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Abstract 

Many concrete structures in aqueous environments suffer leaching, 
affecting their microstructure and durability. The resulting chemical and 
mineralogical degradation are difficult to predict over the long term and for 
environments of varying chemical composition, especially for severely 
degraded cement matrices. This is mainly because of the lack of chemical and 
thermodynamic data on the degraded phases formed during these attacks. In 
this context, this study aims to evaluate the chemical changes of leached 
ordinary Portland cement (OPC) paste by combining experimental (batch 
experiments) and modelling (thermodynamic equilibria calculations) 
approaches. The ground OPC paste was gradually added to an acetic acid 
solution. pH and chemical compositions of the solution were monitored 
throughout the experiment. The solid fraction was characterised over time, 
with particular attention paid to the phase obtained during the first additions. 
The latter was found to be an amorphous aluminosilicate gel (Al/Si = 0.3), with 
major contributions from Si Q4 and AlIV (obtained by 29Si and 27Al NMR analyses 
respectively). 

Existing databases (MINTEQ 3.0, Thermoddem, Cemdata) were first used in 
the thermodynamic simulation of the experiment using PhreeqC, which 
showed discrepancy with the experiment in the early stages of the attack. They 
were then improved by the addition of the Si-Al gel identified experimentally. 
The incorporation of the new phase enabled to better fit the experimental data. 
The calculated equilibrium constant of the gel at 20 °C (log Kgel = 0.37) was 
consistent with the equilibrium constants of similar Si-Al phases already 
explored in the literature. 
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1. Introduction 
Immersed part of strategic concrete structures, such as dams, water supply 

structures, port infrastructures, pier cap of bridges, are exposed to the action 
of natural waters (soft water, seawater, groundwater, etc.) in saturated 
conditions and at close to neutral pH values, resulting in the leaching of the 
cementitious materials, especially in the case of low salinity waters [1–3]. 
Moreover, other types of infrastructures can be exposed to even harsher 
leaching conditions, such as industrial (chemical industries), sewage (sewer 
pipes and waste water treatment plants [4–6]), or agricultural and/or agro-
industrial facilities (manure silos, silage silos, slatted floors in farm buildings, 
anaerobic digesters, dairy, winery and/or sugar production plants [7–20]) 
where the pH of the effluents in contact with the concrete is often acidic and 
can sometimes go down to 1 or 2. These attacks lead to mineralogical and 
chemical alteration of the concrete, and are accompanied by the increase of 
porosity and the decrease of concrete alkalinity [21]. The consequences of 
these attacks on the concrete condition the service life of the structure, and in 
particular the rate of progression of the deterioration front towards the steel 
reinforcements [22].  

Today, the mechanisms of attack of cementitious matrices, especially those 
based on Portland cement, by pure and acidic water are relatively well known. 
These attacks translate themselves into the leaching of calcium in major 
quantities, but also, other cations of the matrix, and the progressive dissolution 
of the hydrated phases (C-(A-)S-H, aluminates, etc.) and anhydrous residual 
grains of the cement matrix. Ultimately the formation of a siliceous or silico-
aluminous gel is observed [7,8,23]. Precise description of the mineralogical 
and chemical evolution of the solid during degradation is hampered by the lack 
of experimental chemical and mineralogical data on the phases resulting from 
degradation, in particular the siliceous or silico-aluminous phase, with most of 
the available data relating to hydrated phases [24–26]. As a result, the silico-
aluminous gel observed experimentally is not referenced in any database [24–
26] and the current thermodynamic models do not allow the leaching of 
cementitious matrices to be simulated accurately. Some papers circumvent the 
problem by using, among others, poorly crystallized zeolites [27] or solid 
solutions of amorphous silica phases and AH3 gel [28]. In the latter case, 
calculations of compositions are carried out with higher Al/Si ratios than in 
real silicoaluminous gels [29]. Berger et al. [30] recently aimed to 
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experimentally verify the thermodynamic modelling of cement pastes under 
acetic acid attack. They highlighted the limitation in the thermodynamic data 
of the silico-aluminous gel [30]. 

The aim of this article is to provide some insight into the chemical, 
mineralogical and thermodynamic characteristics of the Al-Si phases resulting 
from the leaching of Portland cement-based matrices. Acetic acid was 
considered as a model chemical compound for generating a strong leaching 
attack on cementitious materials in order to reach advanced deteriorated 
states of the cementitious materials leading to the formation of Al-Si gel 
[21,31]. The aim was (i) to evaluate the chemical reactions between Portland 
cement matrices and acetic acid, at different solid to liquid ratios until 
equilibrium, in order to investigate a wide range of deterioration stages of the 
matrix, and (ii) to complete the thermodynamic data bases of phases formed 
from leaching. 

The study combined batch experiments and PhreeqC thermodynamic 
simulations, implementing a dialog between both approaches. Grounded 
hydrated ordinary Portland cement paste was gradually added into a 2 L 
stirred 0.28 M acetic acid solution (pH ≈ 4) in order to limit diffusion as much 
as possible, i.e. in such a way that the equilibrium times measured can be 
explained for the most part by chemical phenomena (without the diffusive 
aspect within a material). At different stages of degradation, X-ray diffraction 
and 29Si and 27Al nuclear magnetic resonance were used to analyse 
cementitious powder and concentrations of cementitious ions were 
determined using ion chromatography and inductively coupled plasma with 
optical emission spectrometry. For thermodynamic modelling, several 
databases were considered: MINTEQ 3.00 [26] was used for organic acids and 
aqueous complexes, Thermoddem [25] for formation constants of cement 
hydrated phases, and Cemdata [24] for equilibrium constants of cementitious 
anhydrous phases. The experimental results have allowed the improvement of 
the databases by adding and considering in the simulation a new phase 
identified experimentally. 

2. Materials and Methods 

2.1. Materials and specimen preparation 
Hydrated cement paste of ordinary Portland cement, CEM I 52.5 R 

(denominated h-CEM I in this paper) was made with a water/cement mass 
ratio of 0.3. The cement composition, determined by inductively coupled 
plasma with optical emission spectrometry (ICP-OES) and ion 
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chromatography, is given in Table 1: Oxide chemical composition of cement h-
CEM I 52.5 R (LOI = Loss of ignition). The mixing of pastes was carried out 
according to a procedure adapted from the standard NF EN 196-1 [32]. The 
cement paste was cast in cylindrical moulds 70 mm high and 35 mm in 
diameter. Each mould was sealed and the pastes were removed from their 
moulds after curing in a tempered room at 20◦C for 28 days. Two specimens 
were crushed to a particle size of less than 80 µm (using a Restch Type RS100, 
15 seconds at 1400 rpm) in order to obtain powder, and were kept in airtight 
condition until the leaching experiments. The semi-batch experiment detailed 
below was thus duplicated. 

Table 1: Oxide chemical composition of cement h-CEM I 52.5 R (LOI = Loss of ignition). 

wt.% CaO SiO2 Al2O3 Fe2O3 MgO TiO2 Na2O SO3 LOI 
h-CEM I 66.2 20.0 4.85 2.64 1.06 0.27 0.14 3.01 1.64 
 

The solution was made of acetic acid at 280 mmol/L (glacial acetic acid 
99.8-100.5%, AnalaR NORMAPUR - VWR) buffered with 50.12 mmol/L of 
NaOH (sodium hydroxide 98.5-100.5%, AnalaR NORMAPUR - VWR) in order to 
reach a pH of 3.95. 

