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A B S T R A C T   

Aqueous iron hydrolysis products and chloride complexes influence steel corrosion kinetics and dictate the 
amount and type of corrosion products formed. Here, we compile a thermodynamic database devoted to aqueous 
iron species and solid oxides as well as chloride complexes, aiming to describe their speciation and solubility 
within the prevailing chemical environment of interest for cementitious systems. We compare thermodynamic 
calculations to empirical data on the elemental composition of pore solutions from cementitious systems. 

It is found that dissolved iron concentrations in cement pore solutions can differ considerably from thermo
dynamic predictions. In particular, measured Fe(II) concentrations can exceed the thermodynamic limit by 2–5 
orders of magnitude. Additionally, experimentally obtained iron solubility in the presence of chloride exceed 
thermodynamic predictions. We discuss that these differences may be explained by so far unknown iron com
plexes, stabilisation of intermediate phases such as chloride green rust, or due to (kinetic) hindrance of 
precipitation.   

1. Introduction 

Steel corrosion is the most common cause of premature deterioration 
of reinforced concrete structures. Given the substantial economic impact 
associated with this durability problem [1,2], numerical modelling of 
reinforcement corrosion has received increasing levels of attention in 
recent years [3–8]. However, predicting the durability of reinforced 
concrete structures exposed to corrosive conditions remains to be a 
considerable challenge [9]. 

Chlorides, if present at sufficiently high quantities at the steel- 
concrete interface, can lead to the breakdown of the passive film that 
typically forms on steel surfaces in the alkaline environment of concrete 
[10–12]. Another possible cause for steel corrosion in concrete is 
carbonation of the cementitious phases and the associated loss in pH 
buffering capacity of the matrix surrounding the steel [13,14]. Moti
vated by these causes for corrosion, the modelling of chloride ingress 
and concrete carbonation in concrete has been a subject of research for a 
long time as evidenced by a range of ever-evolving (reactive) transport 
models for quantifying the space-time evolution of species that initiate 
corrosion of reinforcement [15–18]. However, comparatively little 
research has been devoted to fundamentally understanding and 

modelling the transport and reaction processes of the iron species that 
are released into the cementitious matrix after corrosion initiation. 
Being able to reliably predict the transport processes and reactions of 
these iron species, however, is important for several reasons. First, it is 
well known that the corrosion kinetics of a metal is strongly influenced 
by mass transport in the electrolyte around the metal surface [19–22]. 
Second, the transport and precipitation of iron species in the cementi
tious matrix surrounding the steel are important steps that need to be 
considered in predicting corrosion-related damage of concrete struc
tures, such as cracking and spalling [3–5,7,8,18,23–26]. 

Corrosion-induced damage in concrete is associated with the 
expansive pressure that can be generated from the formation of corro
sion products as a result of the conversion of dissolved iron ions into 
various solid products. When allowed to precipitate, these products have 
specific volumes up to ~2–6 times larger than that of Fe(0). Accurate 
prediction of damage caused by steel corrosion in concrete requires the 
knowledge of the type and amount of corrosion products as well as the 
location where they form in concrete. While it is now well established 
that corrosion products can form away from the reinforcement and their 
distribution in concrete typically has a non-uniform pattern [27–29], 
most existing corrosion-induced damage models assume partial or full 

* Corresponding author. 
E-mail address: ffurcas@ethz.ch (F.E. Furcas).  

Contents lists available at ScienceDirect 

Cement and Concrete Research 
journal homepage: www.elsevier.com/locate/cemconres 

https://doi.org/10.1016/j.cemconres.2021.106620 
Received 14 May 2021; Received in revised form 3 September 2021; Accepted 25 September 2021   

mailto:ffurcas@ethz.ch
www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2021.106620
https://doi.org/10.1016/j.cemconres.2021.106620
https://doi.org/10.1016/j.cemconres.2021.106620
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2021.106620&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Cement and Concrete Research 151 (2022) 106620

2

corrosion product formation around the circumference of steel rein
forcement, which is an oversimplification of the problem [23–26]. 

In the sequence of events initiated by chloride ingress, namely 
accelerated electro-dissolution of steel followed by ferrous ion transport 
and reactions that may lead to corrosion product precipitation, 
comparatively little research has been conducted on the role of chlorides 
beyond their function as a catalyst in electrochemical iron dissolution 
[27,30]. As a consequence, the question as to whether the presence of 
chlorides solely facilitates the electro-dissolution of iron or whether it 
furthermore influences corrosion product precipitation and transport 
remains unanswered to date. A number of publications, both based on 
practical experience and dedicated laboratory or modelling studies, 
support the hypothesis that iron transport is facilitated by the formation 
of an intermediary chloro-complex, controlling the solubility of iron at 
high pH [25,27,30,31]. However, limited data is available that allows 
for a quantitative description of the different iron species reactions 
involved and how their thermodynamics and kinetics play a role in the 
mechanism of chloride-induced corrosion and subsequent concrete 
damage. 

The objective of this work is to investigate the solubility and 
competitive formation of corrosion products and their sensitivity to 
changes in the concentration of precipitation-inhibiting solutes. To 
enable a comparison between experimentally measured and thermody
namically predicted aqueous iron concentrations, empirical data are 
first reviewed on the elemental composition of pore solutions pressed 
from hardened concrete or in equilibrium with cementitious phases. 
Subsequently, a thermodynamic database is presented to comprise state- 
of-the-art data for all aqueous iron species and solid oxides relevant for 
the formation of corrosion products. Where applicable, experimental 
data are presented for benchmarking thermodynamic parameters 
accepted to the database. With regard to the discussion on chloro- 
complexation limiting the solubility of iron at high pH, particular 
emphasis is put on the thermodynamics of chloride green rust. To ac
count for the effect of iron up-take into and release by hydrated clinker 
other iron bearing phases, their mineralogy as well as the influence of 
supplementary cementitious materials (SCM) is furthermore discussed. 
The comparison of thermodynamic simulation results allows a critical 
assessment of the applicability of thermodynamic modelling to simulate 
iron dissolution and speciation in cementitious systems. 

2. Review of empirical data on iron phases in cementitious 
systems 

Empirical data on total iron concentration in cementitious systems is 
available generally from studies investigating the pore solution 
composition of cement paste, mortar or concrete produced from 
different cements [32–41]. The total concentration of iron in the pore 
solution of cementitious systems varies significantly depending on the 
types and relative amounts of cementitious materials (Portland cement 
(PC) and SCM, in particular, blast furnace slag), the degree of hydration 
of the system, and the pH of the pore solution [33–35]. These mea
surements can also be affected by the experimental methods used to 
quantify iron, and some of the parameters of the tests such as the 
equilibration time [33–40]. In general, existing literature on iron phases 
in concrete pore solutions may be subdivided into two categories (i) 
those investigating pore solutions pressed from solid concrete, mortar, 
or paste; and (ii) those studying aqueous solutions that were equili
brated with synthesised iron-containing hydrates in a controlled labo
ratory environment. The mineralogical constituents of both types of 
systems are capable of releasing iron into the pore solution and taking up 
iron from the pore solution. However, the most predominant iron- 
bearing phase in PC may shift, depending on the equilibration time 
and pH [42]. As the introduction of blast-furnace slag and other SCMs at 
common substitution levels may furthermore alter pH and phase 
assemblage [43], it is important to discriminate between systems syn
thesised naturally and in a controlled laboratory environment. For this 

purpose, the main iron bearing phases in PC are reviewed alongside the 
solubility-limiting iron oxide corrosion products in Section 3. 

