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This paper identified carbonation products in the slag-rich cementitious systems upon three different exposure
conditions, namely, long term exposure in the field, indoor natural exposure, and accelerated carbonation
testing. Overall, mineralogy of the carbonation products was found to be fundamentally similar under different
exposure environments. In the fully carbonated areas, no monosulfate and calcium hydroxide was observed, and
calcium carbonate, carbonated hydrotalcite-like phase and Ca—Al AFm phases were identified as the main car-
bonate phases. In the mildly carbonated areas, monosulfate and calcium hydroxide clusters were detected again.
With the continuous supply of CO2, monosulfate appeared to be consumed at first. Despite different exposure
environments, carbonated Ca-Al AFm phases bound around 5% of CO2 penetrated into the matrix. Hydrotalcite-
like phase was able to absorb more than 15% COx initially. However, this value decreased to around 10% in the
fully carbonated areas. Therefore, more than 20% CO- entered into hydrotalcite-like phase as well as Ca—Al AFm
phases at first, and the involved reactions were harmless without any detrimental effect on cement matrix.
Meanwhile, hydrotalcite-like phase was able to keep intact and its Mg/Al atomic ratio did not vary significantly
during carbonation.

CO, + OH —HCO;
HCO; + OH™—CO3™ + H,0

1. Introduction

(Blast furnace) slag cement concrete is known to exhibit a high
resistance to many chemical deterioration mechanisms such as alkali
silica reaction, sulfate attack, and chloride ingress [1]. An exception is
carbonation, which renders a poor microstructure at the skin area of

When pH < 8, direct hydration of CO3 occurs and leads to the for-
mation of carbonic acid H,COs, which can then dissociate into HCO3~
and CO3™ ions [6]:

slag-rich concrete [2].

The carbonation of cementitious materials refers to the neutraliza-
tion process, in which the acid gas CO5 in the atmosphere penetrates the
matrix and reacts with the alkaline species (mainly OH™ ion) in the pore
solution, leading to the reduction of alkalinity (pH) and the change of
phase assemblages [2-4]. It is one of the main degradation mechanisms
that can affect the durability of reinforced cement-based structure by
inducing uniform corrosion [5].

It is well accepted that the first step of neutralization process in
cementitious materials is the pore solution carbonation. Once CO; enters
into the material, gaseous CO5 rapidly dissolves into the alkaline pore
solution (pH > 10) and hydrolyses to bicarbonate (HCO3) at first and
carbonate (CO3") subsequently via a multi-step reaction sequence [6]:

* Corresponding author.

COZ + H20—>H2C03

When 8 < pH < 10, both mechanisms exist. Then, the carbonate ions
interact with calcium ions that are extracted from hydrated phases, and
precipitate as calcium carbonate. Collectively, carbonation is a
diffusion-dissolution-reaction-precipitation process. Generally, the
carbonation rate of slag cement paste is generally higher than that of
Ordinary Portland cement paste with the same water/binder ratio,
partially due to its lower calcium hydroxide content [7-11]. Portlandite,
as the main CO5 binding phase, can delay the decalcification of the most
essential hydration product, the C-S-H gel phase [4,8,12]. Moreover,
the relatively low alkalinity of pore solution in slag cement paste ac-
celerates the carbonation process as the rate of carbonation is slower in
high alkali cement systems due to the higher CO; binding capacity [13].
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Although a lower permeability can be obtained by a proper curing of
slag cement paste, the reduction in portlandite content and alkalinity of
pore solution dominates over the pore refinement [12,14].

In the past decades, much attention has been paid to the carbonation
of portlandite and C-S-H gel phase [15-18]. However, few in-
vestigations went deep into the carbonation of minor hydration phases,
e.g., calcium monosulfoaluminate (monosulfate in short) and
hydrotalcite-like phase. Yet, there are a number of questions that need to
be addressed, e.g., moment of reaction with COg, the corresponding
carbonation products, etc. Justnes et al. [14] found that the carbonation
of ettringite and monosulfate led to a substantial volume decrease since
crystal water went back into liquid form. It was thought to be the
dominating reason for the formation of coarser pores in the carbonated
zone of CEM II/B-V. The findings in Refs. [19,20] confirmed that the
formation of hydrotalcite-like phase reduced the susceptibility to
carbonation of alkali-activated slag paste produced with higher MgO
content, which appeared to act as an internal CO5 sorbent. Besides,
Mg-Al Layered Double Hydroxides (LDHs) have already been proven to
be effective as an anti-carbonation additive [21,22]. Nonetheless, these
findings cannot fully answer the questions mentioned above. Addition-
ally, there were continuous concerns about whether accelerated
carbonation performed in the laboratory was capable of being repre-
sentative of natural carbonation [23-26].

In this paper, we present carbonation behavior of hydrotalcite-like
phase and monosulfate of slag cement (mainly CEM III/B) under three
different exposure conditions, i.e., long term exposure in the field, in-
door natural exposure, and accelerated carbonation testing. Addition-
ally, the agreements and disagreements between experimental and
thermodynamic modelling results are discussed. The results obtained in
this paper provide insight about the carbonation characteristics of slag-
rich cement systems, especially the involvement of hydrotalcite-like
phase and monosulfate. The authors believe that there is enough evi-
dence indicating these two phases being the key components towards
formulating blast furnace slag systems resistant to carbonation.

