.8 (+2.15, —3.44)
1.99 (+ 0.31, —0.07)
3.68 (+0.38, —0.19)
0.50 (+0.24, —0.03)
3.18 (+0.41, —0.43)

28.4 (+5.62, —8.28)
1.57 (+0.37, —0.49)
3.1 (+0.15, —0.87)

2.03 (+1.59, —0.18)
5.67 (+0.54, —0.03)
0.35 (+0.16, —0.02)
5.32 (+0.38, —0.01)

Mater. Adv., 2021, 2, 6356-6368 | 6359
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reflections are identifiable in the control HAp precipitate sample,
yet appear merged in the abiotic treated cement sample (see inset
Fig. 2). This suggests variations in the crystallite size of HAp
between the two treatments of the cement samples and the
control HAp precipitate, as confirmed later by TEM (Fig. 6).

The FT-IR spectra are plotted in Fig. 3. In these spectra, HAp is
identified from the PO,*~ group vibrations which are dominant at
~560 and 1020 cm™ ' and include bands at 471, (559-561), 601,
962, (1020-1025) and a shoulder at 1087 em™".** Broad water
vibrations (3200-3600 cm™ ') are also characteristic of HAp.*®
CO,*" vibrational bands were identified at 873, 1469-1454 and
1420-1417 em ™', which have been observed previously in FT-IR
studies as typical for both carbonated HAp and calcite alone.*>*°
These bands are stronger in the abiotic coating, consistent with
the higher percentage of calcite detected by XRD. Additional
vibrational bands at 1652-1640 cm ™" can be assigned to C=0 and
N-H related to organic matter. They show little variation in
intensity between samples, confirming that organic carbon is
present in all samples, as shown in Table 1.

The *’Fe Mdssbauer spectra and their respective fits are
plotted in Fig. 4. All >’Fe Méssbauer spectra could be fitted with
two doublets (D1: centre shift: 0.26-0.42 mm s~ ', quadrupole
splitting: 0.41-0.49 mm s~ ', and D2: centre shift: 0.23-
0.45 mm s~ ', quadrupole splitting: 1.21-1.61 mm s~ ', Table 2).
These doublets (within experimental uncertainties and taking into
account the low signal-to-noise ratio) indicate the existence of at
least two different paramagnetic Fe*" sites and that all of the
observed Fe is present as ferric Fe in all three of the cement
samples.*** The hyperfine parameters from fitting the Mdssbauer
spectra associated with the cement samples are all fully consistent
with values for cement from Harchand et al (D1: centre shift:
0.278 mm s~ ', quadrupole splitting: 0.428 mm s, and D2: centre
shift: 0.285 mm s, quadrupole splitting: 1.667 mm s~ *, Table 2).*"
Doublet D2, with the greater quadrupole splitting (QS), is consistent
with 6-fold coordinated Fe**, and doublet D1, with the smaller QS, is

consistent with 4-fold coordinated Fe** !

1 I
0.4 4|— Control precipitate pos [ 50
]|— Biogenic treatment [
g 4[— Abiotic treatment 8
- [
S 03+ -15 8
— - —
[e] o
8 ] a
© i A0 . ©
1 ] mides
B 024 -10 3
N 1 N
T T
£ £
. E
2 0.1 - 05 2
0.0 e e 0.0
4000 3500 3000 25002000 1500 1000 500

Wavenumber (cm™)

Fig. 3 Summary of the FTIR spectra collected on the powders from the
control HAp precipitate and the cement samples after the abiotic and biogenic
treatments; including annotation of the dominant vibrational bands.
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Fig. 4 Fitted Mdssbauer spectra of abiotic HAp coating on Portland
cement (top), biogenic HAp coating on Portland cement (middle), and
Portland cement (lower). Points are the collected data, bold blue lines are
the overall fit to the data and magenta lines are the fitted doublet
components.

A significant proportion of the Fe in hydrated OPC resides in
the calcium aluminoferrite phases and its hydration products.
Multiple researchers®’ ™ have shown that room-temperature *>’Fe
Mossbauer spectroscopy of hydrated OPC produces complex spectra
with 3 or more components, due to the hydration products,
including Fe substituted phases such as ettringite, monosul-
phoaluminate, C-S-H, hydrogarnet and partly-unresolved
magnetic components.**™*> However, given the low signal-to-
noise ratio obtained for our Mossbauer spectra, plus the absence
of any weakly- (or strongly-) magnetic signals (which would give
rise to spectral components at more positive and negative velo-
cities than were observed), fitting with 2 doublets has been
considered sufficiently robust to enable any significant differences
arising between the samples to be identified.

