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A novel form of alteration due to the interaction between hydrated cement phases and sulfate and phosphate-
based pollutants is described, through the characterization of concrete samples from an industrial reinforced
concrete building. Decalcification of the cement matrices was observed, with secondary sulfate and phosphate-
based mineral formation, according to a marked mineralogical and textural zoning. Five alteration layers may
be detected: the two outermost layers are characterized by the presence of gypsum–brushite solid solution
phases associated with anhydrous calcium sulfates and phosphates, respectively, while a progressive increase
in apatite and ammonium magnesium phosphates is observable in the three innermost layers, associated with
specific apatite precursors (brushite, octacalcium phosphate and amorphous calcium phosphate, respectively).
The heterogeneousmicrostructural development of secondary phases is related to the chemical, pH and thermal
gradients in the attacked cementitious systems, caused by different sources of pollutants and the exposure to the
sun's radiation.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Scientific background

The alteration of concrete structural elements due to the action of
external chemical degrading agents is one of the main causes for the
reduction of the service life in modern constructions [1]. These dynam-
ics are particularly aggressive in environments characterized by heavy
soil and atmospheric pollution, leading to a progressive decalcification
of the cementitious matrix and oxidation of the rebars [2,3]. Among
the various forms of concrete chemical degradation, the external sulfate
attack has been widely studied over the last two decades. Several theo-
ries on the actual contribution of this alteration dynamic on the physical
and mechanical decay of concrete structures have been formulated
[4–6]. Furthermore, the leaching and decalcification processes due to
the exposure of concrete to acidic solutions have been extensively
investigated in several scientific studies [7–10]. Such chemical alter-
ation dynamics are extremely detrimental to the durability of cement-
based materials, leading to the dissolution of cement hydration
va, Italy. Tel.: +39 0498279169.
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.de (M.-C. Schlegel),
t (F. Zorzi).
products – mainly portlandite and C–S–H – and consequent loss of
concrete strength.

Yet, there are few literature references on phosphate attack in
cementitious materials, despite the interactions between phosphate
ions and calcium-saturated systems that are widely demonstrated
[11–13]. Some authors refer to limited decalcification on hydrated
cement pastes under the action of phosphoric acid [14]. Moreover, an
experimental and modeling study on concrete samples in contact with
phosphate-rich solutions has been carried out to assess potential phos-
phate ion–concrete interactions [15]. The results of this integrated
study showed that, while the formation of apatite on the expense of
portlandite is thermodynamically favored in such systems, this mineral
phase is not found experimentally, most likely due to kinetic factors.
Nevertheless, the interaction between phosphates and concrete has
never been evaluated on systems far from equilibrium characterized by
local pH and chemical concentration gradients, corresponding to actual
situations in attacked concrete structuresmaterials. Moreover, the inter-
action between phosphate ions and other chemical species (e.g. sulfates)
in case of concrete degradation by several types of chemical pollutants
has never been taken into consideration before, as well as the possible
evolution of the altered cementitious systems under variable tempera-
ture regimes, typical for temperate climates.

As for the influence of pH in the evolution of a hypothetical
phosphate-related alteration of concrete, several studies confirmed
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the strong correlation between this parameter and the type of calcium
phosphate phase formed [16–18]. The most common and least soluble
mineral, hydroxyapatite (Ca5(PO4)3(OH), commonly abbreviated HAP),
is stable under neutral or basic conditions [17]. On the other hand, phases
such as brushite (Ca(HPO4)·2(H2O), commonly abbreviated as DCPD)
and octacalcium phosphate (Ca8(HPO4)2(PO4)4·5(H2O), commonly
abbreviated as OCP) are generally crystallized frommore acidic solutions
[16,18]. Both brushite and octacalcium phosphate are reported to be
precursors of apatite at acidic and neutral pH, respectively [17]. The
higher solubility and lower stability of the two phases with respect to
apatite cause their progressive transformation into apatite, both by dis-
solution and re-precipitation processes and by epitaxial growth [17].

Apart from the alteration dynamics related to the sole calcium–

phosphate ion interaction in concrete, it is necessary to take into
account other mutual interactions between phosphate compounds,
concrete constituents and other external chemical species. Regarding
this topic, the possible synergic action of phosphate and sulfate-based
pollutants toward the alteration of cement-based materials needs to
be considered, due to the extensive literature devoted to the study of
calcium phosphate and sulfate phases in solid solution [19–22]. Gypsum
and brushite both belong to the monoclinic system and have similar
structures, despite the fact that they are not isomorphous (a = 5.182 Å,
b = 15.180 Å, c = 6.239 Å, β = 116.43°, sp.gr. I2/a for brushite;
a = 5.670 Å, b = 15.201 Å, c = 6.533 Å, β = 118.60°, sp.gr. I2/c for
gypsum [21]). Although they have different sizes (the phosphate
group is larger than the sulfate one), the substitution of sulfate and
phosphate groups can occur within certain limits [20], and a solid solu-
tion between the twophases,which also comprehends the stoichiomet-
ric mineral ardealite (Ca2(SO4)(HPO4)·4(H2O), monoclinic system, Cc
space group), can form. Furthermore, it has been demonstrated [22]
that the relative proportions between the two end members of the
solid solution have relevant influences on the dehydration behavior of
the resulting compounds, being significantly different from the ones
of the pure endmembers within certain composition intervals. Suppos-
edly, such behavior influences the evolution of the secondary phases in
case of alteration of the concrete elements exposed to significant sea-
sonal temperature variations [23], as it happens in temperate climates.

Furthermore, the interaction between phosphate ions, nitrogen-
based pollutants and magnesium ions deriving both from concrete
cementitious matrix and aggregate fraction, needs to be considered,
both due to the extensive scientific literature regarding the detrimental
action of ammonium salts on concrete [24–26] and the occurrence of
ammonium phosphate phases like struvite under certain chemical–
physical conditions. Struvite ((NH4)MgPO4·6(H2O)) is a hydrated
phase consisting of magnesium, ammonium and phosphate in equal
molar concentrations. Ammoniumcan be substituted to a certain extent
by alkaline ions, in particular potassium [27]. Struvite precipitation
is controlled by pH, degree of supersaturation, temperature and the
presence of other ions in solution such as calcium, and can occur
when the concentrations of magnesium, ammonium and phosphate
ions exceed the solubility product for struvite. Among the various
factors, pH is crucial for the formation of this phase, being sparingly sol-
uble in neutral and alkaline, but readily soluble in acid conditions [28].

Finally, the possible interaction between phosphate ions and con-
crete rebars due to hypothetic phosphate attack of reinforced concrete
shall be considered, taking into account the reported occurrence of iron
phosphate phases like vivianite (Fe3(PO4)2·8(H2O)) and mitridatite
(Ca2Fe3(PO4)3O2·3(H2O)) under specific chemical–physical condi-
tions [29].