2. Material and methodology
2.1. Sample information

Four slag concrete samples were collected from randomly chosen
locations in the Netherlands. A brief introduction of them is given in
Table 1. It is worthwhile to mention that sample D was drilled from
beams above a tunnel, the surface of which suffered severe deterioration
in the form of carbonation and surface cracking. For other structures
where sample A, B, and C were taken from, there was no visible damage
on the surface.

For indoor natural exposure and accelerated carbonation testing
performed in the laboratory, CEM I 42,5 N (manufactured by ENCI
Maastricht B.V.) and two slag products (denoted as S1 and S2), were
employed to produce custom blended slag cement systems. Chemical
compositions of the parent cement and the slags as determined by X-ray
fluorescence (XRF) are given in Table 2.

Table 1
Descriptive information on the field slag concrete samples studied.
Sample
A The sample was taken from a stairwell dating back to around 1940. The
exact location was unknown.
B The sample was collected from wind deflection screen near Calandbrug,
Europoort Rotterdam (Port of Rotterdam), which was built in 1985. The
cement type was reported as CEM III/B.
C The sample sourced from a parking garage built around 1980. It was
located in Jupiterstraat, Hoofddorp.
D The sample was drilled from the beams above a tunnel in Delft, which was

built in 2002. The binder used was mainly CEM III/B.
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Table 2
Chemical compositions (wt.%) and physical properties of CEM 1 42,5 N and two
slags.

Cement S1 S2
CaO 64 39.91 34.09
SiO, 20 38.79 32.99
Al,03 5 10.94 15.05
MgO - 6.82 16.07
FeO/Fe;03 3 0.31 0.34
TiO, - 0.77 0.73
MnO/Mn,03 - 0.21 0.16
NayOeq * 0.58 0.60 0.40
SO3 2.93 1.40 0.01
Residual 4.49 0.16 0.17

# The NayO,q employed here for cement and slag was identical, namely Na,O
+ 0.658*K0.

2.2. Experimental method

In the blended paste that was cast to be exposed to indoor natural
carbonation and accelerated carbonation testing, the cement was
partially replaced by slag at a constant substitution level of 70 wt% to
simulate CEM III/B. The water to binder (cement + slag) ratio was kept
at 0.40. Paste specimens were prepared and cast in plastic containers of
20 mL, which were sealed with thin para film on the seal to prevent
further ingress of CO5 and evaporation of mixing water.

After 3 months of sealed curing, specimens were taken out of the
plastic bottles, and the top surfaces (~5 mm) were sawn off to obtain a
microstructure that was relatively free of bleeding effects. Half of the
slag S1 paste was exposed to the laboratory environment directly for 2
years before any measurement. For the slag S2 paste and the other half of
slag S1 paste were exposed to elevated CO, level in an accelerated
carbonation test chamber. Before moving into the carbonation chamber,
pastes were kept one month in a relative humidity (RH)-controlled
climate chamber at 65% and 20 °C for preconditioning. Accelerated
carbonation testing was performed in the carbonation chamber with a
regulated CO, concentration of 3% =+ 0.2, at 20 + 3 °C and 65 + 5% of
RH (using saturated NaNO; solution). The carbonation exposure lasted
up to 6 months.

To identify the phases formed during carbonation, thermogravi-
metric analysis (TGA) and X-ray diffraction (XRD) were performed.
Slices cut from the specimens were immersed in isopropanol solution,
dried at 40 °C oven, ground and sieved below 63 pm grain size. XRD data
was collected using a Philips PW 1830/40 Powder diffractometer with
Cu K-alpha radiation. The machine was operated with an X-ray beam
current of 40 mA and an acceleration voltage of 40 kV. These sample
powders were scanned from 5 to 60° (20) with a step size of 0.03°. TGA
was performed on a Netzsch STA 449 F3 Jupiter coupled with mass
spectrometer (MS) Netzsch QMS 430 C under Argon atmosphere. The
emissions of H,O and CO; from the samples after heating were thus
identified. About 50 mg sample powder was heated from 40 to 900 °C
with a heating rate of 10 °C/min in an Al;O3 crucible with an identical
and blank one as reference. The area under the MS CO, curve was
determined through a commercial software Origin Pro 2019 (peak in-
tegral). This value was served as an index to characterize the CO;
binding degree of different phases in the investigated samples.