Fig. 1 illustrates the ranges of selected aqueous iron concentrations 
as reported from experimental studies. The data are grouped according 
to the iron oxidation state, the type of cementitious system, and the 
presence or absence of silica. To exclude potential effects of equilibra
tion time, only measurements for equilibration times larger than 1 day 
were considered. As shown in Fig. 1, reported measurements vary 
significantly in the literature. Reported Fe(III) concentrations range 
between 2 and 5 × 10− 6 M in the pore solution of systems produced from 
PC with and without partial fly ash replacement [34]. In systems pro
duced from PC with partial silica fume replacement, low Fe(III) con
centrations close to 10− 7 M were observed [33]. Somewhat higher iron 
concentrations of up to ~10− 4 M were reported in the pore solution of a 
cementitious system containing blast furnace slag (CEM III/B cement) 
[35]. Blast furnace slags commonly contain micro-sized Fe(0), which 
can react slowly affecting the redox state of iron in the pore solution 
[44,45] and thus affect iron concentrations. Andersson et al. [41] 
consistently measured a total iron concentration of ~10− 5 M across a 
variety of cementitious systems, including PC, high alumina cement, and 
blast furnace slag cement. 

Aqueous iron concentrations in equilibrium with synthesised 
cementitious phases range from 1.2 × 10− 5 to 3.0 × 10− 7 M, depending 
on pH, and the presence of silica and/or carbonates. In these experi
ments, the precipitation of Fe(OH)3(s) is commonly observed in addition 
to Fe(III)-containing hydrate phases, such as hydrogarnet1 [36] and 
carbonate containing AFm phases [37,38]. This observation underlines 
that the sparingly soluble Fe(OH)3(s) marks the upper solubility limit for 
Fe(III) in cementitious systems [46,47]. 

At high pH values, Fe(II) concentrations up to 10− 3 M were observed 
[32]. Mancini et al. [32] remarked the particular challenges associated 
to investigations of Fe(II) interactions with calcium-silicate-hydrate (C- 
S-H) phases due to the limited stability of Fe(II) at alkaline conditions. 
As far as we know, Ref. [32] is the only attempt made to investigate Fe 
(II) interactions with cementitious phases to date. Irrespective of the 
chemical environment and iron oxidation state, the upper solubility 
bounds are dictated by the respective solubility controlling iron (hydr) 
oxides. The Fe(II) concentrations shown in Fig. 1 appear to be much 
higher than those predicted by the dissolution of Fe(OH)2(s), which are 
of the order of 10− 7–10− 6 M. Possible reasons for this discrepancy will 
be discussed later in this paper. 

A particular influencing factor on iron solubility is seen to be the 
presence of chlorides. In this regard, it has been hypothesized that the 
solubility of iron in sufficiently chloride rich solutions is controlled by 
chloro-complexation. Sagoe-Crentsil and Glasser [30] investigated the 
solubility of iron in artificial alkaline concrete pore solution electrolytes 
of similar composition under varying chloride concentrations. Powder 
X-ray spectroscopy measurements confirmed the formation of a mixed 
Fe(II)-Fe(III) chloro-solid ((Fe2+)3(Fe3+)(OH)8Cl⋅nH2O), commonly 
referred to as chloride green rust (GR(Cl− )), at high pH, together with 
trace amounts of δ-FeOOH(s) for chloride concentrations >30 mM. 
Likewise, the total soluble iron concentration appears to sharply in
crease to values of ≈170–180 mM for [Cl− ] > 15 mM. Further analysis of 
a [Cl− ] = 30 mM solution showed an Fe(II)/Fe(III) ratio of approxi
mately 3.5, similar to that of GR(Cl− ). 

Understanding the formation of the sparingly soluble iron solids, 
ascertaining their regimes of stability and sensitivity to changes in the 
concentration of co-reacting species is paramount to gain insights into 
the behaviour of iron in cementitious pore solutions. To enable a com
parison between empirical and thermodynamically predicted Fe(II) and 
Fe(III) concentrations and explore the possibility of chloro- 
complexation dictating the solubility limit, thermodynamic modelling 
is used as described in the following section. 

1 Ca3(AlxFe1− x)2(SiO4)y(OH)4. 
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3. Thermodynamic data for iron and modelling 

3.1. Method of data selection 

The solubility and complex formation of iron species has been 
studied extensively over the last century. In total, more than 15 solid 
iron (hydr)oxides (i.e., iron oxides, oxyhydroxides, and hydroxides) and 
more than 40 aqueous phase reactions are characterised to date [46,48] 
Under the premise of a complete thermodynamic database including all 
relevant complexes and solids, thermodynamic modelling can reliably 
predict the equilibrium composition at given pressure (P), volume (V) 
and temperature (T). The thermodynamic database presented in this 
section aims to fulfil this demand. 

In the process of data selection, particular emphasis is put on 
aqueous iron species and solid oxides important to the formation of 
corrosion products and corrosion initiation in concrete. Components 
selected are either (i) reported to be thermodynamically stable at the 

system conditions of interest, or (ii) have been reported to exist in 
competition with the predominant phases formed, or (iii) are a ther
modynamically unstable kinetic precursor to them. For a detailed review 
of the selection procedure adopted to compute thermodynamic param
eters gathered from multiple experimental sources, the reader is referred 
to Lemire et al. [46,48] and Brown and Ekberg [49]. Likewise, the 
chemical thermodynamics of iron-bearing cementitious phases is 
extensively reviewed in a previous work [50]. In this paper, the 
importance on the solubility of iron in cementitious systems is eluci
dated further in Section 4.4. 

3.2. Thermodynamic database 

Table 1 lists various molar Gibbs free energies (ΔfGm
∘, ΔrGm

∘) and 
enthalpies (ΔfHm

∘, ΔrHm
∘) of formation and reaction (indices f and r, 

respectively), and entropies (Sm
∘, ΔrSm

∘), along with the corresponding 
specific heats and molar volumes of selected iron-containing species. 

Fig. 1. Compilation of literature data on aqueous iron concentrations, measured with different experimental approaches (see text for explanations). The data is 
grouped according to the iron oxidation state, type of cementitious system and the presence or absence of silica. For all studies reviewed, measurements taken for 
equilibration times less than 1 day are omitted. All presented values correspond to the iron concentration at T ~ 20 ◦C. 

F.E. Furcas et al.                                                                                                                                                                                                                                



Cement and Concrete Research 151 (2022) 106620

4

Associated equilibrium solubility products and formation constants are 
presented in Table 2. Where available, the data selected in the recent 
reviews of Brown and Ekberg [49] and of Lemire et al. [46,48] are used, 
and these are complemented with additional data for chloride contain
ing complexes and solids. Reactions for which ΔrHm

∘ is unknown pres
ently are considered to be isoentropic. Where indicated, partial molar 
volumes and heat capacities of aqueous species are retrieved via the 
revised HKF equation of state [51]. Auxiliary data for co-reacting species 
are taken from the Nagra/PSI thermodynamic database [52]. The 

default Nagra/PSI thermodynamic database [52] was completed with 
aqueous and solid phase iron species based on recent reviews [46,48,49] 
as reported in Tables 1 and 2. 

3.3. Calculation methodology 

All calculations shown later in this paper were performed using the 
GEM-Selektor (GEMS3K) software package. GEMS is a multi-purpose 
thermodynamic modelling framework, capable of computing 

Table 1 
: Summary of dependent reaction components as defined by the corrosion related hydrolysis and dissolution reactions enlisted in Table 2.  