1.2. Characteristics of the case study and aims of the research

The cementitious materials studied in this work were sampled from
one of the dismissed structures of the Ex-Agrimont industrial facility,
building C3, built in the 1950s near the coastline of Porto Marghera
(Venice area, north-eastern Italy) (Fig. 1).
The Porto Marghera industrial area suffered from heavy pollution
during the 20th century, due to uncontrolled emissions from chemical
industries and oil refineries [30]. All production plants of the area were
responsible for severe forms of atmosphere, water and soil pollution.

As for atmospheric emissions, a detailedmonitoringduring the years
of maximum activity of the area is not available. Yet, an intensive mon-
itoring campaign performed by the Regional Association for Environ-
mental Protection (ARPA) during the years 1998–2004 [31], when
most of the factories had already closed, still showed particularly severe
atmospheric pollution from gaseous sulfur- and nitrogen-based pollut-
ants, like hydrogen sulfide, sulfur dioxide and trioxide and ammonia.

Furthermore, during the years of maximum activity in the area, un-
authorized dumps for the storage of toxic waste were frequently exca-
vated, and by-product slurries and non-depurated process waters
were dumped and dispersed with no control. All these activities con-
tributed to the progressive pollution of the groundwater and soils of
Porto Marghera with abnormal amounts of chlorinated and aromatic
solvents, aromatic hydrocarbons, phenols, ammonia, aromatic amines,
sulfates, phosphates, lead, cadmium, zinc, mercury and arsenic. The
Ex-Agrimont area was particularly affected by soil and water pollution
due to the leakage of process water from the industrial plant, which
produced phosphate- and ammonia-based fertilizers by chemical ex-
traction from insoluble minerals from 1927 until its closure in 1997.

Themain sources of phosphateminerals are naturally-occurring sed-
imentary deposits of phosphorites, sedimentary rocks containing signif-
icant amounts (about 30%) of cryptocrystalline apatite. After themining,
phosphates are separated from accessory minerals (mainly clay min-
erals), and the concentrated material is then chemically processed to
obtain phosphate-based fertilizers, mainly through what is known as
the wet process method [32]. In this process, the phosphate raw mate-
rials react with sulfuric acid to produce phosphoric acid. More precisely,
the reaction combines calcium from the phosphate with sulfate to form
phosphoric acid and calcium sulfate, mainly gypsum (called phospho-
gypsum), according to the following simplified reaction:

Ca5 PO4ð Þ3 OH; F;Clð Þ þ 5H2SO4 þ 10H2O → 3H3PO4

þ 5 CaSO4 � 2H2O½ �↓ þ H OH; F;Clð Þ
ð1Þ

During the reaction, gypsum crystals precipitate and are separat-
ed from the acid by filtration and washing. Wet processed phospho-
ric acid normally contains 26 wt.% to 30 wt.% of P2O5, and depending
on the types of fertilizer to be produced, it is usually concentrated
from 40wt.% to 55wt.% of P2O5 through a series of vacuumevaporators,
and subsequently, after reaction with ammonia, granulated to produce
diammonium phosphate (DAP) and monoammonium phosphate
(MAP). Granular triple superphosphate (GTSP), a non-nitrogen fertiliz-
er, is produced by adding phosphoric acid to ground phosphate rock.

The production of fertilizers requires and produces a large volume of
process water, a dilute mixture of phosphoric, sulfuric, and fluosilic
acids with very low pH (about 1 to 2) [32]. Furthermore, it contains
several other ions found in phosphate rock, as well as ammonia from
the solid fertilizer-manufacturing process [32]. In order to reduce its en-
vironmental impact, process water commonly undergoes a series of
chemical treatments, by sequential additions of calcium hydroxide
and acids, to obtain a final solution with a pH of about 6.5 from which
all solids and ammonia have been removed [32].

The studied structure (Fig. 1a) is a 20 m tall building, constituted by
22 couples of load-bearing reinforced concrete semi-arches. The struc-
ture is enclosed by a reinforced concrete wall up to 2 m high. Above
this height the semi-arches are connected by prefabricated non-
structural reinforced concrete beams which constituted the backing for
the original fiber-cement roofing. A binder classifiable as CEM I-type ce-
ment (European Standard EN 197-1) was used for the manufacturing of
all concrete elements, employing dosages between 300 and 350 kg/m3

and with w/c ratios varying from 0.6 to 0.7. No chemical admixtures
were added to the fresh mix. The aggregate fraction is characterized by



Fig. 1. a) Ex-Agrimont industrial plant, C3 building; b, c) concrete degradation on an arch in the south-western section of the structure.
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a 20 mmmaximum diameter and a granulometric distribution close to
the theoretical Bolomey curve. The coarse aggregates consist mainly of
carbonate rocks. Among the various carbonate species, sparry and
micritic limestones and dolostones are dominant. The fine aggregate
fraction consists of carbonate rock fragments of the same nature as the
coarse aggregates and quartzite grains.

An intensive inspection survey highlighted the poor condition of the
concrete structural frame of the building, despite the overall quality of
the concrete and its good mechanical properties [33]. All structural
elements are covered by superficial black crusts, which have caused
dusting and superficial scaling of the cement matrix. The pervasive
alteration caused, in some cases, complete consumption and detach-
ment of concrete covers, triggering extensive oxidation on the underly-
ing rebars. The weathering also affects the higher sections of the
structure, indicating that atmospheric pollutants were responsible for
the alteration of the concrete.

The degradation of reinforced concrete elements is further accentu-
ated in the south-western section of the structure, near the platform
originally used for the direct load of final products and by-products on
trains. In this area, up until 2 m of height, the reinforced concrete of
the arches and other structural elements is heavily scaled. The concrete
cover is extensively detached showingpervasive oxidation of the rebars,
and globular superficial concretions are present (Fig. 1b, c). Further-
more, the cementitious matrix is characterized by an anomalous
white–yellowish color. It shows a relevant loss of cohesion, leading to
pulverization in the worst cases.