In addition, polished sections were prepared for the microanalysis.
Samples were immersed in isopropanol solution to stop hydration, dried
at 40 °C oven, and impregnated with low-viscosity epoxy resin. Then
sample surfaces were ground with #180, #220, #320, #800, and #1200
SiC grinding paper cooled with pure ethanol sequentially (For paste
samples, it was recommended to start from #320.), and polished by 9, 3,
1, and 0.25 pm diamond paste in turn. After each step, the sample was
immersed in an ultrasonic bath filled with 100% ethanol for 30 s for
cleaning. Finally, the well-polished sample was carbon coated in a Leica
EM CED 030 carbon evaporator at a thickness of about 10 nm.
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For the microanalysis, a FEI QUANTA FEG 650 ESEM equipped with
an EDS detector was employed in high vacuum chamber condition. All
microanalysis was carried out at a working distance of 10 mm and an
accelerating voltage of 10 kV, respectively. Phases in cement matrix and
slag rims around unhydrated slag particles were characterized by EDS
microanalysis with internal standard (standardless microanalysis).

Thermodynamic modelling was done using the Gibbs free energy
minimization program GEMS [27,28] with thermodynamic data from
the PSI-GEMS database [29,30] supplemented by cement specific data
[31,32]. The calcium-alkali aluminosilicate hydrate ideal solid solution
model (CNASH_ss) proposed by Myers et al. [33] was employed to
describe C-S(A)—H gel phase in the system. MgAl-OH—LDH ss con-
taining three end-members with Mg/Al atomic ratios of 2, 3 and 4
reformulated into an ideal solid solution was employed to simulate the
formation of hydrotalcite-like phase after hydration before carbonation
[34]. For their corresponding carbonate forms, the database provided by
Ref. [35] was incorporated in the model as candidate phases. The
thermodynamic properties of these carbonates were calculated based on
the ion-exchange constant provided by Ref. [36].

3. Results
3.1. Long term natural exposure in the field

3.1.1. Sample with carbonation induced damage

As described in Table 1, sample D was drilled from the beams above a
tunnel, the surface of which suffered severe deterioration in the form of
carbonation shrinkage and surface cracking. After phenolphthalein
spraying, no color change was observed (Fig. 1 (a)), which implied that

(®)
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sample D had been carbonated fully. The typical BSE micrographs of the
microstructure can be seen in Fig. 1 (b) and (c). Interconnected cracks
propagated across the matrix, and the capillary pores [37] -probably of
carbonation origin-were observed throughout the matrix.

Apparently, two different types of C-S-H gel phase were formed in
the matrix of sample D as revealed in Fig. 2 (a). After carbonation,
C-S-H gel phase started to decalcify and decompose up to a Si/Ca
atomic ratio of around 1.50 eventually [4,17]. Besides, it was also noted
that the Al/Si ratio of decalcified gel was significantly higher than that
of uncarbonated C-S-H gel phase, further confirming the occurrence of
amorphous alumina gel along with carbonation [17].

As for hydrotalcite-like phase, its Mg/Al atomic ratio obtained from
the slope of regression line (Fig. 2 (b)) was still in the range commonly
found in cement paste with high slag replacement [38], e.g., CEM III/B
used in this case.

DTG results of sample D are shown in Fig. 3. Apparently, the sample
had been carbonated completely, and no trace of portlandite and mon-
osulfate was observed. Moreover, three phases were identified related to
carbonation. The broad peaks after 500 °C indicated the presence of
different forms of calcium carbonate, including amorphous calcium
carbonate, metastable vaterite and aragonite, and stable calcite [39-41].
It was consistent with the MS CO5, curve, which confirmed that the mass
loss after 500 °C was mainly originated from the CO; emission. The peak
for C-S-H gel phase (containing amorphous silica and alumina gel) at
100-150 °C was still pronounced. Most of the mass loss at this tem-
perature range was sourced from dehydration, in the form of free water,
physically bound, and/or chemically bound water. A small amount of
CO4, release was also noted here. It could be assigned to the formation of
carbonated Ca-Al AFm phases partially accommodating carbonate

10 pm

(©

Fig. 1. (a) Ilustration of the color change after spraying sample D with phenolphthalein solution; (b) and (c) Two representative BSE micrographs of the micro-

structure of the sample.
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Fig. 3. DTG results, H,O and CO, MS curves of sample D. Ht: hydrotalcite-
like phase.

species (amorphous or nano-crystalline), e.g., the carbonation of
AFm-OH phase, AFm-SO4 phase/monosulfate, etc. After heating,
incorporated carbonate would be decomposed and release CO, The
results also showed that monosulfate and portlandite had been almost
entirely carbonated after about 20 years of CO2 exposure.

The broad peak located at approximately 350-450 °C implied the
persistence of hydrotalcite-like phase after carbonation. Slag rims,
where hydrotalcite-like phase was mainly concentrated, were still
visible around unreacted slag particles as illustrated in Fig. 1 (c). It was
in agreement with the EDS point analysis results shown in Fig. 2 (b).
Moreover, it was also found that both H,O and CO, were released at this
temperature range after heating.

3.1.2. Samples without carbonation induced damage

As mentioned, there was no carbonation-related damage occurring
on the surface of structures where samples A, B, and C were taken. Fig. 4
(a) illustrates the color change of sample C after spraying with phenol-
phthalein as an example (The top side was the surface exposed to the
environment.). Although not clear, the pink color was still visible across
the matrix. On the other hand, Fig. 4 (b)-(d) shows the microstructures
of samples A, B, and C, respectively. Homogeneous and dense cement
matrix, embedding anhydrous slag particles and few unhydrated cement
grains were observed in these three slag concrete samples.