Component MW, g mol− 1 ΔfGm
∘, kJ mol− 1 ΔfHm

∘, kJ mol− 1 Sm
∘, J mol− 1 K− 1 Cp, m

∘, J mol− 1 K− 1 V∘, J bar− 1 Source 

α-Fe(0) 55.8450 0 0 27.1 ± 0.2 25.1 ± 0.5 0.71 [46]: Sm
∘, Cp, m

∘, [53]: V∘ 

Fe2+ 55.8450 − 90.72 ± 0.64 − 90.3 ± 0.5 − 102.2 ± 2.8 − 23.0 ± 10.0 − 2.26a [46] 
Fe3+ 55.8450 − 16.23 ± 0.65 − 50.1 ± 1.0 − 282.4 ± 3.9 − 108.0 ± 20.0 − 3.78a [46]  

Fe(II) hydrolysis products 
FeOH+ 72.8523 − 274.00 ± 0.86b − 321.5 ± 0.1 − 29.6 ± 4.9 63.1a − 1.67a [49] 
Fe(OH)2(aq) 89.8597 − 447.80 ± 0.79b − 546.6 ± 1.1 31.9 ± 4.9   [49] 
Fe(O)(aq) (+H2O(l) = Fe(OH)2(aq)) 71.8444 − 210.69 ± 0.79c − 260.7 ± 1.1c − 38.0 ± 4.9 − 0.0a − 1.65a  

Fe(OH)3
− 106.867 − 615.49 ± 1.08c − 807.5 ± 2.3 − 47.4 ± 8.6   [49] 

FeO2H− (+H2O(l) = Fe(OH)3
− ) 88.8518 − 378.39 ± 1.08c − 521.7 ± 2.3c − 117.4 ± 8.6 92.8a − 1.35a   

Fe(III) hydrolysis products 
FeOH2+ 72.8523 − 240.77 ± 0.66b − 292.6 ± 1.1 − 109.3 ± 5.5 − 33.7a − 2.53a [49] 
Fe(OH)2

+ 89.8597 − 457.84 ± 0.87b − 418.9 ± 0.7 − 11.8 ± 4.9   [49]: log10β∘ , [52]: ΔrHm
∘ 

FeO+ (+H2O(l) = Fe(OH)2
+) 71.8444 − 220.74 ± 0.87c − 133.1 ± 0.7c − 81.8 ± 4.9 − 200.9a − 4.20a  

Fe(OH)3(aq) 106.867 − 657.56 ± 1.63b − 761.2 ± 4.9 182.4 ± 17.6   [49] 
FeO2H(aq) (+H2O(l) = Fe 

(OH)3(aq)) 
88.8518 − 420.45 ± 1.63c − 475.4 ± 4.9c 113.5 ± 17.6 − 312.1a 0.72a  

Fe(OH)4
− 123.874 − 841.35 ± 1.47b − 1046.6 ± 2.1 76.2 ± 9.1   [49] 

FeO2
− (+2H2O(l) = Fe(OH)4

− ) 87.8438 − 367.14 ± 1.47c − 474.9 ± 2.1c 6.3 ± 9.1 − 234.9a 0.05a  

Fe2(OH)2
4+ 145.705 − 490.05 ± 1.36b − 641.7 ± 9.7 − 379.7 ± 33.5   [49] 

Fe3(OH)4
5+ 235.564 − 961.13 − 1234.5 − 490.1   [54]  

Fe(II) chloride complexes 
FeCl+ 91.298 − 216.23 ± 4.61b − 235.8 ± 1.8 7.6 ± 16.8 86.5a 0.09a [46] 
FeCl42− 197.657 − 584.74 ± 3.35b − 687.2 ± 2.6 260.2 ± 7.6   [55]  

Fe(III) chloride complexes 
FeCl2+ 91.298 − 156.12 ± 0.87 − 194.7 ± 4.7 − 121.3 ± 16.0 14.8a − 2.29a [46] 
FeCl2+ 126.751 − 291.33 ± 1.44b − 342.39 ± 8.7e 13.6 ± 33.6e 300.7a 1.03a [46]: log10β∘, [56]: ΔrHm

∘ 

FeCl3(aq) 162.204 − 415.87 ± 1.68 − 494.7 ± 11.3e 97.4 ± 50.9e 368.2a 3.59a [46]: log10β∘, [56]: ΔrHm
∘ 

FeCl4− 197.657 − 536.87 ± 3.07 − 654.2 ± 11.4e 144.9 ± 64.3e   [56]  

Mixed Fe(II) and Fe(III) iron chloride solids 
(Fe2+)3(Fe3+)(OH)8Cl⋅nH2Of 430.922 − 2605.22 ±

0.97   
487.0d 3.65 [57], [58]: V∘  

Solid Fe(II) iron hydr(oxides) 
FeO(s), ferrous oxide 71.8444 − 251.40 ± 2.20 − 272.0 ± 2.1 60.0 ± 1.7  1.20 [53] 
Fe(OH)2(s), white rust 89.8597 − 494.89 ± 5.07b − 583.4g 84.0g ~90.0g 2.95 [49]: log10β∘, [59], [60]: 

V∘  

Solid Fe(III) iron hydr(oxides) 
α-Fe2O3(s), hematite 159.688 − 744.45 ± 2.63 − 826.3 ± 2.6 87.4 ± 0.2 103.9 ± 0.2 3.03 [46], [53]: V∘ 

γ-Fe2O3(s), maghemite 159.688 − 727.83 ± 3.03 − 808.0 ± 3.0 93.0 ± 0.4 104.7 ± 0.4 3.28 [46], [61]: V∘ 

α-FeOOH(s), goethite 88.8518 − 489.54 ± 2.00 − 560.5 ± 2.0 59.7 ± 0.5 74.4 ± 0.4 2.09 [46], [61]: V∘ 

β-FeOOH(s), akaganéite 88.8518 − 486.53 ± 2.77 − 551.5 ± 2.2 79.9 ± 1.0 91.5 ± 0.2 2.55 [46], [62]: V∘ 

γ-FeOOH(s), lepidocrocite 88.8518 − 479.81 ± 2.60 − 549.2 ± 2.0 65.1 ± 0.5 69.1 ± 0.6 2.24 [46], [61]: V∘ 

δ-FeOOH(s), feroxyhie 88.8518 − 478.10 ± 2.00h − 547.4 ± 1.3 65.0 ± 5.0   [63] 
Fe(OH)3(s), ferrihydrite, 2-line 106.867 − 708.50 ± 2.00 − 827.1 ± 2.0 127.6 ± 5.4i ~152.0 ± 5.0 3.40 [38], [64]: V∘ 

Fe(OH)3(s), ferrihydrite, 6-line 106.867 − 711.00 ± 2.00 − 830.3 ± 2.0 126.5 ± 4.3i ~152.0 ± 5.0 3.40 [38], [64]: V∘  

Mixed Fe(II) and Fe(III) iron hydr(oxides) 
α-Fe3O4(s), magnetite 231.533 − 1012.72 ±

1.61 
− 1115.8 ± 1.6 145.9 ± 0.3 150.8 ± 1.3 4.45 [46], [53]: V∘  

a Retrieved via the HKF EOS [51]. 
b Internally computed from ΔrGm

∘ =
∑

iνiΔfGm, i
∘. 

c Obtained by subtracting ΔfGm
∘(H2O(l)) = − 237.140 ± 0.041 kJ mol− 1 and ΔfHm

∘(H2O(l)) = − 285.830 ± 0.040 kJ mol− 1 [46] from the previously enlisted species. 
d From ΔfCp, m

∘. 
e Value computed based on ΔfHm

∘ estimated from Liu et al. [56] against the explicit recommendation of Lemire et al. [46] and included here for the sake of 
completeness. 

f Thermodynamic parameters and uncertainties tabulated for n = 2, based on μ∘(3Fe(OH)2⋅Fe(OH)2Cl) = − 509,325 ± 230 cal mol− 1 [57]. 
g Values enlisted against the explicit recommendation of Lemire et al. [46]. 
h Value corresponding to poorly crystalline samples with specific surface areas of 88 m2 g− 1. 
i Averaged value based on the upper and lower range of Sm

∘ as reported by Majzlan et al. [64]. 
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temperature and composition dependent phase equilibria of complex 
(geo)chemical systems [65,66]. 

The activity coefficients of various ionic species i with formal charge 
zi are computed via the extended Debye-Hückel equation in Truesdell- 
Jones form: 

log10γi =
A⋅[zi]

2⋅
̅̅
I

√

1 + B⋅a
̅̅
I

√ + bγ⋅I + log10
xi,w

Xw
, (1)  

where bγ is a semi-empirical parameter (bi ~ 0.064 for NaCl) and xi,w
Xw 

is 
the mole fraction of water solvent [51,65]. The Debye-Hückel Limiting 
Law parameters A ~ 0.5114 and B ~ 0.3288 are furthermore evaluated 
at the standard operating temperature T = 25 ◦C and pressure P = 1 bar, 
in line with the conditions of all thermodynamic simulations presented 
throughout this work. Here, Eq. 1 is applicable for molar ionic strengths, 
I, 

I =
1
2
∑n

i=1
ciz2

i (2)  

ranging from 1 to 2 M, where ci denotes the respective ionic molar 
concentration of species i. 