Given the poor conditions of the C3 building and the heavy pollution
affecting this area over the last few decades, the building has been thor-
oughly studied to verify the possible occurrence of a form of phosphate
attack contributing to the decay of the concrete structural elements.
More in detail, the objectives of the study are the following:

− To identify any possible interaction between saturating solutions
rich in phosphate pollutants and reinforced concrete constituents
(hardened cement paste, aggregate and steel rebars);
− To recognize the sequences of secondary phase crystallization;
− To verify the possible influence of pH gradients in the type and

stability of secondary calcium phosphates crystallized within the
altered materials;

− To verify the possible formation of gypsum–brushite solid solution
phases within the altered materials due to the simultaneous occur-
rence of phosphate- and sulfate-based degrading agents, also consid-
ering a possible crystallization heterogeneity due to the presence of
chemical gradients;

− To investigate the possible occurrence of secondary ammonium
phosphates due to the interaction between phosphate- and
nitrogen-based pollutants and concrete;

− To study the interaction between phosphate pollutants and steel
rebars;

− To improve the knowledge on the dehydration behavior of the
gypsum–brushite solid solution under temperature regimes
compatible with the ones acting on concrete structures in tem-
perate climates, also taking into account for possible crystal size
and kinetic factors on the thermal stability of the compounds;

− To elaborate a qualitative model for the evolution of the degrada-
tion, verifying it through simple thermodynamic calculations.

2. Materials and methods

2.1. Materials

Due to the considerable lack of coherence of the materials, samples
were mechanically separated from the substrate with a metal chisel
and superficial concretions were collected with a scalpel. Nine samples
of altered concrete were taken from different structural elements of the
building, below 2 m of height, where the superficial scaling is more
pervasive (Fig. 2): 3 from adjacent arches (B2A1, B2A2, B2A3), 3 from
the outer walls of the structure (B2M1, B2M2, B2M3) and 3 from the rail-
way platform (B2B1, B2B2, B2B3). In addition, 3 fragments of superficial



Fig. 3. a) Typical textural aspect of the altered concrete samples in cross section (sample
B2A1). The arrow is pointed from the core to the external surface of the altered conglom-
erate. The cross section of an altered rebar is visible (red–brownish area toward the center
of the sample); b) magnification of the area highlighted by the rectangle in Fig. 3a. The
arrow is pointed from the core to the external surface of the sample, and the five typical
alteration layers are indicated by lines. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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concretions (B2E1, B2E2, B2E3) were sampled from areas adjacent to
B2A1, B2M1 and B2B1 sampling points.

The altered concrete samples were impregnated with epoxy resin
and cross-cuts were thin sectioned. The macroscopic structure in cross
section is similar for all samples, showing a marked textural stratifica-
tion of the altered cement matrices (Fig. 3a, b). Five different alteration
layers, characterized by typical chromatic and morphological features,
may be recognized from the external surface to the core of the samples
(Fig. 3b):

− An external superficial concretion (denominated L1) of dustywhite–
grayish material, characterized by irregular shapes and a thickness
generally between 100 and 800 μm;

− A continuous black crust (denominated L2) underneath the L1 layer,
more compact than the superficial concretion and characterized by a
thickness generally between 200 and 500 μm;

− A continuous layer of altered cementitious matrix (denominated
L3) underneath the black crust, characterized by an anomalous
gray–yellowish color, low cohesion and a thickness between 1.5
and 2.5 mm;

− An irregular layer of altered cementitious matrix (denominated L4)
underneath the L3 layer, characterized by an anomalous white–
grayish color, low cohesion and a thickness generally between 1
and 3 mm;

− A thick layer of altered cementitiousmatrix (denominated L5) under-
neath the L4 layer, characterized by an anomalous gray–yellowish
color, low cohesion and a thickness generally between 1 and 3 cm.

Due to the reduced thickness of the concrete cover, the rebars are
generally located within the L5 alteration layer, and they are character-
ized bymarkedmacroscopic oxidation features, like typical red–brown-
ish colors testifying the development of rust from the pristine steel,
severe loss of cross section and irregular profiles (Fig. 3a). In the worst
cases, a considerable amount of rust accumulates around the altered
rebars, and permeates the surrounding cementitious matrices. Only
small and isolated areaswithin the sampledmaterials retain the structure
of unaltered cementitious materials.

2.2. Methods

The analytical campaignwas divided in twodistinct phases, prepara-
tory to the formulation of a complete alteration model. The first phase
was aimed at performing a thorough micro-mineralogical, micro-
chemical and micro-structural characterization of the altered concrete
materials sampled from the studied structure. The second phase was
aimed at performing a detailed experimental study of the dehydration
Fig. 2. Sketch of the productive plant, indicating the area from
behavior of the gypsum–brushite solid solution, to better understand
the occurrence of partially and totally dehydrated secondary sulfate
and phosphate phases within the altered samples and to correlate
such evidences with the seasonal temperature variations acting on
concrete structures placed in temperate climates.

As for the characterization of the altered materials, all thin sections
were studied by means of a polarizing light microscope to carry out a
preliminary morphological study of secondary phases. Explorative
which the samples studied in this research were collected.
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bulk X-ray powder diffraction (XRPD) analyseswere performed accord-
ing to the acquisition procedure 1 (Table 1) on the grain size fraction
under 63 μmof the samples, obtained by dry disaggregation and sieving.
The diffraction patterns acquired during the study, also using different
acquisition procedures, were all interpreted with X'PertHighScore Plus
3.0 software by PANalytical. The mineral profiles of the compounds
were reconstructed by comparing the reflection positions of the detect-
ed diffraction patterns with entries of ICDD (International Center
for Diffraction Data) and ICSD (Inorganic Crystal Structure Database)
databases.

In addition to the bulk XRPD study, a detailed mineralogical profile
analysis was carried out to reconstruct the secondary phases' stratigra-
phy. A number of localized profile micro-samplings were performed on
the altered paste of the samples with a MicroMill® high precision
microsampling device developed by New Wave Research. Materials
were sampled along 50 μm thick paths, parallel to the external surface,
at a distance of about 200 μm fromeach other. XRPD analyseswere then
performed according to procedure 1 (Table 1), and diffraction patterns
were acquired on a silicon zero-background.

To verify the mineralogical profile, synchrotron-based micro-
diffraction analyses were performed on two samples (B2A1, B2B2).
After consolidation by vacuum impregnationwith epoxy resin, the sam-
ples were cut transversally, mounted on 300 μm thick Plexiglas foils and
reduced to a thickness of 100 μm. Measurements were performed at the
μ-spot beamline of BESSY II third generation synchrotron radiation facil-
ity in Berlin [34,35], according to the acquisition procedure 2 (Table 1).

In addition to point analyses, a series of linear scanswere performed
parallel to the reaction fronts, in aggregate-free areas, with a spatial
resolution of 30 μm, which significantly increased the count statistics.