The compositions of cement matrix of samples A, B, and C as char-
acterized by EDS point analysis showed similar average Ca/Si atomic
ratios fluctuating at around 1.0, although the Al/Si atomic ratios varied
considerably (Fig. 5). These measured Ca/Si atomic ratios agreed well
with values reported in Refs. [38,42,43], further confirming that there

phase after heating up to 350-450 °C. It was also noted that the small
peak at 100-150 °C in CO, MS curve, indicating the presence of
carbonated Ca—Al AFm phases, was negligible. Thus, it can be concluded
reasonably that these three samples were mildly carbonated (In the
present paper, we employed term “mildly carbonated area” to represent
the area exhibiting pink color after spraying with phenolphthalein. In
fact, it presented a similar implication to term “non-carbonated area”
commonly found in the literature.).

3.2. Natural exposure in the laboratory

Cement-slag S1 specimen was exposed in the laboratory (indoor)
environment directly for 2 years before any measurement. Temperature
and relative humidity were kept at 20 + 5 °C and 50 + 5%, respectively.
A typical cross-sectional surface of the specimen before and after
spraying with phenolphthalein is shown in Fig. 7. Three different
coloration zones corresponded roughly to carbonated (labelled as 1),
transition (2), and mildly carbonated (3) zones due to the accompanied
diffusion of CO5 and O,. The green coloration of zone 3 was known to be
originated from the formation of blue-green metal sulfides such as CaS,
FeS, MnS etc. during hydration under anoxic conditions with the
incorporation of sulfide in slag [44-46]. Therefore, little CO and O4
reached this region. On the other hand, zone 1 presented a colorless
appearance, meaning that sulfide had been oxidized into the stable
phase, i.e., sulfate. A trace pink color was observed in this area after
phenolphthalein spray, indicating that calcium hydroxide was not
consumed completely here, in agreement with the DTG results shown in
Fig. 8 (a-2).

Cement matrix of the S1 paste experienced heavy degradation in the
carbonated zone (Figs. 8 (a-1)). Micro-cracks and pores were wide-
spread, especially for the micro-cracks, which were interconnected, and
even propagated into the transitional area (Figs. 8 (b-1)). In the mildly
carbonated area (Figs. 8 (c-1)), there was no trace of micro-cracks, and
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Fig. 4. (a) Illustration of the color change after spraying sample C with phenolphthalein solution; Microstructure of sample (b) A; (c) B; and (d) C, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Atomic ratios of Al/Ca against Si/Ca of sample A, B, and C.

the cement matrix was homogeneous and dense intermixed with
unhydrated cement clinkers and slag particles.

The DTG results, H,O and CO4 MS curves of carbonated, transitional,
and mildly carbonated areas are plotted in Figs. 8 (a-2)-(c-2), respec-
tively. In the carbonated area, no monosulfate was detected, while cal-
cium hydroxide still persisted, although far less compared to the mildly
carbonated area. C-S-H gel phase suffered heavy decalcification as

revealed by the BSE image (Figs. 8 (a-1)). The main CO,-bearing phases
in this area were calcium carbonate, sourcing from the reaction between
CO; and calcium hydroxide as well as C-S-H gel phase. Hydrotalcite-
like phase was also carbonated as confirmed by the increase in the ion
current intensity of CO; at ~250 °C and 350-450 °C.

In the transitional area, monosulfate became visible. The amount of
calcium hydroxide here was also reduced compared with that in the
mildly carbonated area. The situation was nearly the same in the mildly
carbonated area where much less CO, penetrated. It was worthwhile to
mention here that the scale of y-axis indicating the ion current of CO,
release was different in Figs. 8 (a-2)-(c-2).

Fig. 8 (d) illustrates the XRD scans of carbonated, mildly carbonated,
transitional, and fully carbonated (accelerated carbonation, see Section
3.3) areas of the paste. In agreement with the results measured by TGA,
hydrotalcite-like phase was detected in each area. The peak intensity of
portlandite reduced from mildly carbonated to carbonated area, and it
disappeared in the fully carbonated area. Monosulfate was not visible in
carbonated and fully carbonated areas, also consistent with the TGA
results.