In the following section, thermodynamic predictions using the 
thermodynamic database and the model described in Section 3 are 

compared to experimental literature data for iron phases in cementitious 
(Section 2) and other systems. To compute the solubility and speciation 
of various iron hydr(oxides), Fe(II) and Fe(III) were introduced into pure 
water at standard temperature and pressure. The pH was varied by 
adding hydrochloric acid and sodium hydroxide, respectively. For the 
purpose of comparing the thermodynamic predictions to experimental 
literature data, for selected cases, other ions and dissolved oxygen were 
introduced in accordance with the respective experimental conditions 
reported in the reviewed publications. 

4. Thermodynamic predictions and comparison with empirical 
data 

The two oxidation states of iron, Fe(II) and Fe(III), and their 
respective hydrolysis products contribute to the overall solubility of iron 
to different extents across the pH range of interest. Their respective 
contributions, predominance intervals and solubility dictating solid iron 
(hydr)oxides incorporated in Tables 1 and 2 are briefly discussed within 
the following sections. 

4.1. Aqueous Fe(II) complexes 

Under reducing conditions Fe(OH)2(s) is the dominant solubility 
dictating Fe(II) oxide. The relative contribution of various Fe(II) 

Table 2 
: Summary of the thermodynamic parameters of hydrolysis and formation reactions defining dependent components presented in Table 1.  

Reaction log10β∘ a b c ΔrHm
∘, kJ mol− 1 Source 

Fe(II) hydrolysis products 
Fe2+ + H2O(l) ⇌ FeOH+ + H+ − (9.43 ± 0.10) 0.136 − 2851 0 54.6 ± 0.9 [49] 
Fe2+ + 2H2O(l) ⇌ Fe(OH)2(aq) + 2H+ − (20.52 ± 0.08) − 0.291 − 6030 0 115.4 ± 1.0 [49] 
Fe2+ + 2H2O(l) ⇌ Fe(OH)3

− + 3H+ − 32.68 ± 0.15) − 8.10 − 7330 0 140.3 ± 2.2 [49]  

Fe(III) hydrolysis products 
Fe3+ + H2O(l) ⇌ FeOH2+ + H+ − (2.20 ± 0.02) 5.393 − 2263 0 43.3 ± 0.6 [49] 
Fe3+ + 2H2O(l) ⇌ Fe(OH)2

+ + 2H+ − (5.17 ± 0.10) – – – 71.5 [49]: log10β∘, [52] 
Fe3+ + 3H2O(l) ⇌ Fe(OH)3(aq) + 3H+ − (12.26 ± 0.26) 66.0 − 9987 − 7.86 146.3 ± 4.8 [49] 
Fe3+ + 4H2O(l) ⇌ Fe(OH)4

− + 4H+ − (21.60 ± 0.23) 4.12 − 7669 0 146.8 ± 1.8 [49] 
2Fe3+ + 2H2O(l) ⇌ Fe2(OH)2

4+ + 2H+ − (2.91 ± 0.07) – – – 30.1 ± 9.5 [49] 
3Fe3+ + 4H2O(l) ⇌ Fe3(OH)4

5+ + 4H+ − (6.30 ± 0.00) – – – 59.0 ± 0.0 [54]  

Fe(II) chloride complexes 
Fe2+ + Cl− ⇌ FeCl+ − (1.00 ± 0.80)a – – – 21.6 ± 1.8 [46] 
Fe2+ + 4Cl− ⇌ FeCl42− − (5.40 ± 0.57)b – – – 71.4 ± 2.5 [55]  

Fe(III) chloride complexes 
Fe3+ + Cl− ⇌ FeCl2+ +(1.52 ± 0.10) – – – 22.5 ± 4.6 [46] 
FeCl2+ + Cl− ⇌ FeCl2+ +(0.70 ± 0.20) – – – 19.4 ± 7.3c [46]: log10β∘, [56]: ΔrHm

∘ 

FeCl2+ + Cl− ⇌ FeCl3(aq) − (1.17 ± 0.15) – – – 14.8 ± 7.3c [46]: log10β∘, [56]: ΔrHm
∘ 

FeCl3(aq) + Cl− ⇌ FeCl4− − (1.79 ± 0.45) – – – 7.5 ± 1.5c [56]  

Mixed Fe(II) and Fe(III) iron chloride solids 
4Fe(OH)2(s) + Cl− + H+ + nH2O(l) ⇌ GR(Cl− )(s) + ½ H2(g) − (9.36 ± 0.31)d – – – – [57]  

Solid Fe(II) iron hydr(oxides) 
Fe2+ + 2H2O(l) ⇌ Fe(OH)2(s), White Rust + 2H+ − (12.27 ± 0.88) – – – – [49]  

Solid Fe(III) iron hydr(oxides) 
Fe3+ + 3/2 H2O(l) ⇌ ½ α-Fe2O3(s), hematite + 3H+ +(0.06 ± 0.26) − 11.61 3568 – 65.7 ± 1.6 [46], [49]: a, b 
Fe3+ + 3/2 H2O(l) ⇌ ½ γ-Fe2O3(s), maghemite + 3H+ − (1.40 ± 0.29)e – – – 74.8 ± 1.8 [46] 
Fe3+ + 2H2O(l) ⇌ α-FeOOH(s), goethite + 3H+ − (0.16 ± 0.36)e − 11.14 3421 – 61.3 ± 2.2 [46], [49]: a, b 
Fe3+ + 2H2O(l) ⇌ β-FeOOH(s), akaganéite + 3H+ − (0.68 ± 0.47)e – – – 70.2 ± 2.4 [46] 
Fe3+ + 2H2O(l) ⇌ γ-FeOOH(s), lepidocrocite + 3H+ − (1.86 ± 0.44)e – – – 72.5 ± 2.2 [46] 
Fe3+ + 2H2O(l) ⇌ δ-FeOOH(s), feroxyhie + 3H+ − (2.18 ± 0.44) – – – 74.3 ± 1.6 [63] 
Fe3+ + 3H2O(l) ⇌ Fe(OH)3(mic), 2-line ferrihydrite + 3H+ − (3.50 ± 0.40) – – – 80.4 ± 2.2 [49]: log10β∘, [64] 
Fe3+ + 3H2O(l) ⇌ Fe(OH)3(mic), 6-line ferrihydrite + 3H+ − (3.00 ± 0.50) – – – 77.2 ± 2.2 [64]  

Mixed Fe(II) and Fe(III) iron hydr(oxides) 
Fe2+ + 4/3 H2O(l) ⇌ 1/3 α-Fe3O4(s), magnetite + 2H+ + 1/3 H2(g) − (12.14 ± 0.15) − 33.7904 6380 4.24014 99.5 ± 0.7 [46], [49]: a, b, c 

log10β∘ 
= a + b/T + c ln(T). 

a Value enlisted according to the suggestion of Lemire et al. [46]. 
b Extrapolated from data obtained by Zhao and Pan [55] based on measurements take at T ≥ 60 ◦C. Uncertainties overlap. 
c Value enlisted based on an estimate of Lemire et al. [46]. 
d Computed from ΔrGm

∘ = − zFU∘, based on U∘ = − (0.554 ± 0.010) V [57]. 
e Value enlisted based on ΔfGm

∘ quoted by Lemire et al. [46]. Uncertainties overlap. 
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hydrolysis products to the overall Fe(II) solubility is shown in Fig. 2. 
From the plot of mole fractions (Fig. 2b) it can be recognised that for pH 
> 8, at least 2 aqueous Fe(II) species significantly contribute to the 
overall iron solubility of Fe(OH)2(s). For pH > 12, the overall solubility 
is predominantly dictated by FeO2H− , which is often reported in liter
ature with one additional H2O as Fe(OH)3

− . The overall solubility of Fe 
(OH)2(s) at pH 13 is relatively low, around ~10− 7 M. For pH lower than 
7 (not shown in Fig. 2), Fe2+ dominates the solubility, which theoreti
cally increases with decreasing pH with the slope shown in the pH range 
7–9 in Fig. 2a. Thus, in acidic as well as deaerated conditions, such as in 
corrosion pits [67], iron has an extremely high solubility (independently 
of the presence of chloride). 