Microchemical andmicrostructural analyses on both thin sections and
massive samples were carried out using a Camscan MX 2500 scanning
electron microscope (SEM), equipped with a LaB6 electron source and
an EDAX energy dispersive X-ray detector (EDS). Qualitative interpreta-
tion of spectra and semiquantitative analysis of chemical profiles were
performed through SEMQuantPhizaf software. Furthermore, EDS chemi-
cal maps were acquired and elaborated through a multi-elemental
image analysis procedure, modified after Stutzman [36] for quantitative
image analysis of ordinary Portland cement. Quantitative mineralogical
maps were obtained for the interface areas between oxidized rebars
and the surrounding altered cement matrix. Before performing image
analysis, all the acquired maps underwent an enhancement procedure
through ImageJ software, consisting of an optimization of the bright-
ness/contrast values and in the removal of background noise artifacts,
applying a 0.2 pixel radius median filter. Then, chemical maps and their
corresponding BSE image were merged through ENVI 4.7 software,
obtaining a 12-band composite image. The discrimination of mineral
phaseswas basedon the creation of composite RGB images constitutedby
threemaps of themain chemical constituents of theminerals. Combining
Table 1
Instrumental settings for the different XRD measurements performed on the studied samples.
samples are distinguished in procedure 3 with * and **, respectively.

Procedure 1 Procedure 2

Instrument Philips X'Pert μ-spot beamline
Geometry Bragg–Brentano Transmission
Detector X'Celerator MarMosaic 225 2-D (3072 × 3072
Sample support Aluminum plate or

silicon zero-background
Plexiglas foil

Radiation CuKα Synchrotron light
Wavelength 1.5406 Å (Kα1) 1.0656 Å
Radiation spot size 30–250 μm
Scan Axis θ-2θ vertical goniometer Transmission geometry
Start-end positions ° [2θ] 3–80 3–75
Acquisition rate ° [2θ]/s 0.02
Scan type Continuous Continuous
Instrument settings 40 kV–40 mA 15 keV
suchmaps, eachmineral constituent of the analyzed area was defined by
a class described with an adequate number of training pixels. The multi-
band images were classified through a maximum likelihood algorithm,
obtaining a mineralogical map of the analyzed areas.

As for the study of the dehydration behavior of the secondary
phases, the first step was the synthesis of the two end members of the
gypsum–brushite solid solution and two homogeneous intermediate
solid solution phases, by gradually adding an (x)M Na2SO4 + (0.5-x)
M NaH2PO4·H2O aqueous solution to a 0.5 M CaCl2 aqueous solution.
At each synthesis, the (x) term was varied between 0 and 0.5 in order
to change the relative proportions of the end members. All the synthe-
ses were performed at 25 °C, maintaining the solution at pH = 5 by
gradual addition of NaOH.

The phases were analyzed by XRPD, according to procedure 3
(Table 1). Structural refinements of the synthesized compounds were
performed through full-profile fitting according to Rietveld method
[37], using TOPAS software by Bruker AXS.

The quantitative determination of Ca, S and P concentrations on
the phases were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) using a Thermo Scientific iCAP 6200
spectrophotometer. The concentration limit and analytical accuracy of
the determined elements are lower than 1 ppb and within 2% relative,
respectively.

A qualitative estimation of crystal sizes of the synthesized com-
pounds was performed through SEM imaging.

The dehydration behavior of the compounds was studied by simul-
taneous thermogravimetric analyses (TGA) and differential thermal
analyses (DTA), performed using a NETZSCH STA 409 PC Luxx thermal
analyzer, with a heating rate of 10 °C/min (from 20 to 1000 °C) in
flowing air (flow rate: 20 ml/min).

Mineralogical evolution of the phases during heating were studied
by in situ XRPD using an Anton Paar HTK 16 High-Temperature Cham-
ber workingwith a Platinum heating filament, according to the acquisi-
tion procedure 4 (Table 1). Multiple diffraction patterns were acquired
in the 20 °C–300 °C temperature interval, with 10 °C/min and 4 min
as heating rate and soaking time at the target temperature, respectively.

To consider the reaction kinetics of the dehydration of the phases,
the compounds were thermally treated at 80 °C for 48 h. Mineralogical
profiles of thematerials were determined by XRPD, according to proce-
dure 3 (Table 1). Semiquantitative analyseswere performed by full pro-
file analysis following the Rietveld method [37], using X'PertHighScore
Plus 3.0 software by PANalytical. The starting models for the structure
refinement were selected from the ICSD.

In order to evaluate the influence of crystal size on the dehydration
kinetics of the phases, the synthesized materials were ground with a
Retsch Mixer Mill MM200 (60 min, 50 Hz frequency). After a check of
the crystal size reduction both by SEM imaging and XRPD, the samples
were thermally treated at 80 °C for 48 h and analyzed by XRPD, with
Different acquisition settings for synthesized samples and thermally treated synthesized

Procedure 3 Procedure 4

PANalytical X'PERT PRO MPD Philips X'Pert
Focalising transmission Bragg–Brentano

pixels) PIXcel X'Celerator
Boron–silicate glass capillary (200 μm diameter) Platinum sample holder

CuKα CuKα
1.5406 Å (Kα1) 1.5406 Å (Kα1)

θ-θ vertical goniometer θ-2θ vertical goniometer
* 5–105 ** 3–70 10–54
* 0.013 ** 0.026 0.033
Continuous Continuous
40 kV–40 mA 40 kV–40 mA
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the same instrument and operating conditions used for the kinetics
studies (procedure 4, Table 1). Finally, the dehydration behavior of the
ardealite-like phase was studied at high temperatures. The sample
materials were thermally treated in a muffle at 400 °C and 550 °C for
4 h, followed by a phase analysis by XRPD.

3. Results

3.1. Characterization of the altered materials

The diffraction patterns of the finer fraction of the altered concrete
samples revealed a complex mineral assemblage. Besides the occur-
rence of aggregate-related phases (quartz, calcite, dolomite, plagioclase,
biotite and chlorite), peaks of secondary sulfate and phosphate phases
were detected (Fig. 4). More specifically, apatite, associated with gyp-
sum and brushite in solid solution, octacalcium phosphate, a mineral
phase with crystal structure similar to ardealite and struvite were
observed in the samples. The absence of portlandite peaks testifies the
almost total decalcification of the cementitious matrix.

Apatite reflections are characterized by high full width at half
maximum (FWHM) values, indicating a low crystallinity of the phase.
The displacements in reference [2θ] values of both gypsumand brushite
reflexes indicate that gypsum and brushite occur as solid solution.
Furthermore, remarkable displacements in reference [2θ] values of
ardealite peaks suggest the occurrence of mineral phases with an
ardealite-like structure, presenting SO4/HPO4 ratios close to the
stoichiometric value.