The main decomposition peak of hydrotalcite-like phase
(350-450 °C) gradually became broader from mildly carbonated to
carbonated zone. On the one hand, it had been verified that part of water
molecules that were originally absorbed in the interlayer space was
replaced by CO; during carbonation, which changed the interlayer
distance of hydrotalcite-like phase (d-spacing value do3)) [47-49],
which might also modify its decomposition peak shown in the DTG
curve. On the other hand, slag rims, where hydrotalcite-like phase was
concentrated, were surrounded by different external environments due
to the carbonation of cement matrix (Fig. 9 (a)). For example, the
cement matrix surrounding the slag particle displayed in circle #2
remained intact, and slag rim was thus not affected by the CO; attack.
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Fig. 6. DTG results, H,O and CO5 MS curves of sample (a) A; (b) B; and (c) C,

respectively. CH: portlandite; Ht: hydrotalcite-like phase; Ms: calcium

monosulfoaluminate.
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However, C-S-H gel phase close to the slag particles shown in circles #1
was degraded remarkably, and became very porous. It can be ascribed to
the formation of poorly organized silica gel of a low molar volume and
the resulted shrinkage. The pore solution filling in these pores might
partially dissolve hydrates precipitated at the rims of slag grains and
alter the decomposition peak of hydrotalcite-like phase as a result.
However, according to the trend of scatter plot of Mg/Si vs. Al/Si, the
Mg/Al atomic ratio of hydrotalcite-like phase in the carbonated and
mildly carbonated areas did not vary significantly.

3.3. Accelerated carbonation test

Meanwhile, accelerated carbonation test was performed on cement-
slag S1 and S2 paste specimens in the carbonation chamber regulated by
a CO-, concentration of 3% =+ 0.2, at 20 & 3 °C and 65 + 5% of RH.

The phase assemblages in the fully carbonated zone of cement-slag
S1 paste under accelerated carbonation (Fig. 10) was similar to that
formed under natural exposure in the laboratory (Figs. 8 (a-2)), except
that there was no calcium hydroxide left due to a higher degree of
carbonation in the former. Thus, more CO,, indicated by the higher ion
current, was released from the decomposition of calcium carbonate
under accelerated carbonation test. As for mildly carbonated area,
negligible differences were found between the two carbonation regimes.

Fig. 11 (a) presents the color change of a representative slag S2
sample after accelerated carbonation test with phenolphthalein solu-
tion. Apparently, the top part (approximately 8 mm) had been carbon-
ated completely, thus presenting a colorless appearance with
phenolphthalein solution. On the contrary, the bottom part exhibited a
pink color and corresponded to mildly carbonated area roughly. Fig. 11
(b) displays the XRD results of fully and mildly carbonated areas of the
sample. The peak for monosulfate and portlandite disappeared in the
fully carbonated area, while hydrotalcite-like phase still persisted after
such a heavy CO» attack, the peak of which was located at ~11°. On the
other hand, the DTG results of these two areas are plotted in Fig. 11 (c)
and (d), respectively. In the fully carbonated area, neither monosulfate
nor calcium hydroxide was observed. The main CO-bearing phases in
this area were calcium carbonate, carbonated hydrotalcite-like phase
and Ca-Al AFm phases. In the mildly carbonated area, monosulfate and
calcium hydroxide became visible, consistent with the results of XRD.

4. Discussion

4.1. The role of hydrotalcite-like phase and monosulfate during
carbonation

The results showed that different exposure environments did not
change the type of carbonation products of slag cement paste, funda-
mentally. However, the overall carbonation sequence of hydration
products identified in the slag cement pastes was hard to distinguish.
Considering the mildly carbonated area as the representative for the
initial carbonation stage, irrespective of the exposure conditions, the
carbonation of portlandite, C-S-H gel phase, hydrotalcite-like phase and

Fig. 7. A typical sawn surface of cement-slag S1 paste after exposure in the laboratory for 2 years and the color change after spraying with phenolphthalein solution.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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monosulfate appeared to progress simultaneously (Fig. 6 (a)-(c)), (Fig. 8
(c)), (Fig. 11 (d)). Initially, the reaction rate between CO, and por-
tlandite is more rapid than the carbonation of C-S-H gel phase [50].
Becasue C-S-H gel phase is the most abundant Ca-bearing phase in the
hydrated matrix, it was reasonable to postulate that the reaction be-
tween COz and calcium hydroxide as well as C-S-H gel begin synchro-
nously. Meanwhile, a small amount of CO, was absorbed into
carbonated hydrotalcite-like phase and Ca-Al AFm phases in the mildly
carbonated area. Especially for samples A, B, and C, hydrotalcite-like
phase was the secondary COy-bearing phase while monosulfate
seemed to be unaffected at this stage/in this area.

In the (fully) carbonated areas, or the areas that suffered heavy CO,
attack of all exposure regimes studied, no monosulfate clusters were
observed (Figs. 3 and 8 (a-2), Figs. 10 and 11 (c)). However, this cannot
be evidence for monosulfate to be the first to react with CO,, as
concluded in Ref. [51]. It was more plausible to suggest that the
nonexistence of monosulfate was due to its small amount produced after
hydration. Therefore, it would be consumed at first under continuous
CO4, attack. From this aspect, calcium monosulfoaluminate can be seen
as an indicator to evaluate the degree of carbonation (damage). In other
words, detecting monosulfate phase should mean that the system may
still have sufficient Ca budget to carbonate, however, lack of mono-
sulfate indicates that the carbonation degree has reached a certain value,
accompanied by a coarser pore structure and degradation of micro-
mechanical properties.