4.2. Aqueous Fe(III) complexes 

The Fe(III)-H2O system is governed by the formation of five Fe(III) 
hydrolysis products (Fe3+, FeOH2+, FeO2

− , FeO2H, FeO+), three of 
which (FeO2

− , FeO2H, FeO+) dictate the overall solubility across the 
alkaline pH range of interest (Fig. 3). Analogous to FeO2H− controlling 
the solubility of Fe(II) at high pH, FeO2

− (or Fe(OH)4
− , if it is expressed 

with additional H2O) is the dominant aqueous Fe(III) complex in highly 
alkaline environments. Many different iron (hydr)oxides might form 
depending on temperature, time and the presence of other ions. In most 
cases, initially well soluble iron hydroxides such as 2-line or 6-line fer
rihydrite will precipitate [68,69], which will determine the dissolved 
iron concentrations during to first hours to months. The more stable 
phases lepidocrocite, goethite, maghemite or hematite will form after 

longer reaction times (years to decades) or at higher temperatures. As a 
consequence of this slow formation of the most stable iron oxides, the 
aqueous iron concentrations can be expected to decrease with time (at 
least in the absence of a source for ferric ions). 

Based on this, Fig. 3 shows the calculated solubility of 2-line Fe 
(OH)3(s) superimposed by a predominance diagram of the aqueous Fe 
(III) species, together with selected experimental 2-line Fe(OH)3(s) sol
ubility data. It is evident that selected log10β

◦

(Table 2) agree well with 
experimental data across the entire pH range considered [68–70]. Note 
that the contribution of Fe3(OH)4

5+ to the overall solubility of Fe(III) is 
negligible across the pH interval considered. 

4.3. Solid iron oxides 

Commonly formed iron oxide phases that constitute corrosion 
product films and oxide rusts are iron hydroxide (Fe(OH)2(s)), hematite 
(α-Fe2O3(s)), maghemite (γ-Fe2O3(s)), goethite (α-FeOOH(s)), aka
ganéite (β-FeOOH(s)), lepidocrocite (γ-FeOOH(s)), feroxyhite (δ-FeOOH 
(s)), iron trihydroxide or ferrihydrite (Fe(OH)3(s)) and magnetite 
(α-Fe3O4(s)) [71–74]. In general, they can be distinguished according to 
their stability in the Fe2O3-H2O system. While metastable variants of 
FeOOH(s) including lepidocrocite and feroxyhite only form under 
strongly oxidating conditions [46,75] or are hypothesized to be stable at 
nanoscale [63], they have been identified to play a significant role in the 
phase assemblage of secondary, more stable iron oxides [76–78]. 

For this reason, thermodynamic data and solubility constants of the 
latter phases are included in this paper to enable a more thorough 

Fig. 2. Solubility of Fe(II) vs pH, as controlled by the solubility of Fe(OH)2(s). 
(a) The total solubility with the predominance interval of all contributing 
species superimposed. (b) The respective mole fractions xi and their progression 
across pH. 

Fig. 3. Solubility of Fe(III) vs pH, as controlled by the solubility of 2-line fer
rihydrite (Fe(OH)3(s)). (a) Selected experimental data (symbols) in addition to 
thermodynamic predictions (lines). Aqueous species making the largest 
contribution to the overall solubility are superimposed on their respective 
predominant intervals. (b) The respective mole fractions xi and their progres
sion across pH. 
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comparison of experimentally measured iron concentrations in cemen
titious systems to those thermodynamically predicted by the competi
tive precipitation of two or more iron oxides. 

4.4. Iron-bearing cementitious phases 

Amongst the main constituents of PC clinker,2 iron is predominantly 
present in the form of unreacted ferrite (C4(A,F)). It can also exist as 
ferrihydrite (Fe(OH)3(s)) during the first hours of hydration or bind to 
siliceous hydrogarnet (C3(A,F)SyH6− 2y and C3FSyH6− 2y) at longer hy
dration times [42]. In addition, some Fe(III) might also be present in the 
form of Fe-hydrotalcite (M3F0.5c0.5H6), partially replace Al(III) in 
ettringite (Ca6[Al1− xFex(OH)6]2(SO4)3⋅26H2O) and/or monosulfate 
(Ca4[Al1− xFex(OH)6]2(SO4)⋅6H2O), or be taken up both by C-S-H in the 
form of Fe(II) or Fe(III) [32,36,37,42,47,79,80]. The ferrihydrite for
mation during the first hours of hydration [42] indicates the importance 
of 2-line ferrihydrite (2l-Fe(OH)3(s)) as a solubility limiting iron bearing 
phase in accordance with a maximum aqueous iron concentration at 
early hydration times [35,39,40,42,81]. At later hydration times, ferri
hydrite destabilises and converts to hydrogarnet, leading to a decrease 
of aqueous Fe-concentrations as hydrogarnet is less soluble under high 
pH conditions. Thus, the solubility limit as dictated by 2-line ferrihydrite 
represents the upper possible limit of iron concentrations. 

4.5. Fe(II) and Fe(III) solubility in cementitious systems 

Fig. 4a and b displays the measured iron concentrations across 
different studies with cements and cement hydrates as presented in 
Fig. 1. Note that for PC and blended cements, Fe(III) is considered to be 
the solubility dominating oxidation state of iron. An exception are the 
cements containing blast furnace slags, which is a by-product of iron 
production. Due to the reducing conditions in the blast furnace, blast 
furnace slag contains Fe(0) nanoparticles as well as reduced sulphur 
species. These reducing conditions remain for an extended period of 
time even during the life of a concrete structure [44,45]. 

Aqueous Fe(III) concentrations in equilibrium with synthesised 
cement hydrate phases in Fig. 4a follow approximately the solubility of 
lepidocrocite (γ-FeOOH(s)) [36–38]. For a pH > 13, it is furthermore 
apparent that measurements in PC and blended cements from Andersson 
et al. [41] and Lothenbach et al. [33] correspond to the [Fetot] con
centration predicted by the solubility of 2- or 6-line Fe(OH)3(s) 
(compare Fig. 4b). Somewhat lower iron concentrations were reported 
by Deschner et al. [34] in PC and PC blended with fly ash, in between the 
upper and lower solubility limits dictated by 6-line Fe(OH)3(s) and 
γ-FeOOH(s). Iron concentrations measured in pore water extracted from 
slag cement systems [35] appear to be about an order of magnitude 
higher in iron than the solubility of ferrihydrite (which may be due to 
the presence of Fe(II) in slag systems). Similarly, for solutions pressed 
from systems made with PC blended with silica fume, higher iron con
centrations were measured below a pH of 12 (x symbols in Fig. 4b) [33]. 

Iron concentrations measured in the presence of Si and/or carbon
ates (marked by stars in Fig. 4a) or carbonates (diamonds in Fig. 4a) 
appear to be clustered together and about an order of magnitude higher 
than those in its absence. This distinct increase may be due to the for
mation of some uncharacterised iron-silica and iron‑carbonate com
plexes leading to aqueous iron concentrations higher than those in the 
absence of Si and/or carbonates. Alternatively, iron oxide precipitation 
could be impaired in the presence of silica, leading to smaller, struc
turally disordered crystalline phases in equilibrium with a higher 
aqueous iron concentration [82]. 

This phenomenon, if operative, would evidently have a significant 
impact on the accuracy of thermodynamic modelling approaches 

predicting the phase assemblage of corrosion products in cementitious 
systems. Possible implications and limitations of the applicability of 
equilibrium computations to complex real systems are presented in 
Section 5. 

In Fig. 4, it is noticeable that many aqueous Fe(III) concentrations in 
equilibrium with synthesised cementitious phases follow the progres
sion of [Fe] as a function of the pH in line with the solubility of γ-FeOOH 
(s). As evident from Fig. 4b, this trend does not hold true for naturally 
synthesised cementitious systems due to the multitude of dissolution and 
uptake mechanisms and due to complex formation prompting elemental 
pore solution compositions to vary from their expected value. 