Ferric iron could be expected to be present in Fe-substituted
HAp produced under aerobic conditions.® However, the fitted
parameters for the two doublets from the biogenic treated
cement sample (with HAp known to be present) are similar to those
obtained for the untreated cement sample and the differences

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table2 Mdssbauer parameters for the biogenic and abiotic treatment, the untreated cement coupon and four literature standards: (a) six- and four-fold
coordinated Fe** within the structure of hydroxyapatite (D1 and D2, respectively) and surface bound Fe** (D3)*’ noting that D1-D3 presented here are
given as D3-D5 in table 6 of Jiang et al.*’ (b) six- and four-fold coordinated Fe** within calcium aluminoferrite (D1), labile Fe component of C—S—H and
Fe in hydrogarnet (D2) and non-labile Fe component of C-S—H**4° (D3): (c) Fe** within ordinary Portland cement in four- and six-fold coordinated sites
(tetrahedral and octahedral D1 and D2, respectively) likely within the structure of calcium aluminoferrite;** and (d) Fe** in four- and six-fold, or ordered
and disordered six-fold coordinated sites within structure and on the surface of ferrihydrite (D1 and D2, respectively).*® The number in brackets

represents uncertainty in the last decimal place

Centre shift Quadrupole HWHM
Sample/description Doublet (mm s™1) splitting (mm s~ ) linewidth (mm s™") Area (%)
Hydrated ordinary Portland cement D1 0.32(3) 0.41(6) 0.27(8) 50
D2 0.26(4) 1.61(5) 0.30(6) 50
Biogenic treated cement sample D1 0.26(5) 0.49(1) 0.21(1) 61
D2 0.23(1) 1.52(2) 0.23(5) 39
Abiotic treated cement sample D1 0.42(4) 0.46(9) 0.22 53
D2 0.45(3) 1.21(1) 0.22 47
Fe-doped HAp (Jiang et al.)"’ D1 0.23 1.72 0.35° 6
D2 0.22 1.14 0.40¢ 18
D3 0.22 0.69 0.40¢ 18
Leached ordinary Portland cement paste D1 0.34 1.50 0.27 16
surface (Faucon et al.)* D2 0.39 0.86 0.23 53
D3 0.31 0.49 0.17 31
Hydrated ordinary Portland D1 0.278 0.428 0.495¢ 18
cement (Harchand et al.;‘11 D2 0.285 1.667 0.495% 82
Ferrihydrite (Rea et al.)* D1 0.37(1) 0.60(1) b 27(6)
D2 0.36(2) 1.02(2) —r 73(6)

% Reported linewidths are consistent with FWHM (Full Width-Half Maximum) linewidths, therefore dividing these reported linewidths by a factor
of two enables direct comparison with our HWHM linewidths reported here. > No FWHM was reported by Rea et al.*®

between the two samples could arguably have arisen from
uncertainties caused by the limited signal-to-noise ratio. There-
fore, it is not possible to demonstrate significant differences
between the fitted Mdssbauer parameters for the biogenic
sample and the untreated cement. However, we note that the
fitted parameters (CS, QS) to the spectrum from the cement sample
after the biogenic treatment are mostly (3 out of 4 parameters),
lower than those for cement. This suggests that the average Fe’*
environments in the biogenic HAp may be slightly less distorted and
slightly closer to cubic symmetry than in cement, and/or that small
differences arise in the partitioning of Fe between the different
hydration products. The spectra of these cement samples vary
significantly in terms of their absorption intensities, with the
biogenic treated cement sample having lower absorption and there-
fore lower iron content than the cement sample, which is consistent
with the formation of HAp. This indicates that observable Fe was
diluted in the prepared surface scrapings from the biogenic treated
cement sample due to the formation of HAp.