The works in Ref. [14] concluded that monosulfate carbonation led
to the formation of calcium carbonate, gibbsite and gypsum, which

caused a net volume reduction. Meanwhile, the results in Ref. [51]
showed that monosulfate- and hemicarbonate-AFm phases, if present,
would be destabilized to monocarbonate-AFm, initially. However, in
this study no calcium hemi- or monocarboaluminate was observed as a
monosulfate based carbonation product. On the other hand, a small
amount of CO, release was noted at 100-150 °C in all investigated
samples. The authors assigned it to the formation of carbonated Ca-Al
AFm phases, originated from the carbonation of AFm-OH and/or
AFm-SO,4. Similar to hydrotalcite-like phase, AFm-OH and AFm-SO4
phases formed in cement-based materials do also present a double-layer
structure, which provides a site for CO5 absorption [52]. Additionally, if
carbonated Ca-Al AFm phases were the carbonation product of mono-
sulfate, partial replacement of SOZ~ by CO3™ ion would not change the
volume of AFm phases significantly [53].

The existence of portlandite in the carbonated area was dependent
on the carbonation degree or the extent of CO, attack. At the end of the
accelerated carbonation testing, hardly any calcium hydroxide was left
(Figs. 10 and 11 (c)), whereas under natural exposure (Figs. 8 (a-2)), a
small amount of portlandite was detected although C-S-H gel phase did
suffer severe degradation, as well. The situation has been commonly
reported in naturally carbonated samples [54,55]; however, it is
controversial to the thermodynamic modelling principles provided in
Section 4.3, where initially no C-S-H gel phase should decalcify prior to
the consumption of calcium hydroxide.

Specific to slag-rich pastes, hydrotalcite-like phase is the main pre-
cipitation within the rim of slag. At the atomic level, hydrotalcite-like
phase is also referred to as LDHs, and the interlayer space between the
stacked layers enables it strong ion exchange ability, including CO5 [36,
56,57]. In the well-functioned field samples A, B, and C, carbonated
hydrotalcite-like phase was the main COg-bearing phase only next to
calcium carbonate. Similar observations were made in the mildly
carbonated area of slag S1 and S2 pastes. Furthermore, it was noted that
the CO5 content fixed within the hydrotalcite-like phase was associated
with the amount of hydrotalcite-like phase produced during slag hy-
dration. This argumentation is plausible as the greater the amount of
hydrotalcite-like phase, the more interlayer space to accommodate COs.
During the accelerated carbonation testing of slag S2 paste specimens,
due to its high MgO content, more hydrotalcite-like phase was produced
after hydration than that of slag S1 paste. As a result, a significant peak
occurred in the COy MS curve (Fig. 11 (c)) at 350-450 °C, implying an
intense release of CO, from carbonated hydrotalcite-like phase.

C-S-H gel phase decomposes into Ca-modified silica gel, liberates a
large amount of free water, and thus leads to a coarser of pore structure.
Our observations suggested that unlike C-S-H gel phase, hydrotalcite-
like phase can remain intact during carbonation, which were in line
with the results of Zajac et al. [58]. The scatter plot of at. Mg/Si vs. at.
Al/Si of carbonated and mildly carbonated areas (Fig. 9 (b)) indicated
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Fig. 11. (a) Illustration of the color change of a representative slag S2 sample after accelerated carbonation test with phenolphthalein solution; (b) XRD results of
fully and mildly carbonated areas of the sample; The DTG results, H,O and CO; MS curves of (c) fully and (d) mildly carbonated areas of the sample. CH: portlandite;
Ht: hydrotalcite-like phase; Ms: calcium monosulfoaluminate. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

that the Mg/Al atomic ratio of hydrotalcite-like phase in these two areas
did not vary significantly. Thus, it can be theorized that hydrotalcite-like
phase can delay the continuous carbonation of C-S-H gel phase; and the
larger it produced, the greater carbonation resistance of slag cement
paste.

4.2. Degree of COz binding of different phases under different exposure
environments

In this paper, we define the degree of CO, binding of a phase as the
area under the COy MS curve between a corresponding temperature
range. In Fig. 12, slag S2 specimen was used as an example to quantify
the degree of CO, binding after the accelerated carbonation testing. The
areas Al, A2, and A3 corresponded to certain amounts of CO; liberated
from the carbonated Ca-Al AFm phases, carbonated hydrotalcite-like
phase, and calcium carbonate, respectively.

As mentioned, calcium carbonate presents several different poly-
morphs in the carbonated areas. They start to decompose from ~500 °C
and the decomposition peaks overlap with each other seriously [39-41].
However, the exact polymorph of calcium carbonate was not the
concern of this study, and the simultaneous presence of these poly-
morphs did not affect the determination of total CO, bound in calcium
carbonate. As for carbonated hydrotalcite-like phase, it releases CO, at
250-450 °C, and an apparent decomposition peak is noted [59,60].
Moreover, no other phases releases CO5 at this range in the carbonated
slag cement sample.

