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A B S T R A C T

Efflorescence presents not only as a cosmetic concern but also as a structural issue, which impacts the perfor
mance of alkali-activated materials (AAMs). In this study, the mechanisms of efflorescence of alkali-activated 
slag (AAS) pastes are investigated. First, the efflorescence of AAS pastes with different alkali dosages (3 %, 5 
% and 7 %), activator types (sodium hydroxide (NH) and sodium silicate (NS)), exposure atmospheres (ambient, 
N2 and 0.2 vol% CO2), and relative humidities (40 %, 60 % and 80 %) was observed. Subsequently, leaching tests 
were performed and the impacts of efflorescence on AAS pastes at different heights were studied. It was found 
that a lower relative humidity facilitated more rapid and severe efflorescence. The positioning of efflorescence 
products was dependent on the porosity of the matrix. Compared to NH pastes, NS pastes subjected to semi- 
contact water conditions were more vulnerable to cracking problems, which turned out to be exacerbated by 
the formation of efflorescence products. A new method to quantify efflorescence was developed and it corre
sponded well with both efflorescence observations and leaching experiments. Furthermore, a competitive re
action between Ca and Na in the presence of carbonate ions was identified. CaCO3, a representative product of 
natural carbonation, was rarely found in the regions where efflorescence products (sodium carbonate) formed. 
Regarding compressive strength, NS pastes were more adversely affected by efflorescence than NH pastes.

1. Introduction

Efflorescence refers to the formation of fluffy white deposits on the 
surface of materials, such as brick, concrete and stone [1,2]. In Portland 
cement (PC) systems, the main component of efflorescence products is 
calcium carbonate, which is generated through the reaction between 
soluble calcium and CO2 (or CO3

2− ) in the water film on the surface of 
materials. These whitish deposits are loose and fluffy, presenting an 
aesthetic concern, but are generally considered harmless [3]. However, 
efflorescence in alkali-activated materials (AAMs) is more severe than in 
PC materials [4]. Due to the relatively lower content of Ca and higher 
alkalinity in AAMs, most Ca is incorporated into C-(N-)A-S-H gels 
instead of remaining in the pore solution. This results in the absence of 
calcium carbonate in efflorescence products. Conversely, considerable 
amounts of Na ions show high mobility in the pore solution, which leads 
to the formation of sodium (bi)carbonates with different amounts of 
chemically bound water. These sodium (bi)carbonates are the predom
inant efflorescence product in AAMs. Furthermore, the excessive for
mation of efflorescence products has the potential to induce substantial 

expansion, which can be detrimental to the structure of AAMs (espe
cially geopolymers) if the resultant stress exceeds the strength of ma
terials [6].

Historically, many studies have been carried out to investigate the 
efflorescence of AAMs. Recognizing the complexity of scenarios under 
which efflorescence occurs, people initially focused on developing 
strategies for efflorescence formation in earlier years. As outlined in [3], 
a water film and a sufficient duration are the requisites to generate 
efflorescence. Delair et al. [7] stored samples in a climate chamber at 
100 % relative humidity for several days, followed by drying with a 
gradual decrease in relative humidity from 100 % to 50 %. They suc
cessfully observed the efflorescence on the metakaolin blended cement 
pastes by this method and found that the substitution of cement by 
metakaolin can reduce efflorescence. In another approach, Kani et al. 
[8] immersed samples in distilled water and exposed them together to 
open air at ambient temperature until the water was completely evap
orated. They observed efflorescence on natural pozzolan blended geo
polymers and found that calcium aluminate cements were effective in 
efflorescence reduction. Despite the visibility of efflorescence in the 
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aforementioned two methods, it is important to note that efflorescence 
formation may not continually accumulate after the samples have fully 
dried. This limitation can hinder the investigation of efflorescence with 
prolonged time. To address this issue, Zhang et al. [9] introduced a 
method by immersing the bottom of the sample in contact with water. 
This approach ensured a continuous water supply from the bottom of the 
sample, which can effectively promote ion and water transport and thus 
the efflorescence formation compared to previous methods. By using 
this method, they found that a higher curing temperature and a higher 
activator modulus can alleviate the efflorescence of fly ash-based geo
polymer. In addition, the substitution of slag was beneficial in 
decreasing the rate of efflorescence, but it showed limited effects on 
reducing efflorescence potential as indicated by leaching results.