2.2. Degradation protocols 
A protocol was developed to characterize the evolution of the degradation 

as a function of the solid/liquid (S/L) ratio. The whole protocol is represented 
in Figure 1 and each experiment is detailed below. It combines two different 
types of experiments, (i) semi-batch (Figure 1, process A) and (ii) batch 
experiments (Figure 1, process B), depending on the desired characterization, 
i.e. (i) equilibrium solution characterization or (ii) solid fraction 
characterization, respectively.  
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Figure 1: Schematic description of the experimental protocol, consisting exposing crushed h-CEM I paste to 
acetic acid solution in two types of conditions: (i) semi-batch (process A) and (ii) batch experiments (process 
B), intended for the characterization of the (i) equilibrium solution or (ii) solid fraction, respectively (process 
C). 

2.2.1. Semi-batch experiment 
The semi-batch experiment consisted in adding, in 50 successive additions 

of 2 g, a total of 100 g of the powdered h-CEM I paste in 2 L of the acetic acid 
solution that was constantly stirred (Figure 1-A.1). The reactor was flushed 
with N2 after each addition to prevent carbonation of the system (Figure 1-A.2). 
The pH was monitored continuously and each new addition of powder was 
made once a stable pH (pH changes lower than 0.01 during 15 min), i.e. 
chemical equilibrium was reached (Figure 1-A.3). Each addition resulted in an 
increase of the S/L ratio of 1 g per litre (1 g/L), in such a way that after the last 
(50th) addition, an S/L ratio of 50 g per litre of degrading solution was reached. 
The aqueous solution was sampled at different steps for further chemical 
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analyses (Figure 1-A.4). Finally, the experiment was run twice to ensure 
repeatability and to refine the results. 

At the end of each experiment (i.e. after the last addition) and once the pH 
was stabilized, the solution was centrifuged to recover the h-CEM I powder 
(Figure 1-C). This powder was then immersed for 15 minutes in isopropanol 
for solvent exchange drying [33,34]. After further centrifugation, the powder 
was recovered and placed in a vacuum desiccator for 1 hour to facilitate 
solvent removal and complete the drying. 

2.2.2. Batch experiments 
Since the semi-batch experiment does not allow to characterize the 

evolution of the solid fraction (the unique solid characterisation can be made 
after the last addition), five batch experiments were realized (Figure 1-B), 
corresponding to different steps (or S/L) of the semi-batch process. For that, 
powdered h-CEM I paste was added in acetic acid solution in order to obtain 
S/L ratios of 4, 10, 12, 15 and 25 g/L. The solution was mixed and once a stable 
pH was reached, and the solid was extracted by centrifugation and dried by 
solvent exchange (Figure 1-C). 

2.3. Liquid and solid analyses 
The concentrations of calcium, silicon, aluminium, iron and magnesium in 

the solutions from semi-batch and batch experiments were determined using 
ICP–OES [35–37]. The ICP–OES equipment was a Perkin Elmer Optima 7000 
DV equipped with a Meinhart nebulizer and a generator power of 1450 W. The 
flows of argon and air (auxiliary gas) were 15 and 0.2 L/min respectively. The 
flow at the entry of the nebulizer was 0.6 L/min. Firstly, standards of calcium 
were prepared at 0.5, 1.0, 5.0, 10.0, 20.0, 50.0, and 100.0 mg/L. Secondly, the 
solution samples were filtered (0.2 µm filter) and diluted with a factor of 100 
(calcium) or 10 (silicon, aluminium, iron and magnesium) in order to fit in the 
standards concentration range. 

The concentrations of sulphate in the solutions were measured using high 
performance ion chromatography (HPLC) (Dionex ICS-3000). The pre-column 
and column were respectively a Dionex AG15 and an IonPac AS15. The column 
flow was of 1.2 mL/min. The gradient of eluent (KOH) was 38 mM and the 
column temperature was 30 °C. Sulphate standards were prepared between 
0.1 and 100 mg/L and the solution samples were diluted ten times. 

X-ray diffraction (XRD) patterns of all samples (i.e. powders from batch and 
semi-batch experiments) were acquired under atmospheric conditions using a 
Brucker D8 diffractometer equipped with a copper anode (λ Kα1 = 1.5406 Å). 
All scans were performed in continuous scan mode over the 4°-70° 2θ Cu Kα 
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range. Total counting time was 2.4h, and intensity was integrated every 0.02° 

2θ Cu Kα. 

Solid-state Nuclear Magnetic Resonance (NMR) analyses of all solid 
samples were carried out using a Bruker Advance 400 III HD spectrometer 
operating at magnetic field of 9.4 T. Samples were packed into 4 mm zirconia 
rotors, spun between 8 to 12 kHz (νr) at 295 K. 27Al MAS analyses were 
performed in a quantitative way with the use of a small flip angle α < π/12 and 
a relaxation delay of 1 s. 29Si MAS were acquired with the UDEFT pulse 
sequence [38] with a recycle delay of 60 s. 29Si CPMAS analyses were 
performed in a quantitative way with ten 1.1-ms CP periods, 0.9 s 1H recovery 
time and 1.5 s recycle delay. Chemical shifts were externally referenced to 1 M 
Al(H2O)3+6 and TMS solutions, for 27Al and 29Si, respectively. All the spectra 
were deconvoluted using the Fityk program [39], in individual Gaussian-
Lorentzian peaks. This deconvolution used the minimum possible number of 
component peaks to describe the spectrum accurately, based on information 
available in the literature for cementitious materials [40–42]. The integration 
corresponding to the relative amount of the differently coordinated species 
related to the quantity of considered element in the sample (Si or Al for 29Si or 
27Al acquisitions), proportions of indexed phases were calculated by coupling 
these NMR data to ICP–OES chemical analyses results through mass balance 
calculations. 

2.4. Modelling approach 

2.4.1. Theoretical background and conventions 
The mineral-solution equilibria in batch condition depend on all the 

chemical reactions considered in the system, such as acid/base reactions, ion 
complexation in solution and dissolution/precipitation of solid phases. 

Each reaction allows to constrain the maximum concentrations of its 
constituting elements in water at a given temperature, i.e. the concentrations 
corresponding to the thermodynamic equilibrium. This is based on the law of 
mass action, which defines an equilibrium constant, K, for each solid phase and 
aqueous specie, based on reactions of the form 𝑋𝑌 ⇌ 𝑋ା + 𝑌ି. Considering an 
equilibrium state at pressure and temperature of reference (Pr and Tr) implies 
that the ion activity product (IAP) reached the value of the equilibrium 
constant K as described in Equation (1), according to the conventions proposed 
by Helgeson [43]. 