As observed from the CO, MS curve of all investigated samples, there
was no fundamental change of the CO2-bearing phases in slag cement
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Fig. 12. The CO, MS curve of slag S2 cement paste after accelerated carbon-
ation, and the integrated areas under the curve with respect to different car-
bonate phases.

paste after carbonation. The calculated area under MS CO» curve and the
corresponding proportion of different carbonate phases in all investi-
gated samples is given in Table 3. Portlandite and C-S-H gel phases were
the main COy-bearing phases, and their carbonation product was
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Table 3
The calculated area under MS CO, curve and the corresponding proportion of different carbonate phases.
Area under the MS CO, curve (Ae°C) Total
Carbonated Ca-Al AFm phases Carbonated Hydrotalcite-like phase Calcium carbonate
Mildly carbonated Sample A (Fig. 6 (a)) 4.93+1071° 1.94%107° 1.07¥1078 1.32¥1078
Sample B (Fig. 6 (b)) 2.04*1071° 1.29%107° 3.38%107° 4.87%107°
Sample C (Fig. 6 (c)) 3.51*1071° 1.82%107° 6.91%10° 9.08+107°
S1 (Fig. 8 (c)) 3.87+1071° 6.80%1071° 3.20%107° 4.27%107°
S2 (Fig. 11 (d)) 3.68%1071° 1.59*107° 6.47%107° 8.43%107°
Fully carbonated Sample D (Fig. 3) 4.17*1071° 1.62%107° 1.30%10°8 1.51*10°8
S1 (Fig. 10) 3.28%107° 3.99%107° 8.10%107% 8.83%107°
$2 (Fig. 11 () 2.58%107° 6.64*10° 4581078 5.50%1078

CO;, binding share of each carbonate phase (%)

Carbonated Ca-Al AFm phases

Mildly carbonated Sample A 3.75
Sample B 4.19
Sample C 3.87
S1 9.07
S2 4.37
Fully carbonated Sample D 2.76
S1 3.72
S2 4.69

Carbonated Hydrotalcite-like phase Calcium carbonate

14.77 81.48
26.47 69.34
20.04 76.09
15.94 74.99
18.87 76.76
10.73 86.51
4.52 91.76
12.07 83.24

calcium carbonate of different forms. Hydrotalcite-like phase and
monosulfate also fixed a certain amount of CO,, forming carbonated
hydrotalcite-like phase and carbonated Ca—Al AFm phases, respectively.

When shifting from mildly carbonated area to fully carbonated area,
the absolute amount of CO5 absorbed by each phase increased, corre-
spondingly. However, the proportion of CO, absorbed into carbonated
Ca-Al AFm phases appeared to level off, fluctuating at less than 5%
except that in the mildly carbonated area of slag S1 paste. The MS
measurements showed that the ratio varied between the carbonated
hydrotalcite-like phase and calcium carbonate considerably (Fig. 13).
Regardless the exposure conditions and chemistry of raw materials,
more than 20% CO- entered into carbonated hydrotalcite-like phase as
well as Ca—Al AFm phases in the mildly carbonated area, and the
involved reactions were harmless without any detrimental effect on
cement matrix, as discussed above. However, more than 80% CO-
reacted with portlandite and C-S-H gel phase in the fully carbonated
area, leading to a coarser pore structure with connected micro-cracks
throughout the matrix.

The ratio of CO5 bound in different carbonate phases from mildly

100 T
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Fig. 13. The ratio of CO, bound in CaCO3 and carbonated hydrotalcite-like plus
Ca—Al AFm phases of investigated samples.

10

carbonated area to fully carbonated area depicted a different image
about the carbonation sequence in slag cement paste. Initially, all hy-
dration products of slag cement, including monosulfate, hydrotalcite-
like phase, portlandite, and C-S-H gel phase acted as CO; sink. The
role of hydrotalcite-like phase should be addressed here. Due to its
crystal structure, the interlayer space, presenting a large specific surface
area comparable to that of C-S-H gel phase [61], was the natural site to
fix free CO, molecules [47,48]. It absorbed more than 15% CO- at the
beginning. With the continuous supply of CO3 externally, monosulfate
was consumed at first due to its small amount, transforming into
carbonated Ca—-Al AFm phases. In all exposure conditions, carbonated
Ca-Al AFm phases bound around 5% of the entire CO5 fixed within the
matrix.

The thermogravimetric analyses showed that portlandite was able to
persist longer than monosulfate (Figs. 8 (a-2)) although, the amount of
portlandite produced at such a high slag replacement was close to
monosulfate. In addition, the reaction between CO, and portlandite is
kinetically rapid [50], however, calcium carbonate mainly nucleates
and grows on the surface of portlandite, slowing down its further reac-
tion with CO5 [62].

With the proceeding of carbonation when monosulfate and/or por-
tlandite had already been consumed, hydrotalcite-like phase continued
exchanging CO, with water molecules that were originally positioned in
the interlayer space. Likely due to its capacity to absorb CO5, the CO,
share of hydrotalcite-like with respect to the entire bound CO2 dropped
to around 10% in the fully carbonated area. As confirmed earlier,
hydrotalcite-like phase can maintain its network structure during
carbonation and does not contribute to the pore structure coarsening.
This is especially important for slag cement paste as pore structure/
porosity plays a key factor to control the penetration of CO,. Ultimately,
the CO; entering the matrix can only be bound by calcium from C-S-H
gel phase. This process was not the topic of this paper; the readers could
refer to Refs. [15-18] if interested.