While the ranges of Fe(III) measurements in cement pore solutions 
presented appear to be largely in line (with a few exceptions as dis
cussed) with the solubility limits as dictated by 2- and 6-line ferrihydrite 
(Fig. 4), Fe(II) measurements as illustrated in Fig. 5 can significantly 
exceed thermodynamically predicted concentrations in equilibrium 
with Fe(OH)2(s). Fig. 5 shows the total solubility of Fe(OH)2(s) as pre
dicted by the thermodynamic model, together with the Fe(II) concen
trations measured in NaOH [59], which agrees well with the expected 
concentrations. In contrast, the Fe(II) concentration determined in 
cementitious systems [32], that is, in the presence of Ca and Si and other 
species, were 2–5 orders of magnitude higher, indicating that Ca and Si 
seem to have a major effect on Fe(II) solubility, either due to the for
mation of iron complexes or due to hindrance of precipitation, 

Fig. 4. Total solid 2- and 6-line ferrihydrite (Fe(OH)3(s)), lepidocrocite 
(γ-FeOOH(s)) and hematite (α-Fe2O3(s)) solubility as predicted by the ther
modynamic model, together with selected measured elementary concentrations 
in cementitious systems versus the pH: Comparison of the model with experi
mental data (a) in equilibrium with synthesised cementitious phases, (b) 
pressed from hardened concrete. 

2 Cement shorthand notation: C = CaO, A = Al2O3, F = Fe2O3, S = SiO2, c =
CO2, s = SO4, M = MgO and H = H2O. 
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analogous to the effects of Si and other impurities on the structure of Fe 
(OH)3(s) [83,84]. 

4.6. The effect of chlorides 

4.6.1. Aqueous Fe(II) and Fe(III) chloride complexes 
Aqueous iron chloride complexes play an important role in the 

process of self-sustained pitting corrosion. Although the detailed 
mechanism of passivity breakdown is challenging to observe, there is a 
consensus emerging that, upon dissolving iron in the form of some iron- 
chloride complex, Cl− may be liberated by electrolytic oxidation of that 
species and hence replenish the corrosion cycle catalytically [27,30,31]. 
To accurately capture the intricacies of intermediate species formed 
within that cycle, all iron-chloride complexes characterised to date are 
included in Tables 1 and 2. 

Zhao and Pan [55] investigated the solubility of Fe(II)-chloride 
complexes assuming the following reaction:  

Fe2+ + nCl− ↔ FeCln2− n                                                                 (3) 

The three obtained solubility constants (i.e., for n = 1, 2, 4) are 
included in the database presented in this work. It must be noted that 
Zhao and Pan [55] did not report a solubility constant for the tetrahedral 
complex FeCl42− at standard conditions due to its negligible percentage 
molar contribution at T < 60 ◦C. The corresponding log10β

◦

listed in 
Table 2 is based on extrapolation of their measurements at 60, 80 and 
100 ◦C, respectively. The thermodynamic calculations for Fe(II) solu
bility in the presence of chloride are shown in Fig. 6. Comparing this 

result with Fig. 2, it is concluded that chlorides have no significant effect 
on the solubility of Fe(II) and that the domains shown in Fig. 2 are not 
affected. 

Fe(III) chloride complexes follow the recommended solubility con
stants by Lemire et al. [46]. The only exception to this is FeCl4− data, 
which stems from investigations by Liu et al. [56]. It must be noted that 
although such Fe(II)/Fe(III) chloride complexes exist, they have a 
negligible effect on the overall iron solubility. In highly acidic condi
tions, FeCl+ and FeCl2+ reach aqueous concentrations of up to 10− 4 M, 
the overall iron solubility is dominated by the respective Fe(II) and Fe 
(III) hydrolysis products. Similarly, the iron solubility across the pH 
domain of interest for cementitious systems appears to be entirely 
dictated by FeO2H− and FeO2

− . 
Example theoretical solubility curves for Fe(III) under the effect of 

chlorides are presented in Fig. 7. The thermodynamic calculations are 
generally well in agreement with experimental data presented in Fig. 4b. 
Overall, the data shown in Figs. 6 and 7 illustrate that chlorides have a 
negligible effect on the solubility of both Fe(II) and Fe(III). 

4.6.2. Fe(II) and Fe(III) chloride solids 
In hindsight to the discussion on chloro-complexation and its effect 

on the overall solubility of iron in cementitious systems, thermodynamic 
data of GR(Cl− ) was added to Tables 1 and 2. Green rusts (GR) form as an 
intermediate product during the oxidation of Fe(OH)2 and consists of 
brucite-like Fe(OH)2 layers, where the partial oxidation of Fe(II) to Fe 
(III) results in a positive charge. This charge is compensated by anions 

Fig. 5. Total solubility of Fe(OH)2(s) as predicted by the thermodynamic 
model, compared with Fe(II) measurements in NaOH solution [59] and in so
lutions containing also Ca and Si [32]. 

Fig. 6. Solubility of Fe(II) vs pH, as controlled by the solubility of Fe(OH)2(s) 
for a background NaCl electrolyte concentration of 100 mM. 

Fig. 7. Effect of chlorides on the Fe(III) solubility; thermodynamic predictions 
of the solubility of 2-line ferrihydrite (Fe(OH)3(s), dashed line), (a) together 
with the modelled contributing aqueous Fe(III) species vs. pH for a background 
NaCl electrolyte concentration of 100 mM; (b) compared to the experimental 
values obtained by Liu and Millero [69] for varying electrolyte concentrations 
of 0.01–5.00 M NaCl versus the pH. 
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and water molecules present in the interlayer. GR(Cl− ) is a mixed Fe(II)- 
Fe(III)-hydroxide solid and belongs to the structural group of pyroaurite- 
sjögrenite layered hydroxides [58]. In contrast to carbonate and sulfate 
green rusts, available thermodynamic parameters for GR(Cl− ) are 
sparse. Refait and Génin [58] measured a chemical potential of U

◦

=

− 0.554 ± 0.01 V for the oxidation reaction.  

Fe(OH)2(s) + Cl− + H+ + nH2O(l) ↔ (Fe3+)(Fe2+)3(OH)8Cl⋅nH2O(s) + 1/2 
H2(g).                                                                                            (4) 

This value was corrected to zero ionic strength by Lemire et al. [46]: 
U

◦

= − 0.552 ± 0.012 V resulting in a log10 K◦(298.15 K) = (9.32 ± 0.35) 
and ΔfGm

∘(GR(Cl− )) = − 2639 ± 2 kJ mol− 1, which was accepted in the 
present study. Bourdoiseau et al. [85] re-evaluated the available data 
obtaining suggesting a ΔfGm

∘(GR(Cl− )) ~ − 2620 kJ mol− 1; the signifi
cant variation in the thermodynamic data for green rust is related to the 
high uncertainty of the Gibbs free energy of solid Fe(OH)2. 

Sagoe-Crentsil and Glasser [30] indicated the possibility that GR 
(Cl− ) could dictate the overall iron solubility in systems containing, Fe 
(II), Fe(III) and chloride, as they observed its formation in their exper
iments, where they oxidised Fe(0) in the presence of chloride at high pH 
values in an electrolyte containing 0.88 g NaOH, 3.45 g KOH and 0.48 g 
Ca(OH)2. The authors [30] suggested that the formation of an aqueous 
iron chloride complex can explain the strongly increased iron concen
trations in the presence of chloride shown in Fig. 8. However, the sug
gested aqueous iron chloride complexes seems not very probable, as i) 
other available studies [46,69] showed no significant effect of chloride 
on Fe(II) and Fe(III) solubility at high pH values as discussed above and 
ii) as the presence of only 15 mM of chloride in solution can hardly 
increase the total iron concentration from ≪1 mM to 160 mM (Fig. 8) 
based on aqueous complex formation. 