The abiotic treated cement sample presents a Mdssbauer
spectrum and fitted parameters that are slightly different to
those of the cement and biogenic treated cement spectra (Fig. 4
and Table 2). The CS values for both doublets in the abiotic
treated cement sample are higher than for the other two
samples, which indicates a slightly lower s-electron density at
the Fe nuclei. The QS values are largely similar to the untreated
and biogenic treated cement samples, one 4-fold and one 6-fold
coordinated ferric Fe site, again consistent with literature.**™*
However, the higher CS values for the abiotic treated cement
sample are consistent with the view that the average Fe®*
coordination number is higher than in the other two samples
and consequently there may be small differences in the parti-
tioning of iron between the hydrated phases containing Fe.*'™*

© 2021 The Author(s). Published by the Royal Society of Chemistry

The overall absorption intensity for the abiotic HAp samples is
similar to that of the untreated cement, indicating a higher Fe
content than the biogenic HAp sample. This suggests that the
HAp layer covering the cement is thinner in the abiotic sample
than in the biogenic sample as it is diluting the Fe signal
less, which is confirmed by EPMA imaging (as described
below, Fig. 5).

It is important to note that none of the spectra presented
support the presence of Fe-doped natural apatite, as reported
by Jiang et al.*’ Fe in the structure of HAp would be present in
highly distorted polyhedra that would generate Mdssbauer absorp-
tion at approximately —0.65 mm s~ and 2.8 mm s~ . Rather, the
similarities of the fitted doublets (in all analysed samples) with the
doublets in hydrated ordinary Portland cement*' and (to a lesser
extent) with the doublets in ferrihydrite*® (a hydration product of
calcium aluminoferrite) suggests that the formation of HAp during
the two treatments did not extensively impact on the original Fe
speciation in the cement samples.

The results from EPMA-WDS mapping on polished sections
of the treated cement samples embedded in resin are sum-
marised in Fig. 5. In both abiotic and biogenic samples there is
a bright relatively homogenous layer within the backscattered
electron images at the top 20-50 pm of the cement blocks,
identified by dashed lines in the images. This layer is distinct
compared to lower into the treated samples, so we assume that
this is an altered/new layer that arose due to the respective
treatments. This altered layer in the biogenic treated sample is
less bright compared to the abiotic treated cement sample,
suggesting an overall lower atomic mass compared to the
abiotic treated cement sample. On top of this altered layer are
(a) large, well faceted crystals, present only in the biogenic
treated cement sample (Fig. 5b), shown with a dot-dash outline
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Fig. 5 Aselection of the EPMA-WDS maps of the abiotic sample (a) and the biogenic sample (b); a and b are the backscatter electron images, (al-a4 and
b1-b4) are the elemental maps (WDS) for Si (al and bl), Ca (a2 and b2), P (a3 and b3), and C (a4 and b4). The dashed lines demarcate surface layers within
the cement blocks with a high P signal; the dash dotted lines outline large areas on top of the cement layers with a high P and high Ca signal. The scale

bar represents 100 pm.

and (b) a thin, smooth layer, 1-2 pm thick, on the abiotic treated
cement sample (Fig. 5a and Fig. S2, ESIf). Deeper into the
sample cross section, the (altered) top layer is followed by a
heterogeneous dark blotchy layer which brightens at around
100 pm depth into the cement blocks. This indicates that the
atomic mass of the mineral phases in the cement block are
lower closer to the (altered) top layer than deeper in the cement
samples, possibly indicating a more porous region right below
the altered layer, with this porosity decreasing around 100 pm
into the cement samples. This could be due to either dissolution
of cement phases close to the interface or settling of denser
phases during sample curing.

The wide distribution of Si in the sample, likely from C-S-H,
represents the extent of the original cement block (Fig. 5a1 and
b1). It shows that the altered/new layer formed within the pores
of the top 20-50 pm of the cement samples. The lower Si counts
in this 20-50 pm layer show HAp is intermixed with silicate
(cement) phases, confirming pore filling. In both samples the
top 20-50 um layer contains significant amounts of P (Fig. 5a3
and b3), while deeper in the cement samples no P is found; this

6362 | Mater. Adv,, 2021, 2, 6356-6368

is consistent with HAp formation in the top, altered layer and not
deeper into the sample. Consequently, we do not anticipate any
change in the mechanical properties of the entire sample as a
result of this coating, further work will investigate the mechanical
properties of the HAp filled layer. The large faceted crystals on top
of the biogenic sample (Fig. 5b3) have very high P counts,
representing HAp, as no other P-rich phases were detected by
XRD (Fig. 2). P counts in the faceted crystals on top of the biogenic
treated cement sample are higher than in the altered layer,
showing a higher wt% of HAp in the large particles compared to
the altered layers of the cement samples, as expected.