Since then, an increasing number of researchers have adopted this 
method to explore the efflorescence mechanisms of AAMs, including 
subflorescence [10], influential factors [11] and some potential miti
gation strategies [12–17]. Zhang et al. [10] found subflorescence of fly 
ash-based geopolymer, which cooccurred with efflorescence but 
beneath the surface of the material. They assumed subflorescence to be 
harmful to geopolymer materials considering the crystallization pres
sure induced by the formation of efflorescence products. Longhi et al. 
[11] investigated the efflorescence of metakaolin-based geopolymers 
and reported similar results to [9] that the inclusion of soluble Si in 
activators was conducive to the densification of the matrix, the reduc
tion in the alkali leaching and efflorescence formation. Maghsoodloorad 
et al. [18] reported that the employment of potassium-based activators 
can significantly reduce the efflorescence of alkali-activated phosphorus 
slag pastes. This was probably due to a lower content of free K+ ions than 
Na+ ions in the pore solution at the same alkali dosage and a higher 
solubility of potassium carbonate than sodium carbonate. Additionally, 
some effective mitigating strategies for the efflorescence of AAMs were 
developed by the addition of some admixtures i.e., nano SiO2 [12,13], 
zeolite [14], silane [15], calcium hydroxide [16], calcium stearate [17] 
and sodium aluminate activators [19].

Quantitative evaluation of efflorescence was also of great importance 
to better understand this issue. Visual observation was the most 
commonly employed method to directly assess the extent of efflores
cence [8–10]. Image analysis was a semi-quantitative manner by 
calculating the fraction of the surface that was covered by efflorescence 
products [20–23]. However, these two methods had limitations in tak
ing the density and thickness of efflorescence products into account. 
Moreover, indirect methods were also developed to quantify the efflo
rescence. As leaching was a critical process impacting the formation of 
efflorescence [3], the ion concentration of Na+, CO3

2− , HCO3
− and OH− in 

the leachate of piece and powder samples was used to evaluate the 
efflorescence potential of AAMs [9,24]. In addition, weighing the mass 
loss of samples after the scraping of white deposits was also used to 
indirectly reflect the extent of efflorescence [16]. However, this method 
seemingly overlooked the subflorescence occurring beneath the surface.

According to the existing literature, several research gaps can be 
summarized. Firstly, the efflorescence mechanisms of AAMs have not 
been fully clarified. On one hand, the environmental factors influencing 
the efflorescence of AAMs, such as relative humidity, have been rarely 
reported. On the other hand, the impact of efflorescence on the samples 
at different locations or heights remains unclear [9,25]. Secondly, there 
is a lack of research on the efflorescence of plain slag-based AAMs. Most 
studies focus on fly ash- or metakaolin-based materials [9,11,25], as 
they are considered more porous and vulnerable to efflorescence prob
lems compared to AAS materials. The addition of slag is normally used as 
an effective admixture to mitigate the efflorescence of geopolymers [9,
26]. However, significant efflorescence, accompanied by cracks, has 
been observed in alkali-activated phosphorus slag pastes [27]. The un
derlying cracking mechanisms and their relationship with efflorescence 
seem to be unknown. Despite a decreasing availability of slag, driven by 
a low carbon emission, it presents as the most predominant precursor 
applied so far in AAM constructions. Thirdly, a universally accepted 

method for the quantification of efflorescence is still lacking, which 
inhibits a precise assessment of this phenomenon. Moreover, carbon
ation, typically considered the reaction between Ca and CO2, has 
emerged as a significant deterioration in AAMs. The impact of carbon
ation on the microstructure of AAMs remains controversial [28–32]. 
This phenomenon may happen concurrently with efflorescence under 
ambient conditions, whereas the relationship between carbonation and 
efflorescence is still unclear.

To address these issues, efflorescence experiments were conducted 
on cylindrical AAS pastes with their bottom in contact with water. First, 
the effects of alkalinities (Na2O content of 3 %, 5 % and 7 % to slag) and 
alkali activators (NH and NS), exposure atmospheres (ambient, N2 and 
0.2 vol% CO2) and relative humidities (40 %, 60 % and 80 %) on visual 
efflorescence of AAS pastes were investigated. Then, leaching tests of 
AAS pastes in different sizes under different conditions were examined. 
The Na amount in efflorescence products of AAS pastes was quantita
tively determined using inductively coupled plasma-optical emission 
spectrometry (ICP-OES). The distributions of absolute amount and 
relative proportion of Na in AAS cylinders were calculated by leaching 
results, and the relationship between efflorescence and leaching was 
established. Subsequently, the phase assemblage of efflorescence prod
ucts of NH and NS pastes under ambient conditions and the impacts of 
efflorescence on the phase assemblage, gel structure and pore structure 
of AAS cylinders at different heights were comprehensively studied by X- 
ray diffraction (XRD), thermogravimetric analysis (TGA), Fourier- 
transform infrared spectroscopy (FTIR), and mercury intrusion poros
imetry (MIP). The compressive strengths of AAS pastes with and without 
efflorescence were compared. Finally, the efflorescence process of AAS 
pastes was specified and the mechanisms of efflorescence of AAS pastes 
have been clarified. Hopefully, the insight of this work can contribute to 
a deeper understanding of efflorescence in AAS materials and facilitate 
the development of relevant standards and regulations regarding 
efflorescence.