𝐼𝐴𝑃௑௒ =
(𝑋ା) ⋅ (𝑌ି)

(𝑋𝑌)
= 𝐾௑௒(𝑃௥, 𝑇௥) (1) 
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This equation refers to the chemical activities in solution ((X+), (Y-)), or 
effective concentrations, which are equal to 1 for solid phases (i.e. if 𝑋𝑌 is a solid 
phase, (𝑋𝑌) = 1). Considering aqueous species, these activities are obtained 
by multiplying their molal concentrations (mXi in mol/kg H2O) by an activity 
coefficient (γi, dimensionless) as described in Equation (2), where mXi is related 
to the molal concentration of ion 𝑋𝑖, and m0Xi the molal concentration of the 
same ion in the standard state (for aqueous solutions, this refers to an ideal 
solution containing 1 mol/kg of solute undergoing infinite dilution). 

(𝑋𝑖) = 𝛾௜ ⋅
𝑚௑௜

𝑚௑௜
଴ = 𝛾௜ . 𝑚௑௜ (2) 

Although many models have been developed to represent the difference 
between real and ideal solutions, the most commonly used model for low 
concentrated solutions (ionic strength lower than 1 M) is the Debye Hückel 
model [25,44,45]. The present study is made using PhreeqC software [46], 
working with the extended Debye-Hückel model B-dot relation described in 
Equation (3) [43]. This model defines activity coefficients as being function of 
𝐴 and 𝐵 that correspond to Debye-Hückel parameters, while I refers to ionic 
strength (Equation (4)), and å and zi are respectively the ion size parameter 
(the effective diameter of hydrated ion 𝑖, that is empirical) and the charge for 
species i. At least, 𝐵̇ stands for the B-dot parameter. 

𝑙𝑜𝑔 𝛾௜ = −
𝐴. 𝑧௜

ଶ√𝐼

1 + 𝑎
∘

௜. 𝐵√𝐼
− 𝐵̇𝐼 (3) 

𝐼 =
1

2
෍ ቆ

𝑚௑௜

𝑚௑௜
଴ . 𝑧௜

ଶቇ

௜

=
1

2
෍(𝑚௑௜. 𝑧௜

ଶ)

௜

 
(4) 

At equilibrium, the resolution of the possible reactions in the studied 
chemical system leads to a nonlinear system with several couplings between 
equations by the mean of activities, and considering an electrical balance that 
tends towards 0. Thus, and for each phase considered, the activity coefficients 
are calculated and thus the composition of the system at equilibrium. 

2.4.2. Thermodynamic data 
In these calculations, only main cement ions (Ca, Si, Al, Mg, Na, K, and SO4) 

were considered, and iron was neglected. Many iron phases have been 
described in the literature [24,47–51], but given their compositional variability 
and considering that these amorphous phases are difficult to characterize 
experimentally, we could not effectively constrain the model on this aspect. 
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In order to represent as accurately as possible both the chemical reactions 
resulting from the degradation of the h-CEM I paste and those involving acetic 
acid as well as the stability of the main organometallic complexes and organic 
salts, several databases were implemented.  

The Thermoddem database [25] was used as “core database”, i.e. for the 
major elements, aqueous species and formation constants of main cement 
phases. The MINTEQ 3.00 database [26] was used for organic acids and 
aqueous complexes, and Cemdata database [24] for equilibrium constants of 
cementitious anhydrous phases. The different thermodynamic data collected 
are presented in Table 2 for aqueous species and main cement phases. 

The main addition of this work compared to the models proposed by 
previous studies [52,53] are C-(A-)S-H thermodynamic data recently identified 
[54]. These data (equilibrium equations and associated solubility constants 
detailed in Table 3) show ten C/S ratios, from 0.7 to 1.6 and discretized every 
0.1, and four different A/S ratios that are 0 (C-S-H), 0.02, 0.05 and 0.1.
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Table 2: Thermodynamic equilibrium constants considered for carboxylic calcium salts and cement phases at 25°C 

Aqueous species / Minerals   Reaction   Log K   Ref. 
Acetic acid   C2H4O2 = CH3-COOH  /  /  
H-acetate   H+ + C2H3O2

- ⇋ C2H4O2  4.76 [26] 
Al-acetate2+   Al3+ + C2H3O2

- ⇋ AlC2H3O2
2+   2.75 [26] 

Al-acetate2
+   Al3+ + 2 C2H3O2

- ⇋ Al(C2H3O2)2
+  4.6 [26] 

AlOH-acetate+   Al3+ + C2H3O2
- + H2O ⇋ AlOHC2H3O2

+ + H+  -0.15 [26] 
Al2(OH)2-acetate3+   2Al3+ + C2H3O2

- + 2H2O ⇋ Al2(OH)2C2H3O2
3+ + 2H+  -2.41 [26] 

Ca-acetate+   Ca2+ + C2H3O2
- ⇋ CaC2H3O2

+  1.18 [26] 
Ca-(acetate)2   Ca2+ + C2H3O2

- ⇋ Ca(C2H3O2)2  2.15 [26] 
Ca-(acetate)2(s)1   Ca(C2H3O2)2(s) ⇋ Ca2+ + 2C2H3O2

-  -1.9 [26] 
    

SiO2(am)   SiO2 + 2 H2O ⇋ H4SiO4  -2.7 [25] 
Portlandite   CaOH2 ⇋ Ca2+ + H2O  22.81 [25] 
Gibbsite   Al(OH)3 + 3H+ ⇋ 1Al3+ + 3H2O  7.73 [25] 
Ettringite   Ca6Al2(SO4)3(OH)12:26H2O + 12H+ ⇋ 2Al3+ + 6Ca2+ + 3SO4

2- + 38H2O  57.01 [25] 
Monosulfoaluminate   Ca4Al2SO10:12H2O + 12H+ ⇋ 2Al3+ + 4Ca2+ + SO4

2- + 18H2O  73.09 [25] 
C3AH6   Ca3Al2(OH)12 + 12H+ ⇋ 2Al3+ + 3Ca2+ + 12H2O  80.32 [25] 
C4AH13   Ca4Al2O7:13H2O + 14H+ ⇋ 2Al3+ + 4Ca2+ + 20H2O  103.6 [25] 
Hydrotalcite   Mg4Al2O7:10H2O + 14H+ ⇋ 2Al3+ + 4Mg2+ + 17H2O  73.74 [25] 
C2S   (CaO)2SiO2 + 4H+ ⇋ 2Ca2+ + H4SiO4  38.83 [24] 
C3S   (CaO)3SiO2 + 6H+ ⇋ 3Ca2+ + H2O + H4SiO4  73.66 [24] 
C3A   (CaO)3Al2O3 + 12H+ ⇋ 2Al3+ + 3Ca2+ + 6H2O  118.1 [24] 
Aluminosilicate gel   SiAl0.31O2.465 + 1.535H2O + 0.93H+ ⇋ 0.31Al3+ + H4SiO4  0.37  This work 
1The symbol (s) is used to discriminate salt from aqueous complex for Ca-(acetate)2 
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Table 3: Thermodynamic equilibrium constants considered for C-(A-)S-H phases, characterised by their Ca/Si and Al/Si ratios, from Thermoddem 
database [25] at 25°C 