Ca is distributed throughout the cement samples and within
the faceted crystals on top of the biogenic treated cement
sample. In the altered layer (dashed line Fig. 5a2 and b2), Ca
and Si are elevated in the abiotic sample compared to the
biogenic. This suggests more C-S-H present in the altered layer
of the abiotic sample than the biogenic sample, corresponding
with lower Si in the same layer in the biogenic sample.

Carbon counts are elevated outside of the cement and HAp
coating from the resin used to make the polished sections

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 5a4 and b4). Several fractures are visible throughout the
samples (Fig. 5a and b). However, these cracks are likely to be
perturbations occurring post experiment as a result of sample
preparation. Few of these fractures have elevated C counts,
while most fractures have low C counts (Fig. 5a4 and b4),
suggesting that most fractures formed after embedding the
samples in the resin and therefore occur during sample pre-
paration and polishing.

Thin FIB-SEM lift-out cross-sections (c. 100 nm thick) of the
top 5-10 pum (representing the top of the altered layers) of the
treated cement surfaces were imaged using TEM (Fig. 6), and
for comparison a sample of the control HAp precipitate was also
imaged. The selected area electron diffraction (SAED) pattern
(Fig. 6a1) of the control HAp precipitate matches the plotted
standard for HAp,® confirming its presence in the field of view.
Additionally, the control HAp precipitate presents various crys-
tal sizes and morphologies (Fig. 6a and b), possibly representing
different stages within the nucleation and growth process.*>*

In the TEM images of the abiotic treated cement sample
(Fig. 6¢—f) the 1-2 um top layer identified in the EPMA images
(Fig. 5a, and Fig. S2, ESIt) is confirmed (Fig. 5¢ and d). The
layer is composed of densely packed crystals with a platelet
morphology of ~5 nm thick and ~0.5 um long which have
high Ca and P contents (Fig. 6¢, d and Fig. S3b and ¢, ESIt). The
SAED pattern of this 1-2 pm thick layer with platelet crystals
(Fig. 6d1) matches the HAp standard*® but the Bragg diffraction
rings are not complete, particularly the 002 reflection, showing
some preferred orientation. This 1-2 pm thick layer of densely
packed HAp crystals could possibly have prevented resin enter-
ing the HAp-cement altered layer below, as observed in the
carbon EPMA analyses (Fig. 5a4).

Below the top 1-2 um thick platy layer (Fig. 6c and e) we see
regions with high Si, and with high Ca and P (Fig. S3b, c and e,
ESIYT). Furthermore, the SAED pattern captured from this area
(Fig. 6e1) shows relatively diffuse Bragg circles matching HAp.
Combined EDX and SAED shows that nanoparticulate HAp
coexists with C-S-H in this region, confirming that HAp is
intermixed with cement phases in the altered layer (Fig. 5a).
Further down, in the abiotic treated cement sample, an area
with a high Ca content was observed (Fig. 6f) with a morphology
distinct from the other regions visible in the abiotic treated
cement sample (Fig. 6¢). Additionally, the SAED pattern of this
near single crystal region (Fig. 6f1) shows several Bragg spots
which match the position for calcite,**>” suggesting a relatively
large calcite crystal.

The TEM image of the biogenic treated cement sample (Fig. 6g-k)
shows a more rugged surface compared to the abiotic sample
(Fig. 6g). Additionally, no identifiable layer of oriented HAp platelets,
as observed for the abiotic treated cement sample, is detected. The
larger crystals on top of the altered layer, detected by EPMA, were not
visible in the lift out taken for TEM analysis.