2. Methodology

2.1. Materials and mixtures

Slag was used as the precursor for the preparation of AAS pastes. The 
chemical composition of slag was determined by X-ray fluorescence, as 
detailed in Table 1. The particle size distribution of slag ranged from 0.5 
to 50 μm, with a median particle size of d50 of 18.2 μm. Four types of 
alkali activators were prepared by a commercial sodium hydroxide so
lution (50 wt%), a commercial sodium silicate solution (8.25 wt% Na2O, 
27.5 wt% SiO2, and 64.25 wt% water) and deionized water.

The mix proportions of AAS pastes are shown in Table 2. To compare 
the impact of alkali activators on the efflorescence of AAS pastes, sodium 
hydroxide and sodium silicate were used, both with an alkali dosage of 
5 % to the weight of slag, denoted as the “NH” and “NS” groups. To 
assess the effect of alkali dosage on the efflorescence of AAS pastes, NH 
pastes were prepared with alkali dosages of 3 %, 5 % and 7 %, referred to 
as “NH_3 %”, “NH_5 %” and “NH_7 %”, respectively. The water/slag 
ratio of four pastes was 0.43 and the silicate modulus (SiO2/Na2O) of the 
NS paste was 1.0.

The AAS pastes were prepared at room temperature (about 20 ◦C) 
with a Hobart mixer. The freshly prepared pastes were poured into 
polyethene cylindrical moulds (with dimensions of ϕ 35 mm × 70 mm) 
for efflorescence and leaching tests, and 4 cm × 4 cm × 16 cm prism 
moulds for compressive strength tests.

2.2. Efflorescence tests

AAS cylindrical samples were first sealed for 7 d and then cut in the 
shape of ϕ 35 mm × 50 mm. The cut surface of the cylinders was sub
merged in deionized water maintaining a depth of 10 (±1) mm in a 
glassy dish until 28 d. The environmental conditions for efflorescence 
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tests are shown in Fig. 1, including (A) ambient condition in a temper
ature and humidity-controlled room (air, T = 20 ◦C and RH = 55 %), (B) 
N2 condition in a glove box (N2, T = 20 ◦C and RH = 55 %, 1 atm), (C) 
CO2 condition in a CO2 chamber (0.2 % CO2, T = 20 ◦C and RH = 55 %, 
1 atm) and (D) different RH conditions in a tank with vents (air, T =
20 ◦C and RH = 40 %, 60 % and 80 %). The N2 and CO2 conditions were 
controlled by oversaturated Mg(NO3)2 solutions to maintain a RH of 55 
%. The different RH conditions were controlled using oversaturated 
solutions of MgCl2, Mg(NO3)2, and KCl, respectively. Vents located on 

the cover of tanks allowed the exchange of CO2 with outside air. The RH 
under different conditions was monitored using an Extech® humidity/ 
temperature data logger. The efflorescence of AAS cylinders was 
captured by a mobile phone for up to 28 d.

2.3. Leaching tests

Leaching tests of AAS pastes were carried out to establish the rela
tionship between leaching and efflorescence and to quantitatively 
determine the efflorescence of AAS pastes. The ion concentration of Na 
in different leachates (Fig. 2) was measured using a PerkinElmer Optima 
5300DV ICP-OES spectrometer. In Fig. 2A, a cylindrical sample (ϕ 35 
mm × 50 mm, 80 ± 1 g) was first sealed for 7 d and then directly 
immersed in 150 ml of deionized water for 28 d. The leachate was 
referred to as “lea_cyl”. In Fig. 2B, AAS pastes were first sealed for 7 
d and then crushed into 2–4 mm pieces. 15 g of the pieces were sub
merged in 150 ml of deionized water for 28 d, with the resulting leachate 
labelled as “lea_pie”. The above two leachates were used to determine 
the relationship between leaching and efflorescence.