Ca/Si ratio Al/Si ratio Reaction Log K 
0.7 0  Ca1.4Si2O5.95H1.10:1.38H2O + 2.8H+ + 0.67H2O ⇋ 1.4Ca2+ + 2H4SiO4  17.73 
0.8 0  Ca1.6Si2O6.17H1.14:1.61H2O + 3.2H+ + 0.22H2O ⇋ 1.6Ca2+ + 2H4SiO4  21.8 
1 0  Ca2.0Si2O6.64H1.29:1.75H2O + 4.0H+ ⇋ 2Ca2+ + 2H4SiO4 + 0.40H2O  29.46 

1.2 0  Ca2.4Si2O7.12H1.44:2.07H2O + 4.8H+ ⇋ 2.4Ca2+ + 2H4SiO4 + 1.19H2O  37.94 
1.4 0  Ca2.8Si2O7.67H1.77:2.23H2O + 5.6H+ ⇋ 2.8Ca2+ + 2H4SiO4 + 1.91H2O  46.93 
1.6 0  Ca3.2Si2O8.27H2.14:2.34H2O + 6.4H+ ⇋ 3.2Ca2+ + 2H4SiO4 + 2.61H2O  55.94 
0.7 0.02  Ca1.4Al0.04Si2O6.01H1.11:1.42H2O + 2.92H+ + 0.57H2O ⇋ 0.04Al3+ + 1.4Ca2+ + 2H4SiO4  17.99 
0.8 0.02  Ca1.6Al0.04Si2O6.23H1.15:1.63H2O + 3.32H+ + 0.14H2O ⇋ 0.04Al3+ + 1.6Ca2+ + 2H4SiO4  21.63 
1 0.02  Ca2.0Al0.04Si2O6.71H1.30:1.75H2O + 4.12H+ ⇋ 0.04Al3+ + 2.0Ca2+ + 2H4SiO4 + 0.47H2O  29.97 

1.2 0.02  Ca2.4Al0.04Si2O7.18H1.45:2.08H2O + 4.92H+ ⇋ 0.04Al3+ + 2.4Ca2+ + 2H4SiO4 + 1.26H2O  38.47 
1.4 0.02  Ca2.8Al0.04Si2O7.75H1.78:2.23H2O + 5.72H+ ⇋ 0.04Al3+ + 2.8Ca2+ + 2H4SiO4 + 1.98H2O  47.25 
1.5 0.02  Ca3.0Al0.04Si2O8.04H1.96:2.29H2O + 6.12H+ ⇋ 0.04Al3+ + 3.0Ca2+ + 2H4SiO4 + 2.33H2O  51.69 
0.7 0.05  Ca1.4Al0.10Si2O6.11H1.12:1.51H2O + 3.10H+ + 0.38H2O ⇋ 0.10Al3+ + 1.4Ca2+ + 2H4SiO4  18.47 
0.8 0.05  Ca1.6Al0.10Si2O6.33H1.16:1.67H2O + 3.50H+ ⇋ 0.10Al3+ + 1.6Ca2+ + 2H4SiO4 + 0.01H2O  22.35 
1 0.05  Ca2.0Al0.10Si2O6.81H1.31:1.77H2O + 4.30H+ ⇋ 0.10Al3+ + 2.0Ca2+ + 2H4SiO4 + 0.58H2O  30.92 

1.2 0.05  Ca2.4Al0.10Si2O7.28H1.46:2.11H2O + 5.10H+ ⇋ 0.10Al3+ + 2.4Ca2+ + 2H4SiO4 + 1.39H2O  39.46 
1.4 0.05  Ca2.8Al0.10Si2O7.85H1.79:2.23H2O + 5.90H+ ⇋ 0.10Al3+ + 2.8Ca2+ + 2H4SiO4 + 2.08H2O  48.41 
1.5 0.05  Ca3.0Al0.10Si2O8.13H1.96:2.29H2O + 6.30H+ ⇋ 0.10Al3+ + 3.0Ca2+ + 2H4SiO4 + 2.42H2O  52.89 
0.7 0.1  Ca1.4Al0.20Si2O6.27H1.13:1.70H2O + 3.40H+ + 0.04H2O ⇋ 0.20Al3+ + 1.4Ca2+ + 2H4SiO4  19.9 
0.8 0.1  Ca1.6Al0.20Si2O6.49H1.18:1.76H2O + 3.80H+ ⇋ 0.20Al3+ + 1.6Ca2+ + 2H4SiO4 + 0.26H2O  23.76 
1 0.1  Ca2.0Al0.20Si2O6.96H1.33:1.80H2O + 4.60H+ ⇋ 0.20Al3+ + 2.0Ca2+ + 2H4SiO4 + 0.77H2O  33.09 

1.2 0.1  Ca2.4Al0.20Si2O7.44H1.48:2.16H2O + 5.40H+ ⇋ 0.20Al3+ + 2.4Ca2+ + 2H4SiO4 + 1.60H2O  42.3 
1.4 0.1  Ca2.8Al0.20Si2O8.01H1.81:2.24H2O + 6.20H+ ⇋ 0.20Al3+ + 2.8Ca2+ + 2H4SiO4 + 2.25H2O  52.19 
1.5 0.1  Ca3.0Al0.20Si2O8.29H1.97:2.29H2O + 6.60H+ ⇋ 0.20Al3+ + 3.0Ca2+ + 2H4SiO4 + 2.58H2O  57.11 
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Figure 2 presents simplified stability diagrams of (i) calcium salts and 
conjugated bases (Figure 2-A), and (ii) synthetic C-S-H from Thermoddem 
database [25], with respect to pH. These phase diagrams are used to determine 
the aqueous species and solid phases that are stable when the pH or the acid 
concentration evolves. The activity approximately corresponds to the 
concentration for activity ≤ 5.10−2. Above this value, activity corrections would 
be required. In addition, only the predominant species (with maximum 
activity) are represented on these diagrams. 

Figure 2-A shows that the use of these C-(A-)S-H equilibrium constants are 
in good agreement with the observations made by previous studies [53], with 
regard to the stability of the Ca(Acetate)2(aq). Figure 2-B highlights the 
evolution of the stability domains of the with different C/S ratios. 

 

 
Figure 2: Simplified speciation predominance diagrams of calcium with respect to pH and activity of 
acetate (A) or H4SiO4 (B) 

2.4.3. Modelling procedures 
Numerically, and considering the number of equations of this non-linear 

system (about sixty equations for as many unknowns), the whole calculation is 
solved by a Newton-Raphson method based on the residuals of each equation 
and the associated Jacobian matrix (expressed with respect to the considered 
unknowns). This numerical resolution is integrated into PhreeqC [55] and has 
been widely proven in many fields. 

The equilibrium calculations were made using the initial solid composition 
of anhydrous cement (from Table 1) and the acid solution described above. 
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In order to simulate semi-batch experiments, 50 calculations have been 
carried out, according to the different S/L ratios (from 1/1000 to 50/1000). 
Each step was calculated at the chemical equilibrium. 

3. Experimental characterizations 

3.1. Solution compositions 
Solution compositions and pH of extracted liquid samples from batch and 

semi-batch experiments are presented as a function of the S/L ratio of the 
system, in Figure 3. As a reminder, each addition of h-CEM I paste powder 
corresponds to an increase in the S/L ratio of 1 g/L. 