4.3. Thermodynamic modelling

Fig. 14 illustrates the thermodynamic modelling results of phase
assemblage during the step-wise carbonation, using cement-slag S2
paste as an example. The reaction degree of clinker phases of cement at
90 days was estimated using the empirical kinetic approach of Parrot
and Killoh [63], and the parameters were reported by Lothenbach et al.
in Ref. [64]. The hydration degree of slag S2 was determined by selec-
tive dissolution (not reported in this paper), which was ~30% after 3
months of curing. For simplicity, it was assumed that slag dissolved
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Fig. 14. Thermodynamic modelling of the phase assemblages in cement-slag S2
paste during the step-wise carbonation.

congruently.

At zero CO, addition into cement-slag S2 paste, C-S(A)—H gel phase
was modelled as the main hydration product with a certain amount of
hydrotalcite-like phase. A minor quantity of monosulfate, hydrogarnet,
and stratlingite was also predicted to be formed, which were identified
in slag-rich cement paste systems by other researchers [38,52,65]. The
computational model predicted complete consumption of portlandite
after 90 days, however the experimental results (Fig. 11 (d)) showed
that portlandite was still available in the system after 3 months of
curing.

With the gradual addition of CO into the system, the change in
phase assemblage started to occur. For the decalcification of C-S(A)—H
gel phase, please refer to Refs. [35,66]. Calcite was predicted to be the
only form of CaCOs, however different morphologies of CaCO3 were
detected in real samples [39-41].

In the initial stage, hydrotalcite-like phase was resistant to CO5
attack, which later on was transformed into a carbonated form once CO,
addition reached a critical amount. This carbonate phase remained
stable and in the later stage it was converted to magnesium silicate
hydrate (M—S-H) gel. Dolomite (MgCa(CO3)3) was assumed to be the
final Mg-bearing phase. However, based on the experimental results in
the present research, hydrotalcite-like phase would absorb CO5 upon
carbonation, and it cannot sustain in the initial stage. Meanwhile,
carbonated hydrotalcite-like phase was not observed to decompose even
in the fully carbonated area.

Carbonation of monosulfate, hemi- and mono-carbonate were pre-
dicted as intermediates. Monocarbonate was decomposed into calcite
and subsequently to stratlingite as the carbonation proceeded. After the
decomposition of monosulfate, carbonated ettringite (SO4, CO3) was
modelled to be the main sulfate-bearing phase, which was further
carbonated to yield gypsum. The works in Refs. [53,67] also predicted
the extensive formation of solid solutions between the sulfate and car-
bonate ettringite end-members. However, these formations cannot be
confirmed by TGA in this study. Apparently, these disagreements be-
tween GEMS modelling and experimental results need further in-
vestigations in the following study.

5. Conclusion
The paper observed the carbonation products of slag-rich cement

paste from three aspects, i.e., long term exposure in the field, natural
indoor exposure, and accelerated carbonation testing, and laid emphasis
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on the carbonation of hydrotalcite-like phase and monosulfate, partic-
ularly. Overall, mineralogy of the carbonation products was found to be
similar under different exposure environments. The main conclusions
drawn were as follows:

e In the fully carbonated area, no monosulfate and calcium hydroxide
was observed, while C-S-H gel phase and hydrotalcite-like phase
were still abundant. The main CO-bearing phases in this area were
calcium carbonate, carbonated hydrotalcite-like phase and Ca-Al
AFm phases. In the mildly carbonated area, monosulfate and calcium
hydroxide were detected again. Calcium carbonate was the main
COgy-bearing phase, and a small amount of CO, was absorbed into
hydrotalcite-like phase.

e With the continuous supply of CO3, monosulfate would be consumed
at first. From this aspect, the nonexistence of calcium mono-
sulfoaluminate can be treated as an indicator of potential
carbonation-related damage. Furthermore, neither hemi- nor mono-
carboaluminate was identified under the exposure conditions
studied.
Carbonated hydrotalcite-like phase was the secondary COs-bearing
phase next to calcium carbonate. It was structurally resistant against
carbonation. The Mg/Al atomic ratios of hydrotalcite-like phase in
the carbonated and mildly carbonated areas did not vary signifi-
cantly. Also, it was noted that the decomposition peak of
hydrotalcite-like phase in the DTG curve became broader with the
gradual carbonation.

In all the exposure conditions studied, carbonated Ca-Al AFm phases

bound around 5% of the entire bound CO; in the matrix.

Hydrotalcite-like phase fixed more than 15% CO; at the beginning.

However, this value decreased to around 10% by the full carbon-

ation. Therefore, more than 20% CO2 was fixed by carbonated

hydrotalcite-like phase as well as the Ca—Al AFm phases at first, and
these reactions were harmless without any detrimental effect on
cement matrix.
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