Fig. 2C illustrates the efflorescence test of three 7 d AAS cylinders 
under ambient conditions. After 28 d of efflorescence, the solution in the 

Table 1 
Chemical composition of slag. (wt.%).

CaO Al2O3 SiO2 MgO Fe2O3 SO3 K2O TiO2 other LOI

Slag 40.2 13.4 32.3 9.2 0.4 1.6 0.5 1.6 0.5 0.3

LOI = loss on ignition at 1000 ◦C.

Table 2 
Mix proportions of AAS pastes.

AAS Slag 
(g)

SiO2 

(mol)
Na2O 
(mol)

Water 
(g)

Na2O dosage (wt. 
%)

NH_3 % 1000 0 0.48 430 3 %
NH (NH_5 

%)
1000 0 0.8 430 5 %

NH_7 % 1000 0 1.13 430 7 %
NS (NS_5 

%)
1000 0.8 0.8 430 5 %

Fig. 1. Schematic diagram of the efflorescence tests for AAS cylindrical pastes exposed to different atmospheres. The samples were sealed for 7 d and then exposed to 
the above conditions for another 28 d. (A) ambient condition in a room (air, T = 20 ◦C and RH = 55 %), (B) N2 condition in a glove box (N2, T = 20 ◦C and RH = 55 
%, 1 atm), (C) CO2 condition in a CO2 chamber (0.2 % CO2, T = 20 ◦C and RH = 55 %, 1 atm) and (D) different RH conditions in a tank with vents (air, T = 20 ◦C and 
RH = 40 %, 60 % and 80 %).
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dish was collected and diluted to a total volume of 150 ml, which was 
denoted as “lea_bot”. After the collection of the bottom solution, the 
three AAS cylinders attached by efflorescence products were immersed 
in the 150 ml of deionized water sequentially for ultrasonic cleaning, as 
shown in Fig. 2D. This process aimed to dissolve the efflorescence 
products on or beneath the surface of the cylinders. The resultant 
leachate was labelled as “lea_eff”. It should be noted that the cleaning 
process lasted only 30 s to minimize the influence of excessive Na 
leached from AAS cylinders. The amount of Na in the efflorescence 
products can be calculated, which was considered a quantitative 
approach to evaluating efflorescence.

The Na concentration of four leachates was used to quantify the 
amount of leached Na from AAS pastes and the amount of Na in the 
efflorescence products. Then, we can use these values to further calcu
late the distribution of Na in a cylinder during the efflorescence process. 
Prior to this, the Na amount in the leachate per cylinder should be 
known. The calculation is shown as follows. Noted that [“lea_xxx”] re
fers to the Na concentration in the leachate of “lea_xxx”. 

Na amount in the leachate of “lea_cyl” per cylinder = [“lea_cyl”] × 0.15

Na amount in the leachate of “lea_pie” per cylinder = [“lea_pie”] × 0.15 
÷ 15 × 80                                                                                          

Na amount in the leachate of “lea_bot” per cylinder = [“lea_bot”] × 0.15 
÷ 3                                                                                                    

Na amount in the leachate of “lea_eff” per cylinder = [“lea_eff”] × 0.15 
÷ 3                                                                                                    

The Na amount in the leachate of “lea_pie”, “lea_bot” and “lea_eff” 
per cylinder was used to calculate the distribution of Na. More specif
ically, the total amount of leachable Na in a cylinder was equal to the ‘Na 
amount in the leachate of “lea_pie” per cylinder’, assuming that all the 
free and weakly bound Na in the pore solution and gels can be leached 
away from the piece samples after 28 d of immersion. The Na amount 
distributed in the efflorescence products per cylinder was equal to the 
‘Na amount in the leachate of “lea_eff” per cylinder’, while the amount of 
Na leached away from the bottom per cylinder was equal to the ‘Na 
amount in the leachate of “lea_bot” per cylinder’. Finally, the distribu
tion of the relative proportion of Na (wt. %) in a cylinder was calculated 
using the obtained distribution of the absolute amount of Na per 
cylinder.