Four main stages can be observed in the evolution of pH values and ion 
concentrations in solutions. The pH (Figure 3-A) increased from 3.95 in the 
initial acetic acid solution to 12.1 after equilibration with the last powder 
addition (i.e. for an S/L ratio of 50 g/L). The first stage (I), from 1 g/L to 11 g/L, 
is showing an increase of pH values from 4 to 5.5, corresponding to the buffer 
zone of the acetic acid where high release of hydroxide ions leads to moderate 
increase of the pH [56]. The second one (II), between 12 g/L and 17 g/L, shows 
an increase of pH from 5.8 to 11.3, corresponding to the neutralization zone of 
the acid where high pH rise is observed for small release of hydroxide ions. 
Then this increase slows down until 27 g/L (III), and the pH values seem 
buffered around 12.1 after this point (IV). 

Considering ion concentrations, the same stages can be observed. During 
the first stage (I) a linear increase of all analysed elements, i.e. proportional to 
the quantity of added powder, is noticed (dotted lines). Si, Al and Fe 
concentrations show a maximum after 8 g/L (Figure 3-C) with values around 
10, 2.5 and 1 mmol/L, respectively, and then a decrease of the ion 
concentrations. This reflects the precipitation of Si-, Al- and Fe-rich phases 
after this addition, probably amorphous gels since the pH of the equilibrated 
solution is below 6. During stage (II), the increase of Ca, Mg and SO4 

concentrations slows down (Figure 3-B and Figure 3-D). Then, calcium 
concentration stabilizes around 120-130 mmol/L from 15 g/L, while SO4 
concentration reaches a maximum around 2.2 mmol/L after 11 g/L, and Mg 
concentration shows a maximum around 5 mmol/L at an S/L ratio of 17 g/L. 
Considering Si, Al and Fe concentrations, they show a sharp decrease, and are 
close to 0 after 17 g/L. This evolution could correspond to the precipitation of 
the main cementitious hydrates such as C-(A-)S-H among others. During stage 
(III), a slight decrease is observed for calcium concentrations, while Mg and SO4 
concentrations drop sharply, revealing precipitation of magnesium- and 
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sulphate-rich phases. Finally, in stage (IV), calcium concentrations remain 
stable, while the concentrations of the other elements are close to 0. This last 
evolution, associated with the constant pH of 12.1 of the equilibrium solution, 
could correspond to the precipitation of portlandite, acting as a buffer [57,58]. 
Finally, potassium concentrations increase almost linearly along the 
experiment. 

 
Figure 3: Experimental pH values (A), and calcium (B), silicon, aluminium and iron (C), sulphate and 
magnesium (C) concentrations in equilibrium solutions for each step of powder addition in the semi-batch 
(empty symbols) and batch experiments (filled symbols). B, C and D X-axis are broken between 30 and 50 g/L 
to ease reading, and dotted plots are corresponding to a theoretical total dissolution of the h-CEM I paste. 
[SO4] and [K] were not measured for the batch experiment. 
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Considering the composition of the h-CEM I cement (Table 1), the quantities 
of analysed elements were close to the quantities entered in the system for the 
first additions (I) (dotted plots in Figure 3 represent the hypothetical 
concentrations in solution resulting from a total dissolution of the solid added). 
This shows that the chemical equilibrium was almost reached for the first 
steps, regardless of iron. In fact, the measured concentrations of iron 
represented only 70% of the iron added in the system. Moreover, the part of 
dissolved iron decreases rapidly and only represents 50% of the iron entered 
into the system after the third addition. This could be due to the low reactivity 
of C4AF [59–61], especially at alkaline pH. The dissolution rate of C4AF would 
therefore decrease as the pH of the equilibrium solution rises. 

All these chemical observations are consistent with previous works on the 
degradation of cementitious materials by organic acids. In these studies, 
mechanisms involving mineralogical transformations driven by the 
decalcification of the cement paste were detailed [8,20,31,62]. 

3.2. XRD analyses 
XRD analyses were performed on powdered h-CEM I, as well as on the solid 

samples from batch experiments at S/L ratios of 12 g/L, 15 g/L and 50 g/L. The 
results are shown in Figure 4. It should be considered that these results are not 
quantitative, and the vertical scales of the different samples are not 
comparable. Unaltered h-CEM I powder pattern shows the typical phases 
encountered in CEM I paste, such as anhydrous (C2S, C3S, C4AF) and hydrated 
(C-S-H, ettringite, portlandite, hemicarbonate, hydrotalcite) phases. 

The diffractograms of degraded samples first show an important 
dissolution of the hydrated phases (12 g/L), associated with a broad diffraction 
band centred between 26-27° 2θ related to amorphous silica [63–65]. For this 
sample, almost all hydrates seem to be dissolved and only anhydrous phases 
as C4AF remain. The comparison between 12 g/L and 15 g/L diffractograms 
only shows that calcite precipitated at 15 g/L, which can be due to an 
experimental effect (carbonation due to air exposure during sample filtration). 
The last sample (50 g/L) diffractogram shows the presence of a significant 
amount of hydrates such as ettringite, hemicarbonate, portlandite, as well as 
C-S-H with a broad diffraction band centred around 30-32° 2θ [63,65–67]. This 
diffractogram is still different from that of the unaltered h-CEM I sample, with 
the presence of hydrotalcite, quartz and calcite, and a broad diffraction band 
centred around 30-32° 2θ showing the more amorphous nature of the sample. 
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Figure 4: XRD patterns corresponding to initial hydrated CEM I powder, and 12, 15 and 50th additions of the 
batch experiments (A), related to the pH of their equilibrium solutions (B). AFt: Ettringite, C2S: Belite, C3S: 
Alite, C4AF: Brownmillerite, CC: Calcite, CH: Portlandite, Hc: Hemicarbonate, Ht: Hydrotalcite, SiO2: Quartz. 

3.3. Solid state NMR measurements 
NMR analyses were carried out on the unaltered h-CEM I powder as well as 

on the remaining powders (i) filtered at the end of the semi-batch experiment 
(S/L ratio of 50 g/L) and (ii) from the batch experiments (S/L of 4, 10, 12, 15 
and 25 g/L). 

The results of 29Si NMR measurements are reported on Figure 5-A, and the 
quantifications calculated from the deconvolution of the spectra are 
summarized in Table 4. 29Si NMR spectra being normalized according to their 
chemical composition, the total area under each curve corresponds to the silica 
content of the solid sample (calculated by mass balance from the chemical 
compositions of the corresponding equilibrium solution). Unaltered h-CEM I 
powder shows strong contributions of Q1 and Q2 (from -79 to -90 ppm) that are 
attributed to C-S-H with high C/S ratios (Q1/Q2 ratio higher than 1), these 
contributions represent 48.5% of the signal [63,68]. Q0 contribution (between 
-65 and -75 ppm) is often attributed to C2S and C3S anhydrous phases and 
correspond to 30% of the signal, i.e. of the total silicon in the solid. Samples 
from batch experiments with S/L of 4, 10, 12 and 15 g/L show only one large 
Q4 contribution, showing that silicon is present in one amorphous phase that 
could correspond to amorphous silica. The 25 g/L sample shows the presence 
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of 64% of Q1 and Q2 (between -79 and -90 ppm) that can be attributed to C-S-H 
that have lower C/S ratio than in unaltered h-CEM I powder (Q1/Q2 ratio less 
than 1). Q0 contribution, attributed to anhydrous phases (C2S, C3S) represents 
17.7% of the signal, and Q3/Q4 contribution, corresponding to amorphous 
silica, represents about 18.4% of the signal. The 50 g/L sample (i.e. powder 
after the last addition of the semi-batch experiment) shows 72.4% of C-S-H 
with high C/S (Q1/Q2 ratio similar to those observed on unaltered h-CEM I) 
with 13.3% of anhydrous phases and 14.4% of amorphous silica. 