The profile diffraction analyses clearly show a mineralogical zoning
through the samples: the L1 layers (Fig. 5a) are mainly constituted by
gypsum–brushite solid solution and ardealite-like phases, associated
with β-anhydrite and bassanite. The L2 layers (Fig. 5b) are mainly
formed of monetite (Ca(HPO4)), an anhydrous calcium hydrogen phos-
phate that forms after the dehydration of brushite. Octacalcium phos-
phate, apatite and gypsum–brushite solid solution are also present. L3
layers (Fig. 5c) are characterized by a drastic decrease in monetite con-
tent, associated with an increase of gypsum–brushite solid solution and
ardealite-like phases and a less marked increase in octacalcium phos-
phate and apatite content. Moving toward the core of the samples
(Fig. 5d), L4 layers are characterized by the almost complete disap-
pearance of gypsum–brushite solid solution, and a relevant increase
in octacalcium phosphate content. Finally, octacalcium phosphate is
completely replaced by apatite in L5 layers (Fig. 5e),where it represents
the only Ca-containing phase. Ammonium–magnesium phosphates,
Fig. 4. Typical diffraction pattern of the finer fraction of the altered concrete (sample B2B1). Ma
Ar = ardealite-like phase, GpBr = gypsum-brushite solid solution, Ocp = octacalcium phosph
also in monohydrate form, corresponding to the mineral dittmarite,
were also detected in L4 and L5 layers.

A relative estimate of apatite crystallinity was performed consider-
ing the FWHMof (002) plane diffraction peak of 15 diffraction patterns,
selected among those without a peak overlap with other phases. More
in detail, five diffraction patterns were selected among those related
to L2 and L3 layers, wheremonetite and gypsum–brushite solid solution
are the dominant phases, five from the L4 layer where octacalcium
phosphate is the dominant phase, and five from the L5 layer, where
apatite is the dominant phase. A clear increase in FWHM values can be
observedmoving toward the inner layers of the samples (Table 2), indi-
cating a progressive decrease in apatite crystallinity. FWHM values of
apatite of the L4 layer are quite disperse (high standard deviation), so
that two groups can be identified: one with values corresponding to
those observed on apatite of the outermost layers, and another with
values similar to those relative to the L5 layer.

Themicro-diffractions of the altered rebars, at the interface with the
surrounding matrix, indicate a mineralogical assemblage exclusively
constituted by iron oxides (magnetite(Fe3O4)) and oxyhydroxides
(goethite FeO(OH), and lepidocrocite γ-FeO(OH)), confirming the
high degree of oxidation of the reinforcements (Fig. 5f). No traces of
iron phosphates, like vivianite (Fe3(PO4)2·8(H2O)) and mitridatite
(Ca2Fe3(PO4)3O2·3(H2O)), were found.

Microstructural and microchemical analyses confirm the strong
decalcification of the cement matrices and a relevant occurrence of al-
teration processes also on the carbonate aggregate fraction. SEM imag-
ing and profile microanalyses on the cement matrices (Fig. 6a) indicate
a progressive increase of calcium and phosphorous content toward the
pore network of the materials, often completely filled by secondary
phases,while the cores of thehardened pastes are significantly depleted
in calcium and enriched in silicon. Such micro-structural and micro-
chemical features indicate a marked leaching of calcium from the
cement matrices, with formation of secondary calcium phosphates
toward the pore network of the altered concretes. Carbonate aggregates
are also severely decalcified, showing frequent dissolution rims at the
interface with the surrounding matrix (Fig. 6b).

The profile microstructural analyses on fresh-cut surfaces at differ-
ent depths provided information on the crystallization sites, morpho-
logical features and composition of the secondary phases. L1 layers are
constituted by well-formed euhedral bassanite and β-anhydrite crys-
tals, surrounded by a matrix of microcrystalline tabular crystals of
gypsum–brushite solid solution (Fig. 7a). L2 layers are formed by dense
clusters of tabular monetite crystals (Fig. 7b), and cryptocrystalline
in peaks of the secondary mineralogical phases are indicated. Abbreviations: Ap= apatite,
ate, St = struvite.



Fig. 5. Typicalmicro-diffraction patterns of the concretematrixwithin the defined alteration layers (sample B2A1): a) L1 layer; b) L2 layer; c) L3 layer; d) L4 layer; e) L5 layer; f) altered rebar, at
the interfacewith the surroundingmatrix. Themain peaks of the secondarymineralogical phases are indicated. Abbreviations: Anh=β-anhydrite, Ap=apatite, Ar=ardealite-like phase, Bs=
bassanite, Dt = dittmarite, GpBr = gypsum–brushite solid solution, Gth = goethite, Lep = lepidocrocite, Mag=maghemite, Mon=monetite, Ocp = octacalcium phosphate, St = struvite.
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clusters of apatite grown epitaxially on monetite seed crystals. L3 layers
are constituted mainly by microcrystalline clusters of tabular gypsum–

brushite solid solution phases (Fig. 7c). Recurrent epitaxial growth of
cryptocrystalline apatite on gypsum–brushite solid solution seed crystals
was also observed (Fig. 7d).

The chemical composition of the gypsum–brushite solid solution in
the L1 layers is very homogeneous (standard deviation of SO4

2−/HPO4
2−

molar ratio: 0.18), with the prevalence of ardealite-like phases (mean
SO4

2−/HPO4
2− molar ratio of 1.23), whereas that of the L2 and L3 layers
Table 2
Mean FWHMvalues and relative standard deviation of HAP (002) planes diffraction peaks
according to the dominant phase of the diffraction pattern. Abbreviations: Ap = apatite,
GpBr= gypsum–brushite solid solution,Mon=monetite, Ocp=octacalcium phosphate.

Layer Dominant phase Mean FWHM of HAP (002) peak Standard deviation

L2, L3 Mon, GpBr 0.185 0.019
L4 Ocp 0.217 0.042
L5 Ap 0.318 0.026
is more variable (standard deviation of SO4
2−/HPO4

2− molar ratio: 0.53),
with amean value of 1.15 and general prevalence of gypsum-rich phases.

The L4 layers are mainly constituted by strongly pinacoidal
octacalcium phosphate crystals, often forming fan-shaped structures,
with associated large subhedral and euhedral struvite and dittmarite
crystals (Fig. 7e). Cryptocrystalline apatite clusters are also observable.

Finally, L5 are constituted by clusters of cryptocrystalline apatite,
characterized by globular and platy morphologies, and well-formed
euhedral struvite and dittmarite crystals (Fig. 7f).

Both apatite and ammonium–magnesiumphosphates are character-
ized by limited isomorphic substitutions. More specifically, apatite has a
mean PO4

3−/SO4
2− ratio of 19.4 with relatively low standard deviation

(3.4) and mean Cl− molar concentrations of 0.65% over the total mass
of the materials (standard deviation: 0.16). Ammonium–magnesium
phosphates are characterized by a scarce NH4

+–K+ substitution, with
mean K+ molar concentrations of 0.84% over the total mass (standard
deviation: 0.63).