As an alternative explanation for the observations reported by Sagoe- 
Crentsil and Glasser [30] we suggest that the formation of nano-sized GR 
(Cl− ) particles could explain the strongly increased iron concentration in 
solution. Depending on the filtration procedure (which is not specified in 
[30]), nano-sized GR(Cl− ) particles could have remained in the sus
pension analysed leading to an apparent very strong increase of total Fe 
found as illustrated in Fig. 8. This hypothesis can be tested by thermo
dynamically modelling the sum of soluble iron species and GR(Cl− ) rust 
as a function of chloride concentration in the solution. The result of such 
a model calculation is shown in Fig. 8. The figure reveals excellent 
agreement between the experimental data and the calculation. Thus, it 

appears likely that the experimentally quantified “soluble” iron by 
Sagoe-Crentsil and Glasser [30] included GR(Cl− ), which may have been 
present as nano-sized particles in the suspension. Experimental un
certainties overlap the steady-state total iron concentrations for [Cl− ] 
above the reported stepwise increment at ~15 mM. 

The onset of the sharp increase in the amount of GR(Cl− ), as apparent 
from Fig. 8, depends on the type of iron (hydr)oxides that form in 
addition to GR(Cl− ). Allowing (in the thermodynamic model) for the 
simultaneous precipitation of well soluble 2-line Fe(OH)3(s), the phase 
mass of GR(Cl− ) is calculated to increase at [Cl− ] ≈ 0.5 mM (x symbols 
in Fig. 8). Higher stability oxides such as lepidocrocite (γ-FeOOH(s)) or 
hematite (α-Fe2O3(s)) cause a more gradual increase towards the 
limiting GR(Cl− ) concentration of ~180 mM (circles in Fig. 8). Ther
modynamic modelling allowing for the formation of GR(Cl− ) and 
goethite (α-FeOOH(s)), however, predict the exclusive formation of the 
latter, with no GR(Cl− ) formed up to 2 M chloride. The implications of 
these competitively forming species is discussed in the next section. 

4.6.3. Stability domains of green rust and magnetite 
The calculation of saturation index SI = log10(IAP/Ksp) allows to 

independently assess which solid is expected to form from solution. Ksp 
corresponds to the solubility product, while the ion activity product, 
IAP =

∏n
i=1

{Xi}
νi can be calculated from aqueous concentrations. A 

negative saturation index, i.e. Ksp > IAP, implies the dissolution of a 
solid phase, a positive saturation index indicates its tendency to form. As 
increments in the aqueous chloride concentration promote the forma
tion of chloride-bearing phases (Xi = Cl− ), it is therefore of interest to 
compute [Cl− ] at which magnetite ceases to have a higher proclivity to 
form than GR(Cl− ). Fig. 9 illustrates the ratio of saturation indices SIGR 

(Cl–)/SIFe3O4(s) and its progression with [Cl− ]. 
The threshold chloride concentration above which GR(Cl− ) is pref

erentially stabilized appears to be highly sensitive to changes in the 
dissolved oxygen content as well as the pH. Fig. 10 displays the locus of 
chloride concentrations marking SIGR(Cl− ) = SIFe3O4(s)for a range of pH 
and [O2]added/[Fe(II)] values. 

In the absence of dissolved oxygen, reference chloride concentra
tions required to stabilise GR(Cl− ) are consistently <25 mM in the in
terval of pH [11.7,12.5]. Findings are consistent with experimental 
measurements confirming the formation of magnetite for [NaCl] = 10 
mM and [O2(aq)] = 0.10 mg L− 1 [86]. For any pH out of these bounds, 
the chloride concentration required to achieve preferential stabilisation 
of GR(Cl− ) over magnetite increases drastically. This trend holds true for 
successively higher [O2]added to [Fe(II)] ratios. The amount of oxygen 
does not affect the amount of chloride required to stabilise GR(Cl− ) for a 
pH < 11.5. In contrast, the intermediary plateauing region is shifted 
upwards to 26, 36 and 44 mM for ratio [O2]added/[Fe(II)] = 1, 3 and 5%, 

Fig. 8. Total solubility of GR(Cl− ) as measured by Sagoe-Crentsil and Glasser 
[30], together with the solubility of GR(Cl− ) as predicted by thermodynamic 
calculations for chloride electrolyte concentrations varying from 0 to 350 mM 
at T = 25 ◦C. The performed thermodynamic simulations mimic the electrolytic 
pore fluid composition of Sagoe-Crentsil and Glasser [30], including 0.88 g 
NaOH, 3.45 g KOH and 0.48 g Ca(OH)2. The experimentally measured and 
calculated pH ~ 13 are virtually identical. 

Fig. 9. Ratio of saturation indices SI = log10(IAP/Ksp) of GR(Cl− ) and magnetite 
(α-Fe3O4(s)) as a function of aqueous chloride concentration. 
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respectively. At pH = 13, the same increments in the added oxygen 
content shift the transition chloride concentration to 200, 310 and 450 
mM. 

The effect of both the dissolved oxygen concentration and the pH on 
the stability regime of GR(Cl− ) rust has major consequences on the 
modelling of corrosion product transport and formation. 

5. Further discussion 

5.1. Kinetics aspects and nucleation growth 

Thermodynamic energy minimisation routines do, by default, not 
accommodate for the underlying reaction mechanism leading to the 
formation of the most stable phase. A holistic model that accurately 
captures the formation of various corrosion products over time must 
therefore consider thermodynamic expert judgement on the crystalline 
phases that could form as well as kinetic effects. 

This becomes particularly apparent in precipitation experiments, 
when Fe(0) oxidises in contact with the pore solution of a cement. Liu 
and Millero [69] investigated the precipitation of iron hydroxide (2-line 
Fe(OH)3(s)) in the presence of varying NaCl concentrations. As illus
trated by Fig. 11, approaching Fe(III) concentration levels close to 
equilibrium may take considerable time, such as in the range of a few 
hours to weeks. Moreover, it is apparent that equilibrium is approached 
more slowly under both acidic and alkaline conditions with respect to 
pH neutral conditions. This kinetic mechanism may thus cause a 
significantly higher portion of iron to remain mobile in the aqueous 
phase in cementitious systems. Assuming a sufficiently high diffusive 
and migrative driving force, Fe(OH)3(s) precipitation can be regarded as 
a slow process, even at sufficiently supersaturated solutions, compared 
to the rate of mass transfer distributing mobile iron species across the 
pore network [87]. 

The formation of thermodynamically stable solid phases including 
commonly identified corrosion products is usually described by classical 
nucleation and growth theory [88]. Recent studies however propose the 
precipitation of some secondary crystalline phase via the formation and 
aggregation of primary, metastable intermediates [76–78]. Soltis et al. 
[76] investigated the mineral phase transformation from 2-line ferri
hydrite to hematite. Measurements of dissolved Fe(III) concentration 
indicated a second-order kinetics for the consumption of aqueous Fe(III). 
These observations appear to concur with a proposed hematite growth 
mechanism driven by the formation of akaganéite nanoparticle as pre
cursors [77] and the formation of magnetite via co-precipitation of Fe(II) 
and Fe(III) phases in alkaline solutions [78]. It is furthermore speculated 
that similar mechanisms are applicable to the growth of secondary 
phases other than hematite and magnetite [77,78]. Fe(III) concentra
tions are therefore expected to be significantly higher during the 

precipitation process than the concentration in equilibrium with the 
precipitating corrosion products. By analogous reasoning, considering 
the ample deviations in measured and thermodynamically predicted Fe 
(II) concentrations presented in Fig. 5, it cannot be excluded that Fe 
(OH)2(s) precipitation is subjected to an equally intricate and time 
consuming kinetic mechanism. 

5.2. The possible role of chlorides in corrosion 

In situations of corroding steel in concrete, there is a constant supply 
of ferrous ions at the metal surface. This is in contrast to unreinforced 
concrete, where iron may stem from sources such as raw materials 
(cement, aggregates) and is generally found in a state achieved after 
relatively long equilibrium times such as the oxidated state. The very 
high solubility of Fe(II) in cementitious systems can thus play an 
important role in the corrosion process itself as well as in the subsequent 
transport and precipitation of corrosion products in the cementitious 
matrix, ultimately leading to damage such as cracking and spalling. 