 

 
Figure 5: 29Si (A) and 27Al (B) NMR spectra of initial h-CEM I powder and solid sampled from batch 

experiments at S/L ratios of 4, 10, 12, 15, 25 and 50 g/L, with corresponding pH values of their equilibrium 
solutions (C). All spectra are normalized according to their chemical composition (see text). 
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Table 4: Position and population of 29Si NMR environments identified for each sampled step, related to 
deconvolution of NMR spectra. 

 
Q0 (%) Q1 (%) Q2 (%) Q3/Q4 (%) 

Sample -65/-75 ppm-79/-80 ppm-82/-86 ppm-90/-110 ppm

Powdered h-CEM I paste 30 27.8 20.7 21.5 
04 g/L 

   
100 

10 g/L 
   

100 
12 g/L 

   
100 

15 g/L 2 0.3 2.6 95.1 
25 g/L 17.7 34.4 29.6 18.3 
50 g/L 13.3 37.3 35.1 14.3 

 
 

Table 5: Position and population of 27Al NMR environments identified for each sampled step, related to 
deconvolution of NMR spectra. 

 
AlIV (%) AlV (%) AlVI (%) 

Sample 
68/57 
ppm 

55 
ppm 

35.5 
ppm 

12.4 
ppm 

8.7/7.5 
ppm 

5 
ppm 

-2 
ppm 

Powdered h-CEM I paste 23 - 1.7 8 33 34.3 - 
04 g/L - 85.6 - - - - 14.4 
10 g/L - 99.1 - - - - 1 
12 g/L - 98.9 - - - - 1.1 
15 g/L - 94.3 - - 5.7 - -- 

25 g/L 54.9 - - 11.3 33.8 - - 

50 g/L 5.4 - 0.8 49.3 44.6 - - 

 
The results of 27Al NMR measurements are reported on Figure 5-B and the 

related quantifications calculated from the deconvolution of the spectra are 
summarized in Table 5. 27Al NMR spectra are also normalized according to 
their mass content of aluminium, meaning that the total area under each curve 
corresponds to the calculated aluminium content of the sample (calculated by 
mass balance from the chemical compositions of the corresponding 
equilibrium solution). Unaltered h-CEM I powder shows strong contributions 
corresponding to AlVI between 3 and 9 ppm (67.3% of the signal), that can be 
attributed to hydrotalcite, AFm and gibbsite (AH3) (Table 5) [69,70]. By 
contrast, contributions attributed to C-A-S-H (AlIV between 40 and 90 ppm) 
and ettringite (AlVI between 10 and 12 ppm) represent respectively 23% and 
8% of the signal, i.e. the aluminium content. Samples from batch experiments 
with S/L ratios of 4, 10, 12 and 15 g/L are showing only one contribution of 
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AlIV centred around 50 ppm that can be attributed to an amorphous aluminous 
gel. The 25 and 50 g/L samples show the progressive precipitation of ettringite, 
aluminates and C-A-S-H. 

These NMR results are coherent with X-ray diffractograms, with a higher 
ratio of amorphous/hydrates in the sample equilibrated at 50 g/L than in the 
unaltered h-CEM I powder. Moreover, C-(A-)S-H have quite similar C/S ratios 
(i.e. Q1/Q2 ratios on 29Si NMR spectra) in this last sample compared to 
unaltered h-CEM I powder, which seems logical since portlandite is present in 
solid sampled after 50 g/L, and the C-(A-)S-H are in equilibrium with such high 
calcium concentrations. In addition, the quantities of anhydrous phases (C2S 
and C3S on 29Si NMR spectra) seem lower in the most altered sample (S/L = 50 
g/L) that in the unaltered sample (i.e. solid before experiment). This seems to 
be in line with the observations made on the X-ray diffractograms, as higher 
proportion of amorphous and hydrates can be seen for this last sample (broad 
diffraction band centred around 30-32° 2θ). Finally, we could consider the 
presence of a unique aluminosilicate gel that is stable for S/L below 15 g/L 
since the evolution of the Q4 contribution’s area observed in 29Si is similar to 
that observed at 50 ppm on 27Al, the latter does not appear to be related to any 
cementitious phase documented in the literature. 

4. Discussion of experimental evidences through thermodynamic 
simulations 

4.1 Thermodynamic simulation with existing databases 
A first equilibrium model was realized on the basis of published 

thermodynamic data described in Tables 2 and 3 and compared with aqueous 
measurements. The results of these calculations are presented in Figure 6-A, 
Figure 6-B, Figure 6-C for solutions compositions and in Figure 6-D for 
corresponding solid proportions. 
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Figure 6: Calculated solutions compositions, with regard to experimental data, and solid fractions: (A) pH 
values and calcium concentrations, (B) magnesium and sulphate concentrations, (C) silicon and aluminium 
concentrations, and (D) solid phases. 

Experimental data acquired on solutions are fairly well reproduced by the 
simulation for the main element in solution (calcium). 

The evolution of Ca concentration is closely linked to the dissolution-
precipitation of cement phases. A linear increase of calcium in solution until 
S/L = 11 g/L is observed, and is due to the complete dissolution of the added 
grounded hydrated cement. It is consistent with the results presented in Figure 
6-D showing that no solid phases precipitates at these ratios. 

From S/L = 11 g/L, the Ca concentration does not follow the linear 
evolution that would be obtained if all the calcium content in the added solid 
was in solution. This is related to the progressive precipitation of C-A-S-H and 
C-S-H, and to a lesser extent ettringite and C3AH6 from S/L = 16 g/L and 22 
g/L). For this S/L, the C-A-S-H composition is calculated with Al/Si = 0.05 and 
Ca/Si = 0.7 (these calculated ratios are evolving pretty linearly to reach Al/Si = 
0 at step 19 and Ca/Si = 1.6 at step 33, i.e. equilibrated with portlandite). 

After S/L = 27 g/L a stabilization of the calcium concentration is observed 
near 135 mmol/L. It is worth noticing that for this environment (presence of 
CH3COO- from the acetic acid at 0.28M) the solid phases of the “sound” cement 
paste (between S/L = 40 and 50 g/L the solid phases precipitating in the 



21 
 

solution are similar to sound paste phases) are equilibrated with a much higher 
calcium concentration than the usual interstitial solution in hydrated cement 
paste (around 20-22 mmol/L [71]). This can be explained by the fact that the 
electroneutrality of the solution imposed a high cation concentration to 
equilibrate the anions brought by acetic acid. Similar results were found in 
presence of other salts (NaCl, CaCl2, etc.)[72]. 