We identify an area near the surface with high calcium
(Fig. S3i, ESIt) and lattice fringes (Fig. 6h). These lattice fringes
and the respective single crystal SAED pattern (Fig. 6h1) match
the crystallographic information of portlandite (Ca(OH),),”®
which was also detected by XRD.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The higher resolution images shown in Fig. 6i, j and k all
show no clearly defined crystal morphological features, suggesting
that these areas throughout the altered layer (Fig. 6g, i, j and k)
consist of amorphous material and/or nanoparticles. However,
the composition in these images is distinct from each other
(Fig. S3i-n, ESIf). Fig. 6i contains elevated Fe and Si, Fig. 6j
elevated Si, and Fig. 6k elevated P. Additionally, the corres-
ponding SAED patterns (Fig. 6i1, j1 and k1) have a broad diffuse
scattering band, showing no strongly crystalline structure. For
the area with elevated P (Fig. 6k), this diffuse scattering band
matches the expected position of the dominant Bragg rings for
HAp (Fig. 6k1).**>° We thus suggest that this area is dominated
by a nanocrystalline calcium phosphate phase similar to HAp.
The diffuse scattering band in the SAED for the area with high Si
(Fig. 6j1), is observed at higher angles compared to what would
be expected from HAp. Thus, we tentatively assign this to
C-S-H. Finally, the diffuse scattering band for the area with
high Fe and Si (Fig. 6i1) appears at a position expected for both
2-line ferrihydrite (a nanocrystalline, iron oxyhydroxide phase)
and HAp. Due to the Fe (and Si) content in this area (Fig. 6i and
Fig. S31, m, ESIT) we tentatively assign the dominant phase in
this area to ferrihydrite, potentially a silica rich ferrihydrite as
identified by Kinsela et al.®® but cannot exclude the presence of
another Fe rich poorly crystalline calcium aluminoferrite hydra-
tion product such as hydrogarnet. P could also be detected in
this region with high Fe and Si (Fig. 6i and Fig. S3j, 1, m, ESIf).
This could be due to adsorption of phosphate to these iron
oxide phases or to the presence of a nanocrystalline calcium
phosphate phase similar to HAp.

In summary, a number of HAp morphologies are observed in
the abiotic and biogenic treated cement samples. After abiotic
treatment, the cement sample has a densely packed 1-2 um
thick layer of platelets (Fig. 6¢c and d) at the surface, with
nanoparticulate HAp intermixed with cement phases immediately
below (Fig. 6¢ and e). In the biogenic treated samples, there are
large faceted HAp crystals at the surface (Fig. 5b) with nanoparti-
culate HAp - cement intermixed below (Fig. 62 and k). Combined,
these provide insights into the XRD results (Fig. 2). First, this
shows that the XRD patterns (Fig. 2) reveal multiple HAp phases in
the altered layer and above. Second, the increase in the FWHM of
the Bragg peaks in the XRD patterns (Fig. 2) of HAp in the
treated cement samples compared to the control HAp precipi-
tate is due to the presence of nanoparticulate HAp intermixed
with the cement phases.

Treatment impact on the cement surface properties

The topography of the HAp coatings and untreated cement
samples were examined using focus-variation microscopy, and
results are given in Table 3. R, is a measurement of surface
roughness, representing the arithmetical mean height deviation
of the surface. R, was lowest for the abiotic treated cement
sample (1.67 pm), compared to the untreated cement sample
(4.00 pm) in Table 3, showing that formation of the densely
packed HAp platelets reduced surface roughness. The biogenic
treated cement sample had the highest R, at 8.68 um, due to
formation of the large faceted HAp crystals on the surface of the

Mater. Adv., 2021, 2, 6356-6368 | 6363
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Fig. 6 Summary of the TEM images on the control precipitate (a and b), and the FIB lift-outs of the abiotic treated cement sample (c to f) and the biogenic
treated cement sample (g—k). Control HAp precipitate: (a) overview image of the control HAp precipitate with respective SAED pattern (al) plotted with a HAp
reference reflections of half circles (LHS) where the thickness of the lines are proportional to the intensity of the respective Bragg reflections*® and (b) a HR image
of the area demarcated by the black square in a. Abiotic treated cement sample: (c) overview image of the FIB lift-out with (d) higher resolution image on the top
1-2 um top layer identified in the EPMA-BSE image (Fig. 5a) including a respective SAED pattern (d1) plotted with a HAp reference.*® (e) Higher resolution image
of the interface between the top 1-2 pm and the cement sample including a respective SAED pattern (el) plotted with a HAp reference® and (f) a higher
resolution image of an area with elevated calcium (ESI,F Fig. $3b) including a respective SAED pattern (f1) plotted with a calcite reference.° Biogenic treated
cement sample: (c) overview image of the FIB lift-out with (h) a HR/lattice image of a calcium rich crystal (Fig. S3i (ESI) with a respective SAED pattern (hl), (i) a
higher resolution image of an iron and silicon rich region (Fig. $3l and m, ESI) with a respective SAED pattern (i1) plotted with a HAp reference?® in white half
circles and a 2-line ferrihydrite reference in black. (j) A higher resolution image of a calcium and silicon rich region (Fig. S3i and j, ESIt) with a respective SAED
pattern (j1) plotted with a HAp reference.* (k) a higher resolution image of a calcium and phosphorus region (Fig. S3i and j, ESIF) plotted with a respective SAED
pattern (k1) plotted with a HAp reference. Solid shapes in the overview images represent the areas where the high(er) resolution images were taken.