The quantitative image analysis (Fig. 8), performed at the interface
between oxidized rebars and the altered matrix, confirmed the diffuse
oxidationof the rebars and the lack of any ironphosphates, like vivianite



Fig. 6. a) Typical backscattered electron (BSE) image of an area of decalcified cement matrix (sample B2A2, layer L5) and chemical profile of Si, P and Ca of the six points of analysis indi-
cated in the image; b) bypical BSE image of an altered carbonate aggregate (sample B2A2, layer L5) and chemical profile of Si, P and Ca of the six points of analysis indicated in the image.
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and mitridatite. Furthermore, iron chlorides within the altered rebars
may be observed. Gypsum–brushite solid solution phases are present
in contact with iron hydroxide, while in the internal layers apatite and
octacalcium phosphate are detected.

3.2. Dehydration behavior of secondary phases

The dehydration behavior of the gypsum–brushite solid solution
was studied on four synthesized compounds: the two end-members
of the solid solution, and on two intermediate phases, one close to the
brushite end-member (hereinafter referred to as brushite-near) and
the other close to the stoichiometric compound ardealite (hereinafter
referred to as ardealite-like). XRPD analyses indicated that all four
synthesized compounds were pure. Gypsum, brushite and brushite-
near structures were determined by Rietveld refinement. For the
ardealite-like phase, a structural refinement was not possible, and a Le
Bail fit was performed instead. Calculated unit cell parameters for the
four phases are reported in Table 3, together with the SO4

2−/HPO4
2−

molar ratio determined by ICP-OES.
The four phases, despite being quite polydisperse, are characterized

byheterogeneous crystal sizes. The end-members are characterized by a
good degree of crystallinity, being constituted by tabular crystals with
an average size of around 20–30 μm (Fig. 9a, b). The crystallinity
decreases moving toward the stoichiometric compound of the solid
solution: the brushite-near phase is constituted by crystals with an
average size of 7–10 μm (Fig. 9c), which decreases to around 2–4 μm
for the ardealite-like phase, with a significant occurrence of clusters of
cryptocrystalline particles (Fig. 9d).

Although both gypsum and brushite are characterized by a 21–22%
weight loss in the temperature range 100–220 °C, corresponding to
the loss of structural water, the dehydration process is significantly
different for the two phases (Fig. 10a, c). The dehydration of gypsum
involves an initial loss of about 75% of the water molecules and the for-
mation of bassanite in the temperature interval comprised between
110 °C and 155 °C, as indicated by a marked exothermic peak in the
DTA curve at 155 °C. The complete dehydration of the phase and the
formation of anhydrite occur between 170 °C and 200 °C, as indicated
by a DTG peak at 177 °C and by a shoulder in the main exothermic
peak of the DTA curve, centered at about 190 °C (Fig. 10a). These results
are consistent with those in the literature [38].

Brushite dehydrates to formmonetite in two subsequent steps, one in
the thermal interval between110 °C and190 °C,with a 5.13%weight loss,
and a second,more significant, between 190 °C and 200 °C (Fig. 10c). This
two-step process, apparently in contrast with literature data [39], may be
related to the dehydration at lower temperatures of that fraction ofmate-
rial with lower crystallinity. The phase underwent a further weight loss
in the temperature range between 400 °C and 450 °C, probably related
to the deprotonation of HPO4

2− groups and the formation of calcium
pyrophosphate (Ca2P2O7).

In situ XRPD analysis of the two end-members provided results in
line with those observed by thermal analyses. Gypsum partially dehy-
drates to form bassanite in a temperature interval between 110 °C and
140 °C, while total dehydration occurs in the interval between 190 °C
and 220 °C, to formγ-anhydrite (Fig. 10b). As for brushite, afirst limited
dehydration of the cryptocrystalline fraction of the material occurs in
the temperature interval between 120 °C and 130 °C, while the main
dehydration event occurs between 180 °C and 190 °C, where the total
conversion into monetite occurs (Fig. 10d).

The thermal behavior of the brushite-near phase is similar to the one
of the brushite end-member, with the exception that the weight loss



Fig. 7. Typical profile SEM analyses (sample B2A3): a) L1 layer, BSE image of β-anhydrite crystals in a matrix of microcrystalline gypsum–brushite solid solution; b) L2 layer, BSE image of
monetite crystals with apatite grown epitaxially (the latter appears whiter); c) L3 layer, BSE image of microcrystalline gypsum–brushite solid solution clusters; d) L3 layer, secondary
electrons (SE) image showing epitaxial growth of apatite on gypsum–brushite solid solution crystals; e) L4 layer, BSE image of fan-shaped octacalcium phosphate clusters, with associated
ammonium magnesium phosphate crystals (the latter appears darker); f) L5 layer, BSE image of euhedral ammonium–magnesium phosphates in a matrix of cryptocrystalline apatite.
Abbreviations: Anh = β-anhydrite, Ap = apatite, Dt = dittmarite, GpBr = gypsum–brushite solid solution, Mon= monetite, Ocp = octacalcium phosphate, St = struvite.
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between 100 °C and 190 °C is half that of the pure end-member, despite
the lower crystallinity of the solid solution (Fig. 10e). Moreover,
the main weight loss occurs at temperatures slightly higher than that
of the end-member (DTG peak at 197 °C, exothermic DTA peak at
205 °C). Generally, this phase shows better thermal stability compared
to the pure end-member.

In situ XRPD shows that the brushite-near phase dehydrates to form
monetite in a single temperature interval, between 180 °C and 210 °C
(Fig. 10f). The formation of anhydrous calcium sulfates due to the sepa-
ration of sulfate and phosphate phases from the solid solution was not
observed. This is probably due to the poor detection limits of the in
situ XRPD analysis, and the low amounts of calcium sulfates of a
brushite-near solid solution. These analytical results confirm the higher
thermal stability of the solid solution with respect to the pure phos-
phate end-member.

The thermal behavior of the ardealite-like phase is significantly
different from that of the other synthesized compounds (Fig. 10g),
since this phase has a weight loss between 100 °C and 220 °C lower
(18.52%) than that observed for the other phases. Themain dehydration
event led to the formation of γ-anhydrite with an extremely low degree
of crystallinity, as deduced by the few low-intensity peaks in the diffrac-
tion pattern (Fig. 10h); furthermore, a remarkable displacement in
reference [2θ] values with respect to typical γ-anhydrite can be observed,
probably due to the SO4

2−–HPO4
2− isomorphic substitution in the crystal

structure of the phase. A subsequent gradual weight decrement of 2.54%
in the 200 °C–400 °C temperature range can be related to a continuous
loss of the remaining structural water, which did not evaporate in the
main dehydration event. A third significantweight loss is then observable
between 850 °C and 1000 °C, probably in relation to the HPO4

2− groups
deprotonation and the formation of calcium pyrophosphate. The analyti-
cal results confirm a better thermal stability of this term of the solid solu-
tion with respect to the other phases, and indicate the lack of separation
of the solid solution in the investigated temperature interval, with forma-
tion of an anhydrous solid solution phase.