These results shed light on the leaching mechanisms by an acid for which 
the intensity of the attack is not only controlled by the concentration of the 
hydronium ion but also by the presence of a counter-ion (anion). This one, by 
its disturbance of the electroneutrality of the solution, changes the equilibrium 
of cement phases (mainly calcic). This type of mechanism is likely to play a role 
of calcium pump in the cement materials. 

For minor phases, it can first be observed that the model also fits quite well 
the experimental results for Mg and SO4. The precipitation of associated solid 
phases (hydrotalcite and ettringite) is slightly anticipated in the model 
(occurring respectively at S/L = 11 and 16 g/L). This could be explained by: 

 The fact that each step modelled assumes that thermodynamic 
equilibrium is reached (kinetics not considered). In the experiments, 
the solution is sampled for concentration measurements when the pH 
is considered stable for 15 min (i.e. when pH change is lower than 0.01). 
This observation based on pH evolution does not ensure that 
equilibrium has been fully achieved. 

 Possible uncertainties in solubility data of hydrotalcite and ettringite 
(equilibrium constant and/or stoichiometry) 

Concerning Si concentrations, the model fits the results for S/L ≥ 11 g/L. 
From this concentration, the simulations show that C-A-S-H precipitate, so that 
the Si concentration is mainly driven by these phases, whose precipitation is 
well reproduced by the model as already discussed for Ca concentration. 

For low S/L ratios, the model highly underestimates the Si concentration 
remaining in solution. In this simulation, precipitation of amorphous silica is 
predicted because, according the database used, this phase is stable under 
these chemical conditions. On the contrary, experimental results show that, up 
to approximately S/L = 4 g/L, the Si concentration follows a linear evolution 
corresponding to a total dissolution of added Si, without any re-precipitation 
of Si-rich solid phases.  

This poor simulation of experimental results for low S/L ratios is also partly 
observed for Al concentration, for which, to a lesser degree, the model predicts 
precipitation for lower S/L. Indeed, simulation predicts the precipitation of 
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gibbsite from S/L = 4 g/L, which is in contradiction with 27Al NMR results, that 
does not show any AlVI band. This evolution of calculated aluminium 
concentrations is mainly due to the fact that this equilibrium model lacks stable 
alumina phases at low pH. Thus, a decrease in gibbsite stability (using, for 
example, an amorphous AH3 present in Thermoddem or Cemdata databases) 
would result in a very significant overestimation of aluminium concentrations. 
On the contrary, a reduced stability of C3AH6 would have virtually no impact 
on calculated concentrations, as it would be replaced by monosulfoaluminate, 
precipitating sulphur at the detriment of ettringite. Some of the aluminium 
would then be incorporated into C-A-S-H. 

All this highlights that the solubility data (equilibrium constant and 
stoichiometry) of the possible stable phases at these chemical conditions (low 
S/L ratios and low pH) are poorly estimated by the current thermodynamic 
database. Moreover, in the experiments the evolution of Al concentration 
exhibits the same trend as the Si one. This can suggest a correlated 
precipitation of Si- and Al-rich phase(s), which is not the case in the simulation. 
This type of correlation, suggesting the precipitation of a silico-aluminous gel, 
has already been documented in previous works [73] In recent years, a great 
deal of work has been carried out on such gels [24,74,75], tending to 
incorporate sodium and potassium. However, the evolution of concentrations 
measured in our study does not allow us to assert that this is the case here, or 
only in very small proportions. 

4.2 Improvement of databases for alumino-silicate gel in acid conditions 
For 29Si-NMR a unique signal is present for low S/L ratios (Figure 5-A) 

centred on Q3/Q4 bands (known as amorphous silica band). For these same 
ratios, 27Al-NMR has also shown a unique broad signal centred on band at 55 
ppm, that indicates the amorphous nature of the Al-rich phase present. This 
aluminium has a tetrahedral coordination, that is close to the structure of the 
amorphous silica. 

Based on these two experimental findings, it can be assumed that the solid 
phases at low S/L ratios (until at least 10 g/L) have precipitated as a unique 
amorphous Si-Al-rich phase. These could also explain the correlation in Si and 
Al concentrations evolutions in solution observed until S/L = 15 g/L. 

In order to determinate the chemical composition of this aluminosilicate 
gel, mass balance calculation has been used from measured solution 
concentrations. Knowing the quantity of h-CEM I powder added and the 
chemical composition of both powdered h-CEM I and equilibrated solution, an 
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estimation of the solid phases chemical composition can be made as proposed 
by Equation (5): 

𝑛௜௣௦
= 𝐶௠ ௜௔ௗௗ௘ௗ ஼ாெூ

∙ 𝑚௔ௗௗ௘ௗ ஼ாெூ − [𝑖]ூ஼௉ ∙ 𝑉௕௔௧௖௛ ௦௢௟௨௧௜௢௡ (5) 

Where: 

- 𝑛௜௣௦
 is the quantity of element I (Si or Al) present in the precipitated 

solid [mol] 
- 𝐶௠ ௜௔ௗௗ௘ௗ ஼ாெூ

 is the molar quantity of element i per mass of hydrated 
CEMI (issued from table 1) [mol/g] 

- 𝑚௔ௗௗ௘ௗ ஼ாெூ is the mass added at the considered step [g] 
- [𝑖]ூ஼௉ is the concentration of element i in solution measured by ICP-OES 

(see Figure 3) [mol/L] 
- 𝑉௕௔௧௖௛ ௦௢௟௨௧௜௢௡  is the volume of the batch solution (2L in these 

experiments) [L] 

For S/L ratio equal to 10 g/L, Table 4 and Table 5 show that both Si and Al 
are entirely present in a unique solid phase that, as explained before, can be 
considered as an aluminosilicate gel. Equation (6) allows evaluating the 
stoichiometry of this newly formed phase at these chemical conditions (low 
S/L ratio and low pH). 

𝐴

𝑆௚௘௟
=

𝑛஺௟௣௦
(10𝑔/𝐿)

𝑛ௌ௜௣௦
(10𝑔/𝐿)

=  0.3 (6) 

If the same approach is applied on other low S/L ratios (4 and 12 g/L) 
exhibiting also a unique solid phase, the same A/S ratio can be found. It should 
be noticed that, due to experimental and deconvolution uncertainties, the A/S 
ratio is evaluated with only one significant digit. 