cement during this treatment. Similarly, R, (root mean squared The abiotic treated cement sample was the lowest of all samples
roughness) is also a measure of surface roughness, however the R, measured (2.27 pm) and the biogenic treated cement sample
measurement is more sensitive to the surface maxima and minima.  the highest (11.19 um) while the untreated cement sample was

6364 | Mater. Adv, 2021, 2, 6356-6368 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Topographic parameters of HAp coatings, and untreated cement
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Sample R, [um]

Ry [pm] Rac ()

Biogenic treated cement sample
Abiotic treated cement sample
Untreated cement

8.68 (+0.89, —3.35)
1.67 (+0.12, —0.20)
4.00 (+0.34, —1.11)

11.19 (+0.79, —4.16)"
2.27 (+0.13, —0.26)
6.85 (+0.40, —2.08)"

0.57 (+0.23, —0.17)®
—0.39 (+0.52, —0.36)"
—2.98 (+ 0.97, —0.31)

The roughness average (R,), root-mean-squared roughness (R), and skewness (Rg) were measured using focus-variation microscopy. Values are the
median of 3 scans of different areas of the same sample. The +distance from the median is given in brackets. The permuted Brunner-Munzel test
was used to pair-wise evaluate the samples for statistical significance (p value < 0.1). Biogenic treated and untreated cement samples that are not
statistically different are marked A; similarly, abiotic and biogenic samples that are not statistically different are marked B.

not statistically different to the biogenic treated sample (6.85 pm).
This shows that the flattest surface was created by the abiotic
treatment, in contrast with the biogenic treatment, which fits with
the EPMA images. Measurements of Ry, (skewness) provide a
statistical description of the symmetry and shape of features on
the cement surfaces, respectively (Table 3).®' The negative Ry value
for the untreated cement sample (—2.98) indicates a surface with
more pores (or cracks) than peaks.®® Ry, values for the biogenic
(0.57) and abiotic treated cement samples (—0.39) were statistically
similar but both were distinct from the untreated cement. This
demonstrates the effect of both treatments in producing HAp
that filled or blocked surface cement pores.”®*®" The biogenic
treated cement sample had a positive Ry value, indicating rela-
tively high peaks and shallow valleys®" due to large crystals
deposited on the surface. Rq. was close to 0 for the abiotic sample
suggesting a relatively flat surface,”® and confirming the smooth-
ing effect of the densely packed HAp platelets on the cement
surface.

Hydrophobicity of the coatings was assessed by measuring
the contact angle of water droplets on the surface, similar to
biologically treated concretes in previous studies.” These are
summarised in Fig. 7. The abiotic treated cement sample had
the highest contact angle (~ 85°), compared to the biogenic treated
sample (~52°) and the untreated cement sample (~38° ). This
shows that the abiotic treatment had the largest impact on contact
angle. As no differences were observed in the total organic carbon
in any of the samples, it is likely that the roughness (due to the
large faceted HAp crystals) in the biogenic treated cement sample
impacted on the contact angle measurements® but this requires
further exploration. However, it should be noted that none of the
treatments resulted in a truly hydrophobic surface (>90°).

Conceptual model on the formation of HAp phases during the
treatment

Based on pH evolution in the phosphate amended LB (Fig. 1),
complementary qualitative PHREEQC modelling®® (Fig. S4,
ESIT), mineralogical composition (Fig. 2), chemical composition
(Table 1) and imaging analyses (Fig. 5 and 6), we have developed
a conceptual model of the treatments. This is visualised in
Fig. 8, and provides a schematic representation of the major
processes that occurred during the two treatments.