Fig. 8. Typical mineralogical map of the altered rebars –matrix interface area (interface line
highlighted by the yellow dashed line) and volumetric estimate of phases (sample B2M2, L5
layer). Abbreviations: Ap–Ocp = apatite and octacalcium phosphate, FeCl = iron chlorides,
FeOx = iron oxides–hydroxides, GpBr = gypsum–brushite solid solution, Res = residual
unaltered cementitious matrix, Vo = voids. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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The gypsum end-member underwent significant dehydration after
thermal treatment at 80 °C for 48 h, with the formation of a mixture
of bassanite (71.9%) and gypsum (28.1%)(Fig. 11a, Table 4). Compared
to those determined during the in situ XRPD analyses, the lower dehy-
dration temperature hereby observed, indicates a strong influence of
kinetics for the triggering of the process. The brushite end-member
underwent limited dehydration (3.6% of monetite formation), probably
involving the less crystalline fraction only (Fig. 11b, Table 4). Solid solu-
tion phases did not undergo dehydration (Fig. 11c, d, Table 4),
confirming a better thermal stability with respect to the end-members.

The grinding process was effective in the reduction of the crystal size
of the phases, as confirmed both by XRPD data (dramatic increase in
FWHMof the diffraction peaks) and SEM imaging. The crystal size reduc-
tion, with a consequent increase in the defectivity of crystals, caused sig-
nificant changes in the thermal behavior of the synthesized phases, with
an overall increase in the dehydration rate of the compounds during the
48-h thermal treatment. Thus, the combination of crystal size and kinetic
factors resulted to be fundamental for the stability of hydrated phases at
temperatures below 100 °C. The gypsum end-member underwent mas-
sive dehydration,with the formation of a compound constituted by 97.3%
bassanite and 2.7% β-anhydrite (Fig. 11a, Table 4). No traces of hydrated
phases were found. The dehydration of the brushite end-member
increased significantly, with the formation of a compound constituted
by 62.5% monetite and 37.5% brushite (Fig. 11b, Table 4).
Table 3
Unit cell parameters and SO4

2−/HPO4
2− molar ratios of the synthesized phases.

Phase a (Å) b (Å) c (Å) β SO4
2−/HPO4

2− molar ratio

Gypsum 5.6866 15.2301 6.5365 118.4855 676.183
Brushite 5.8110 15.1800 6.2389 116.3902 0.004
Brushite-near 5.8075 15.1831 6.2500 116.4323 0.054
Ardealite-like 5.682 31.063 6.345 117.40 0.828
The thermal behavior of solid solution compounds was affected by
the grinding process, but their thermal stability was better than that
of the end-members. The brushite-near phase underwent a significant
dehydration process, which left only 29.9% of the original phase, and
produced a dehydrated fraction formed by monetite (69.6%) and
bassanite (0.5%) (Fig. 11c, Table 4) with a net separation of the sulfate
and phosphate phases from the solid solution, to form separate dehy-
dration products.

The ardealite-like phase underwent partial dehydration, with forma-
tion of SO4

2−–HPO4
2−-substituted γ-anhydrite (Fig. 11d, Table 4). In this

case, the solid solution did not separate. Unlike theprevious case, the sep-
aration of the sulfate and phosphate phases occurred only at high tem-
peratures, with the formation of SO4

2−–HPO4
2−-substituted γ-anhydrite,

associated with pure β-anhydrite and monetite (Fig. 12). The absence
of hydrated phases indicates that the compound dehydrated completely.

The experimental treatments of the different synthesized compounds
clearly indicate that the ardealite-like phase has a better thermal stability
than the other solid solution phases.

4. Discussion

On the basis of the analytical results, a qualitative model, based on
fourmain phases, is hereby proposed to describe the alteration process-
es occurring in the studied concrete.

The results of the previous analyses performed on unaltered por-
tions of the concrete structure [33] suggest that the cementitiousmatrix
of the degraded conglomerate was constituted mainly by C–S–H and
CH, and the alkaline environment of the conglomerate ensured the
permanence of a passivation layer around the rebars. The chemical na-
ture of the secondary phases detected in the analyzed samples leads
to hypothesize a process of saturation of the concrete pore network by
capillary suction of a solution of process water and saltwater, under
the action of environmental pollutants (Fig. 13a). The typical composi-
tion of processwaters from theproduction of phosphate-based fertilizers
[32], themean salinity and composition of Venice lagoonbrackishwaters
[40] and a hypothetical 1 to 1 ratio between the two components, indi-
cate that the saturating solution was particularly rich in phosphates, sul-
fates, chloride and ammonia, with values above 3000 mg/l for the first
two types of chemical compounds, and above 1000 mg/l for the last
ones. Furthermore, a local enrichment in dissolved sulfate species in
the pore solution saturating the external layers of the materials may be
assumed, due to the gas liquid absorption of sulfur-based atmospheric
pollutants. This process led to a stronger acidification of the external
layers, while the pH drop was titrated in the cores by the basic environ-
ment. All these factors caused significant mineralogical changes in the
cementitious matrix. C–S–H, CH and carbonate minerals constituting
the aggregate fraction (calcite and dolomite) underwent dissolution
and/or decalcification, and secondary phases precipitated upon reaching
supersaturation conditions. The nature of the secondary phases was
strongly controlled by pH and sulfate gradients, causing heterogeneous
precipitation in the different layers (Fig. 13b). More in detail, acidic pre-
cursors of apatite, such as brushite [17], formed in the external layers (L1,
L2 and L3), in solid solution with gypsum. A high chemical variability of
the solid solution phases was detected, with a general prevalence of
gypsum-rich phases. These phases formed in proximity of the rebars,
too, where a local acidification was promoted by chloride attack [41,
42]. The absence of iron phosphates at the interface between altered
rebars and surrounding matrix is related to highly acidic conditions,
which inhibited their precipitation, favored by higher pH instead [29].
Moving toward the inner layers, increasingly basic apatite precursors –
octacalcium phosphate [16] and amorphous calcium phosphate [17] –
formed once their typical pH stability fields were reached. In particular,
octacalcium phosphate precipitated in the L4 layers and amorphous
calcium phosphate precipitated in the L5 layers. Ammonia phosphate
phases, stable in alkaline systems [43], formed in the internal layers
only, where basic pH was preserved.