In an attempt to explore the effect of chlorides on corrosion product 
formation and the corrosion process, thermodynamic simulations show 
that GR(Cl− ) rust may indeed be an intermediate solubility limiting iron 
solid at alkaline pH. One may hypothesize that GR(Cl− ) formation 
temporarily increases the amount of iron (both as aqueous Fe species and 
as nano crystallite particles) present in the aqueous phase, hence 
mediating iron transport and therefore corrosion product formation 
distant from the steel-concrete interface. It can furthermore not be 
excluded that iron oxide aggregation steps similar to those observed to 
precede hematite and magnetite phase formation also involve GR(Cl− ). 
Chloro-complexation and subsequent oxidation would hence play a vital 
role in the catalytic cycle of iron electro-dissolution [30]. Based on 
experimental data at disposal, it is clearly difficult to ascertain a time 

Fig. 10. Locus of chloride concentrations based on thermodynamic predictions, 
marking the transition between GR(Cl− ) and magnetite (αFe3O4(s)) stability as 
a function of the [O2]added to [Fe(II)] ratio and the pH. 

Fig. 11. Fe(III) concentrations in 0.7 M NaCl at T = 25 ◦C as a function of time 
across various pH, adapted from Liu and Millero [69]. 
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frame across which GR(Cl− ) remains stable in real cementitious systems. 
This stresses the need for further experimental work, both on the ther
modynamic stability of GR(Cl− ) as well as its kinetic mechanism of 
formation and dissolution. 

5.3. Future research challenges 

As became apparent from the literature review presented in Section 
2, experimental studies investigating the sensitivity of aqueous iron 
concentration and time-dependent corrosion product formation both for 
aqueous and cementitious systems is scarce. To address open questions 
deduced from the discussion presented in this section, a number of 
research challenges have been identified. 

• To enable a quantitative comparison between transport and precip
itation of aqueous iron species, kinetic rate equations accommoda
ting for changes in the pH [69], reactant stoichiometry and geometry 
[89] of the precipitated solubility limiting corrosion product must be 
developed. 

• Given the scarcity of time-dependent iron concentration measure
ments, it is challenging to (i) obtain kinetic rate equation parameters 
accounting for the multitude of influencing factors identified and (ii) 
deduce a non-ambiguous sequence of kinetic steps leading up to the 
precipitation of the most thermodynamically feasible corrosion 
product. Empirical measurements presented in this paper must hence 
be complemented by a range of experimental investigations that 
systematically assess the progression of aqueous iron concentration 
over time.  

• The kinetics of Fe(II) oxidation is well described in the acidic to 
mildly alkaline conditions [90]. To assess the feasibility of chloro- 
complexation in real systems and the availability of Fe(II) and Fe 
(III) in ratios allowing for the formation of GR(Cl− ), existing rate 
equations for d[Fe(II)]/dt must be extended into the alkaline pH 
relevant for cementitious systems.  

• The possibility of the presence of nano-sized GR(Cl− ) particle and 
their effect on the transport of iron away from the steel surface 
should be further investigated. 

6. Conclusions 

Based on updating a thermodynamic database to comprise state-of- 
the-art data for all aqueous iron species and solid oxides, and 
comparing related thermodynamic calculations to compiled empirical 
data on the elemental composition of pore solutions from cementitious 
systems, the following major conclusions can be drawn:  

1. Literature data on aqueous iron concentrations and time-dependent 
formation of solid iron phases is scarce, particularly for cementi
tious environments. However, the available data indicates that the 
presence of cementitious phases introduces significant complexity 
and influences the solubility and speciation of iron with respect to 
other aqueous systems.  

2. Under oxidizing conditions, Fe(III) concentrations in cement pore 
solutions appear to be generally in agreement with the solubility 
limits expected from by 2- and 6-line ferrihydrite, or to deviate from 
this by maximum 1 order of magnitude, such as in the presence of Si 
and/or carbonates.  

3. The solubility of Fe(II) (hydr)oxides, on the other hand, can in 
cementitious systems exceed the solubility expected from thermo
dynamic predictions by several orders of magnitude. Literature data 
suggests that this may be due to the formation of so far unknown iron 
complexes or due to (kinetic) hindrance of precipitation.  

4. Thermodynamic considerations suggest that chlorides do not 
significantly increase the solubility of iron. However, at a pH range 
around 12, small amounts of chloride are sufficient to stabilise GR 
(Cl− ). From comparing these thermodynamic considerations with 

experimental literature data, it seems probable that GR(Cl− ) may 
initially form, e.g. as nano-sized particles that, as they stay in sus
pension, can be available for transport through the cementitious 
matrix, until they may be converted to other phases and precipitate.  

5. Since the speciation of iron in cementitious systems has effects on 
reinforcing steel corrosion and related damage processes on various 
levels, further research is needed to close the highlighted gaps in the 
literature with respect to the solubility of Fe(II) and Fe(III) (hydr) 
oxides in cementitious environments, both with and without chlo
rides, as well as the kinetics of formation and transformation of 
different phases. 
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[47] A. Mancini, E. Wieland, G. Geng, R. Dähn, J. Skibsted, B. Wehrli, B. Lothenbach, Fe 
(III) uptake by calcium silicate hydrates, Appl. Geochem. 113 (2020), 104460. 

[48] R. Lemire, P. Taylor, H. Schlenz, D. Palmer, Chemical Thermodynamics of Iron – 
Part 2 – Chemical Thermodynamics, Nuclear Energy Agency of the OECD (NEA), 
2020. 

[49] P.L. Brown, C. Ekberg, Hydrolysis of Metal Ions, John Wiley & Sons, 2016. 

[50] B. Lothenbach, D.A. Kulik, T. Matschei, M. Balonis, L. Baquerizo, B. Dilnesa, G. 
D. Miron, R.J. Myers, Cemdata18: a chemical thermodynamic database for 
hydrated Portland cements and alkali-activated materials, Cem. Concr. Res. 115 
(2019) 472–506. 

[51] H.C. Helgeson, D.H. Kirkham, G.C. Flowers, Theoretical prediction of the 
thermodynamic behavior of aqueous electrolytes by high pressures and 
temperatures; IV, calculation of activity coefficients, osmotic coefficients, and 
apparent molal and standard and relative partial molal properties to 600 ◦C and 5 
kb, Am. J. Sci. 281 (1981) 1249–1516. 

[52] T. Thoenen, W. Hummel, U. Berner, E. Curti, The PSI/Nagra Chemical 
Thermodynamic Database 12/07, PSI Report 14-04, PSI, Villigen, Switzerland, 
2014. 

[53] R.A. Robie, B.S. Hemingway, Thermodynamic Properties of Minerals and Related 
Substances at 298.15 K and 1 Bar (105 Pascals) Pressure and at Higher 
Temperatures, US Government Printing Office, 1995. 

[54] R. Mesmer, C. Baes, The Hydrolysis of Cations, John Wiley & Sons, New York, 
London, Sydney, Toronto, 1976. 

[55] R. Zhao, P. Pan, A spectrophotometric study of Fe (II)-chloride complexes in 
aqueous solutions from 10 to 100 ◦C, Can. J. Chem. 79 (2001) 131–144. 

[56] W. Liu, B. Etschmann, J. Brugger, L. Spiccia, G. Foran, B. McInnes, UV–Vis 
spectrophotometric and XAFS studies of ferric chloride complexes in hyper-saline 
LiCl solutions at 25–90 ◦C, Chem. Geol. 231 (2006) 326–349. 

[57] P. Refait, J.-M. Génin, The oxidation of ferrous hydroxide in chloride-containing 
aqueous media and Pourbaix diagrams of green rust one, Corros. Sci. 34 (1993) 
797–819. 

[58] P. Refait, M. Abdelmoula, J.-M. Génin, Mechanisms of formation and structure of 
green rust one in aqueous corrosion of iron in the presence of chloride ions, Corros. 
Sci. 40 (1998) 1547–1560. 

[59] S. Ziemniak, M. Jones, K. Combs, Magnetite solubility and phase stability in 
alkaline media at elevated temperatures, J. Solut. Chem. 24 (1995) 837–877. 
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