The similarity of the Mdssbauer spectra, and their respective
fits (Fig. 4 and Table 2), shows that neither of the treatments
impacted on the Fe mineralogy in the cement samples.*"**%
Calcite, detected in the TEM (Fig. 6), XRD (Fig. 2) and EPMA
(Fig. 5) results throughout the cement samples, combined with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Summary of the contact angle measurements for untreated cement;
and biogenic and abiotic treated cement samples. The bars represent the

median values and the symbols the measured values. The inset images are
examples of those used to measure contact angle.

Untreated Biogenic

no calcite found in the precipitate control, suggests all calcite
originated from the cement powder (CEM II/A-LL) and/or
portlandite carbonation.

The main impact of treatment on the top 20-50 um of the
cement substrate is dissolution of Ca-rich cement phases,
providing aqueous Ca** for HAp formation as indicated by
the lower density region in the cement samples (Fig. 5, Fig. 8
highlight 3 and 4, and light grey areas in Fig. 8). The following
stages are described: (1) PO,*>~ from phosphate amended LB
diffusing into the surface region pores of the cement samples
where it precipitates with Ca®" as a poorly crystalline calcium
phosphate phase intermixed with cement phases. From the
angle position of the diffuse scattering rings in the SAED image
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(Fig. 6e1 and k1) we propose that this calcium phosphate phase
is similar to a nanocrystalline HAp forming throughout the top
20-50 pm of the cement samples (Fig. 5 and 6, Fig. 8 highlight
3 and 4, and green areas in Fig. 8). Interestingly, qualitative
PHREEQC modelling shows that diffusion of LB into cement
pore water (Fig. S4e-h, ESIf) has little effect on pH, HAp
supersaturation, and therefore the mass of HAp precipitated.
This is because only a trace amount of PO,*” from the LB is
required to produce a supersaturated solution (SI > 0) with
respect to HAp in cement equilibrated pore water. While HAp
supersaturation from diffusion of cement pore water into the
LB (Fig. S4a-d, ESIf) is strongly affected by starting pH.
(2) Ca®* also diffuses into the PO,>~ amended LB, which
induces precipitation of HAp on the surface of the cement
samples (Fig. 5, Fig. 8 highlight 1 and 2 and the pink regions in
Fig. 8). During biogenic treatment this forms as (isolated) large,
well faceted HAp crystals, while in the abiotic treatment this
forms as a 1-2 pum thick continuous layer of oriented HAp
platelets (Fig. 5 and 6, 8 highlight 1 and 2, and pink areas in
Fig. 8). The reasoning for this difference is discussed below.
We found no difference in the quantity of organic carbon in
any of the samples, showing that no microbial matter was
intermixed with any of the newly formed phases on the cement
surfaces. Therefore, we propose that P. fluorescens present in
the biogenic treatment only indirectly impacted on differences
between the abiotic and biogenic treatments. We suggest this
occurred via inducing gradual increase in pH from ~6 to ~8.5
(Fig. 1), rather than a constant elevated pH of ~9. To under-
stand the impacts of pH variation, we performed complemen-
tary qualitative PHREEQC modelling (Fig. $4, ESI1)®® on cement
pore water by bringing water in equilibrium with portlandite,
C-S-H and calcite (the dominant calcium phases present in
hydrated CEM II/A-LL) into contact with phosphate amended
LB (Fig. S4a-d, ESIf) and vice versa (Fig. S4e-h, ESIt). Results
show that at the initial phosphate concentration in solution
(81.7 mM PO,>"), the pH of the LB should be stable, irrespective
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_e—\éo\/
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t = 0 days 1
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of OH ™ diffusion from cement pore water. This supports the pH
measurement shown in Fig. 1 where microbial activity gener-
ates a slow pH rise, while during the abiotic treatment the pH is
stable. The PHREEQC model shows furthermore that at equal
amounts of diffusion from the cement porewater into the
phosphate amended LB, at pH 9 the HAp saturation index is
about 10 times higher compared to at pH 6 (Fig. S4a-d, ESIT).
Diffusion of only trace amounts of Ca** (~0.2 uM) from the
cement equilibrated porewater is required in the phosphate
amended LB to produce supersaturation with respect to HAp.
This rapid supersaturation could then have aided widespread
nucleation of HAp at the cement-solution interface during the
abiotic treatment, resulting in the formation of a 1-2 pm thick
layer of HAp platelets with preferred orientation (Fig. 6¢, d, and 8
highlight 1). Furthermore, significantly more Ca®" is required (0.1
mM) in the phosphate amended LB at pH 6 (during the initial
stage of the biogenic treatment) for supersaturation of HAp,
compared to at pH 9 in the abiotic treatment (Fig. S4c, ESIT). This
suggests that during the initial stages of treatment, Ca*" could
accumulate within the phosphate amended LB until super-
saturation was reached, through the continual mixing of pore
water Ca”>* into LB, or through the microbially induced increase
in the pH. We suggest that this slower process in reaching
supersaturation with respect to HAp caused less widespread
nucleation of HAp and slower growth of the HAp crystals. This
in turn enabled the formation of large well faceted crystals as
observed on the surface of the biogenic treated cement sample
(Fig. 5b and 8 highlight 2). Finally, the PHREEQC models show
that during ingress of the lower pH phosphate amended LB
(during the biogenic treatment), additional cement phases
dissolved (Fig. S4e and g, ESIT) inducing a higher porosity in
the top 20-50 pm of the biogenic compared to the abiotic
treated sample (Fig. 5 and 8 highlight 3 and 4). The PHREEQC
model suggests that this did not impact on the quantity of HAp
formed in the altered layer (Fig. S4g, ESIT); conversely this did
likely provide additional Ca®" to diffuse from the altered layer