Fig. 9. SEM-BSE image of the synthesized phases: a) gypsum end-member; b) brushite end-member; c) brushite-near phase; d) ardealite-like phase.
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These secondary processes were thermodynamically described with
PHREEQC software (release 2.15.0), a freeware software package
designed to perform low-temperature aqueous geochemical calcula-
tions [44]. Predominance and mineral stability diagrams according to
pH and concentration of reactants were calculated through simulations
on several simplified pore-water compositions. In Fig. 13e, supersatura-
tion curves of phosphate and sulfatemineral phaseswere calculated as a
function of pH at T=25 °C and P=1 atm, assuming that Ca2+=Mg2+

and the following solution species concentrations: H3PO4= 10 mmol/l,
H2SO4 = 100 mmol/l, Ca2+ =Mg2+ = 30 mmol/l, NH4

+ = 5 mmol/l,
NaCl = 0.1 M. The calculations confirmed that the crystallization of the
secondary phases is controlled by the pH of the system. Brushite forma-
tion was favored at pH under 6, while that of octacalcium phosphate
and apatite was favored at higher pH values. Furthermore, struvite
showed positive supersaturation indexes at pH values over 7, while
the precipitation of gypsum is not pH-dependent. Besides the model, a
kinetic control on the nucleation and growth of the precursors shall be
considered, in particular octacalcium phosphate [45], as the apatite
crystallization rate is the lowest, which is a limiting factor in its forma-
tion within the system. Furthermore, the hypothesis of amorphous
calcium phosphate occurrence in the first phases of alteration is consis-
tent with high pH and reagent concentration, despite themeta-stability
of this compound [17].Moreover, the presence ofMg in the system from
the dissolution of dolostones and magnesium limestones stabilizes the
amorphous calcium phosphate and brushite, inhibiting the crystalliza-
tion of apatite and less extensively of octacalcium phosphate [46].

The transformation of calcium phosphate precursors into apatite
was locally inhibited by the acidic pH and the presence of stabilizing
ions in solution [47]. The transformation of brushite into apatite was
only partial, and occurred by epitaxial growth on seed crystals [48],
leading to a higher crystallinity of the phase (Fig. 13c). In the L4 layers,
a partial transformation of octacalcium phosphate into apatite occurred
both by dissolution and reprecipitation processes [49], and by epitaxial
growth on seed crystals [18], leading to variable degrees of crystallinity
of the phase. In the L5 layers, the conversion of amorphous calcium
phosphate into apatite was more effective due to the basic pH values
and, according to literature data [50], this justifies the lower apatite
crystallinity.

Finally, the warming of concrete surfaces due to the exposure to
maximum environmental temperatures near 40 °C during summer
seasons [51] promoted a partial dehydration of the gypsum–brushite
solid solution phases, and the crystallization of partially dehydrated
sulfates (bassanite,β-anhydrite) and anhydrous phosphates (monetite)
(Fig. 13d). At equal chemical composition (e.g. same relative propor-
tions of the end-members), only the low crystalline fraction of the ma-
terials underwent dehydration, being more susceptible to dehydration
at temperatures below 80 °C. Conversely, at equal crystallinity and
varying chemical composition, the end-members and the gypsum-
and brushite-rich phases of the solid solution underwent dehydration,
while the phases with compositions near the respective stoichiometric
compound remained hydrated, thus being more stable in that form.

5. Conclusions

This study demonstrated that the action of pollutants in aggressive
environments caused a severe degradation in the concrete of the C3
building of the Ex-Agrimont area. A significant phosphate–concrete
interaction was observed and verified, also thermodynamically,
highlighting a form of chemical degradation not widely considered yet.
Phosphate and sulfate attack resulted to be synergic, with the formation
of solid solution phases. Moreover, heterogeneous sequences of crystalli-
zation and diffuse precipitation and permanence of apatite precursors
were observed, strongly influenced by pH and concentration gradients
and by the presence of stabilizing ions, like Mg, in pore solution. Finally,



Fig. 10. Results of the in situ thermal analyses on the synthesized phases: a, c, e, g) thermogravimetric curve (solid line), derivative thermogravimetric curve (dashed line) and differential
thermal curve (dotted line) for the gypsum end-member, brushite end-member, brushite-near phase and ardealite-like phase, respectively; b, d, f, h) diffraction patterns obtained during
the dehydration of gypsumend-member, brushite end-member, brushite-near phase and ardealite-like phase, respectively. Peaks at 39.5° and 46° [2θ]= platinum sample holder, peak at
21° [2θ] = cristobalite impurity formed on the sample holder. Abbreviations: Arl = ardealite-like phase, Br= brushite, Brn= brushite-near phase, Bs= bassanite, γ-anh= γ-anhydrite,
γanP = SO4

2−-HPO4
2−-substituted γ-anhydrite, Gp = gypsum, Mon = monetite.
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the occurrence of anhydrous calcium phosphates and sulfates in the
external layers of the altered concretes was related to dehydration phe-
nomena of the less crystalline fractions of gypsum- and brushite-rich
phases of the gypsum–brushite solid solution, controlled by crystal size
and kinetic factors. Unlike what is reported in the literature for brushite
[52], dehydration of dihydrated calcium phosphate–sulfate pure end-



Fig. 11. Diffraction patterns of the synthesized phases after thermal treatment at 80 °C for 48 h (upper pattern) and after grinding and thermal treatment at 80 °C for 48 h
(lower pattern): a) gypsum end-member; b) brushite end-member; c) brushite-near phase; d) ardealite-like phase. Abbreviations: Arl = ardealite-like phase, Br = brushite,
Brn = brushite-near phase, Bs = bassanite, anh = β-anhydrite, γanP = SO4

2−–HPO4
2−-substituted γ-anhydrite, Gp = gypsum, Mon = monetite.
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members, solid solutions, and double salt ardealite, was experimentally
found to take place at relatively low temperatures (80 °C and,most likely,
even lower values), mainly due to the crystallite size.
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Fig. 12. Diffraction patterns of the ardealite-like phase after thermal treatment for 4 h at 400 °C and 550 °C, respectively.

Fig. 13. Alterationmodel: a) action of pollutants on concrete structures; b) first alteration phase, formation of apatite precursors; c) second alteration phase, conversion of apatite precur-
sors; d) third alteration phase, dehydration of the solid solution; e) supersaturation curves of phosphate and sulfate mineral phases as a function of pH, as determined by the thermody-
namic model. Abbreviations: Acp = amorphous calcium phosphate, Anh= β-anhydrite, Ap= apatite, Bs= bassanite, Dt = dittmarite, GpBr= gypsum–brushite solid solution, Mon =
monetite, Ocp = octacalcium phosphate, St = struvite.
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