At slightly higher S/L ratio (15 g/L) NMR results (Table 4 and Table 5) show 
that other solid phases also precipitate (mainly C-A-S-H). The amorphous 
phase represents 95% of Si signal and 94% of Al signal. For this ratio, the A/S 
ratio of aluminosilicate gel can also be estimated on the amorphous phase 
proportion as following, the result being the same as above (one significant 
digit): 

𝐴

𝑆௚௘௟
=

0.94 ∙ 𝑛஺௟ ௣௦
(15𝑔/𝐿)

0.95 ∙ 𝑛ௌ௜௣௦
(15𝑔/𝐿)

=  0.3 (7) 

The reaction equation of this gel formation/dissolution can thus be written 
as follows: 
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0.3 𝐴𝑙ଷା +  𝐻ସ𝑆𝑖𝑂ସ ⇆ 𝐴𝑙଴.ଷ𝑆𝑖𝑂ଶ.ସହ + 1.55𝐻ଶ𝑂 + 0.9 𝐻ା (8) 

Considering that the solution has been analysed at equilibrium, the 
equilibrium constant of this new Al-Si-rich phase can thus be evaluated from 
the reaction quotient, or ionic activity product ( 𝑄 = 𝐾  at equilibrium), as 
detailed in Equation (1) (at Patm and 25°C).  

log 𝐾஺ିௌ ௚௘௟ = log 𝐼𝐴𝑃஺ିௌ ௚௘௟ = log ቆ
(𝐴𝑙ଷା )଴.ଷ ⋅ (𝐻ସ𝑆𝑖𝑂ସ)

(𝐻ା)଴.ଽ
ቇ = 0.37 (9) 

The activities (𝐴𝑙ଷା ) and (𝐻ସ𝑆𝑖𝑂ସ ) are evaluated using PhreeqC from Al 
and Si measured concentrations in solution and the solution speciation. 

The identified equilibrium constant can be compared with the existing data 
for other mineral phases containing Al and Si associated with other elements 
such as Na and/or Ca (crystalline zeolites stable below 150°C, from 
Thermoddem [25] and Cemdata [24] databases), as illustrated on Figure 7 (grey 
marks for zeolite, red one for Al-Si gel of this study). The results (for phases 
able to precipitate at ambient pressure and temperature and for similar Si and 
Al proportion) give similar equilibrium constant as the one identified in this 
study. But it should be noted that the use of these mineral phases also 
containing Ca and/or Na would influence stoichiometry calculation and, in the 
case of the degradation of cementitious materials, would distort the calculation 
of calcium concentrations in solution and therefore that of the other calcium 
phases. In addition, it should be noted that the zeolites close to our gel are the 
most silica-rich zeolites, and therefore those whose silica tetrahedron rings are 
the most polymerized (i.e. structurally closest to what we would expect from a 
silico-aluminous gel). Logically, zeolites with high Al/Si ratios do not follow the 
same trend, since their structure is fundamentally different, and they have 
significant calcium and sodium contents [76,77]. 

In this figure, green square marks correspond to pure silica and alumina 
poles (amorphous silica, quartz, gibbsite) and the dotted line represents a 
possible solid solution between amorphous silica and amorphous Al(OH)3. 
This seems to show that it would also be possible, at least in the case of low 
proportions of aluminium, to model these aluminosilicate gels by a Si(am)-
Al(OH)3(am) solid solution. 
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Figure 7: Equilibrium constant for Al-Si rich phases that can precipitate at 25°C and Patm (pure silica 

and alumina poles in green and zeolites in grey) issued from Thermoddem database [25] compared with 
the Al-Si gel identified in this study (in red) 

4.3 Thermodynamic simulation with newly defined aluminosilicate gel 
A new simulation of semi-batch experiments has been conducted including 

the acquired data on aluminosilicate gel. The results of this new simulation are 
presented in Figure 8 (A, B and C for solutions compositions and D for 
corresponding solid proportions). 

The results of this second simulation are quite close to the previous one for 
the pH values and the concentrations of calcium and sulphate (Figure 8 A and 
B). The most important changes are visible at low S/L ratios, for silica, 
aluminium and magnesium concentrations (Figure 8 C and D). 

In the case of silica, the evolution of calculated concentrations shows a 
linear increase between the first addition (~ 3 mmol/L) and the S/L ratio of 4, 
where these concentrations reach a maximum of 12 mmol/L. The 
concentrations then plateau between 10 and 12 mol/L between S/L ratios 4 
and 12, which is roughly consistent with the experimental values. Finally, the 
concentrations decrease linearly between S/L 12 and 15. The experimental 
data are thus better reproduced by the model, in terms of trends and orders of 
magnitude, even if a discrepancy is observed. 



26 
 

For aluminium, the calculated concentrations increase linearly between 2 
and 8 mmol/L for S/L ratios of 1 to 4 respectively. They then decrease linearly 
until reaching values close to 0 for an S/L ratio of 10. 

The new proposed aluminosilicate gel has been added in calculations, 
resulting in silicon and aluminium concentrations closer to the experimental 
values (Figure 8-D).  

There is however a slight overestimation of the concentrations between the 
10th and the 20th additions, mainly due to the competition between the 
aluminosilicate gel and the C-A-S-H. With regard to aluminium concentrations, 
the trend is similar to the that of the model without aluminosilicate gel but with 
a lower maximum value. This could be due to a change in the Al/Si ratio of the 
aluminosilicate gel, which was not estimated experimentally here. The use of 
C-A-S-H with higher Al/Si ratios, and the consideration of kinetics, would 
enable a better representation of the experimental data on this point. 

 

Figure 8: Calculated solutions compositions, with regard to experimental data, and solid fractions (model 
with alumino-silicate gel): (A) pH values and calcium concentrations, (B) magnesium and sulphate 
concentrations, (C) silicon and aluminium concentrations, and (D) solid phases 

The numerical results obtained for solid phases (Figure 8D) show that no 
solid phase is stable for S/L ratios of less than 4 g/L. This is consistent with the 
ICP-OES measurements, since all the elements introduced via the dissolution 
of the ground cement paste are found in the quantities of elements measured 
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in solution up to an S/L ratio of 4 g/L. At S/L ratios between 4 and 10 g/L, the 
precipitation of an aluminosilicate gel can be observed, which delays the 
precipitation of gibbsite. Concerning calculated C-A-S-H compositions, the 
results are close to the model with amorphous silica, as calculated ratios at S/L 
= 11 are 0.05 for Al/Si and 0.7 for Ca/Si (with the same evolution increasing 
S/L ratio). 

Above an S/L ratio of 12g/L the results are similar to those obtained with 
the initial database. The good adequacy of the solid results is therefore 
confirmed with the XRD observations, i.e. no hydrated crystallised phases 
(ettringite, CH) present at S/L of 12 and 15 g/L. 

5. Conclusions  
In this study, a semi-batch experiment was elaborated consisting of the 

gradual addition of powdered OPC paste to an aggressive acetic acid solution 
in order to limit the effect of diffusion inside of materials as much as possible, 
so as to be comparable with thermodynamic equilibrium calculations. In the 
first instance, the use of existing thermodynamic databases enabled the 
measured chemical composition evolution of the liquid to be represented fairly 
well, except for the Si and Al data at low pH (low solid/liquid ratios), 
highlighting a lack of data (equilibrium constants, phases) in these low pH 
conditions. While only amorphous silica and gibbsite precipitated at low S/L 
ratios using existing databases, 29Si and 27Al NMR analyses of the solid revealed 
the presence of an aluminosilicate gel, a phase that is not included in any 
existing database. A composition (solid characterization) and an equilibrium 
constant (from chemical analyses and modelling) were proposed for this 
aluminosilicate gel stable at low pH and were in agreement with existing data 
of Al- and/or Si-rich phases (zeolites, Al(OH)3(am) and SiO2(am)). 

Finally, these various analyses and calculations have made it possible to add 
a new phase, identified experimentally, to the considered thermodynamic 
databases, and to considerably improve the fit of experimental data. 
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