Biogenic treatment

PO, | 2

t = 20 days

Fig. 8 Schematic representation of a proposed conceptual model; grey represents the unaltered cement, light grey represents altered cement where
calcium rich phases dissolved, pink represents hydroxyapatite phases and green represents cement phases intermixed with hydroxyapatite phases.
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into the phosphate amended LB for the formation of the large
faceted HAp crystals.

Conclusions

Through combined imaging, spectroscopy, diffraction and pH,
analyses we have developed a conceptual model of the overall
process and mechanisms behind the formation of HAp on
Portland cement, and of the observed surface alterations
induced through abiotic and biogenic cement treatments. We
show that a phosphate amended LB impacts on the cement
samples by inducing the formation of distinct calcium phos-
phate phases: (1) nanocrystalline HAp intermixed with cement
phases throughout the top 20-50 pm (for both treatments);
(2) larger (individual) crystalline HAp phases (sparsely) covering
the surface of the cement samples (for the biogenic treatment);
and (3) a thin, smooth layer of crystalline plate-like HAp
showing preferred orientation and (nearly) full coverage (for
the abiotic treatment). We determined that the presence of
P. fluorescens impacted on the crystallinity and morphology of
the HAp phases formed indirectly by inducing a gradual pH rise
in the LB. This promoted slower growth and led to large crystals
deposited on the uppermost surface. Using topography and
contact angle measurement, we additionally show that the two
different treatments had a significant impact on surface rough-
ness and hydrophobicity. Most notably, the formation of a
continuous 1-2 pm thick layer of platelet HAp nanoparticles,
led to a smoother surface compared to the untreated cement
sample, while the formation of large faceted crystals during the
biogenic treatment increased surface roughness. In both cases,
Ry measurements show that the treatments cover the surface.
These observations establish a direct link between mechanism
of formation and surface properties.

The biogenic and abiotic treatment methods described in
this manuscript provide new insights into the mechanisms for
generating surface coatings with various surface properties (includ-
ing roughness and hydrophobicity) on cement-based materials.
Here, we observed that both treatment methods produced complete
coverage of nanoparticulate HAp phases intermixed with cement
phases through the top 20-50 um of the cement samples. Such
coatings could be expected to reduce the rate of deterioration in
real-world applications. The abiotic treatment produced a
smoother, more hydrophobic surface composed of ~5 nm thick
platelets of HAp (Fig. 6d), better suited to protecting building
materials from rainfall. This treatment produced particles with
a greater surface area (due to the nanoparticulate nature of the
HAp platelets, Fig. 6¢c and d) and may be preferable for applications
involving the uptake and/or immobilization of contaminants and
fission products.”*'** Finally, the properties of both the abiotic
and biogenic coatings should be compared against those of pre-
viously reported non-biological methods;*” we suggest that based on
our presented conceptual model (Fig. 8) the treatment (including
application time), and resulting surface properties (e.g. roughness,
hydrophobicity; Table 3 and Fig. 7) could be refined for their
envisaged final applications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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