2.4. Paste characterizations

The impacts of efflorescence on the property of AAS cylinders at 
different heights under ambient conditions (Fig. 1A) were investigated. 
Similarly, the samples were first sealed for 7 d and then exposed to 
ambient conditions for 28 d. Subsequently, the cylinders were ultra
sonically cleaned (Fig. 2D) and evenly sliced into 4 thick sections, 

namely “bot”, “low”, “med”, and “top”, from the bottom upwards, as 
shown in Fig. 3. The exposed slices were immersed in isopropanol for 7 
d to arrest the reaction of slag following the standard [33], and then 
dried in a vacuum oven at 20 ◦C until constant weight. Some of the slices 
were crushed into 4–6 mm pieces for MIP tests using a Micrometrics 
PoreSizer 9500. A high-pressure mercury intrusion process ranging from 
0.17 to 210 Mpa, with a contact angle of 141◦, enabling the pore size 
distribution ranging from 400 μm to 7 nm. The possible generation of the 
microcracks on samples during the high-pressure loading process was 
not considered. Some of the slices were crushed into pieces and then 
ground into powder for chemical characterizations, including XRD, TGA 
and FTIR. It is noted that the AAS pastes under sealed conditions were 
also characterized as the reference, namely “seal”.

XRD test was conducted on a Bruker D8 Advance diffractometer with 
CuKα (1.54 Å) radiation. The detecting angles ranged from 5◦ to 70◦

with a step size of 0.02◦ and a swell time of 5s per step. TGA was per
formed using a NETZCH TG-449-F3-Jupiter instrument. Powdered 
samples (35 ± 1 mg) were heated from 40 ◦C to 1000 ◦C at a rate of 
10 ◦C/min in an argon atmosphere. FTIR test was conducted on a 
Spectrum TM 100 Optical ATR-FTIR spectrometer. The tested wave
numbers started from 600 cm− 1–4000 cm− 1 with a resolution of 4 cm− 1.

The compressive strength of AAS prisms was measured under three 
conditions: (1) ambient condition, (2) ambient condition with one side 
of the prism (4 cm × 16 cm) in contact with water at a depth of 10 mm, 
and (3) N2 condition with one side of the prism in contact with water. 
The specimens sealed for 7 d and then exposed to the aforementioned 
three conditions for an additional 7 d (labelled “7 d”) and 28 d (labelled 
“28 d”) were measured. The measuring procedure was in accordance 
with NEN-196-1 [34]. The loading rate was 2.4 kN/s. Six replicates were 
used for each sample.

Fig. 2. Four types of leachates for the measurement of the ion concentration of Na in the leaching tests. (A) An AAS cylinder is immersed in 150 ml of deionized 
water for 28 d. The leachate is denoted as “lea_cyl”. (B) 15 g of piece AAS pastes are immersed in 150 ml of deionized water for 28 d. The leachate is denoted as 
“lea_pie”. (C) The bottom leachate of three AAS cylinders after 28 d of efflorescence under ambient conditions is referred to as “lea_bot”. (D) The solution that 
dissolves the efflorescence products of three AAS cylinders is labelled as “lea_eff”.

Fig. 3. Sample preparation before paste characterizations. The 7 d sealed cyl
inders after 28 d of efflorescence under ambient conditions are first ultrasoni
cally cleaned, and then are sliced into four sections, designated “bot”, “low”, 
“med” and “top”.
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3. Results

3.1. Efflorescence observations of AAS pastes

3.1.1. Effect of alkali dosages
To investigate the impact of alkali dosages on the efflorescence of 

AAS pastes, NH cylinders with varying alkali dosages of 3 %, 5 % and 7 
% were sealed for 7 d and then exposed to ambient conditions (Fig. 1A). 
As shown in Fig. 4, the NH_3 % group exhibits a lower severity of 
efflorescence compared to the NH_5 % and NH_7 % groups at both 7 
d and 28 d, which indicates that the paste with a lower alkali content 
shows less efflorescence. This finding agrees with previous research [25,
27,35], which is ascribed to a higher Na content in the cylinder of NH_7 
%. Additionally, it is interesting to observe that the “efflorescence front” 

(the starting profile of white deposits from the bottom) of the NH_3 % 
cylinder is higher than that of the NH_5 % and NH_7 %. The height of the 
efflorescence front might be associated with the transport of water and 
ions in the cylinder. It is acknowledged that a decreased alkali dosage 
leads to a more porous and permeable pore structure of AAS materials 
[36,37], allowing an increased amount of water at the bottom to be 
absorbed upwards. This may result in a higher water penetration height 
in NH_3 % than in NH_5 % and NH_7 %. The percolated region shows 
high water contents (or RH), which are probably over the favourable 
range of RH for the formation of efflorescence products at a constant 
temperature. Therefore, the efflorescence front of NH_3 % is higher than 
NH_5 % and NH_7 %.

Fig. 4. Visual observation of efflorescence of NH cylinders with alkali dosages of 3 %, 5 % and 7 % exposed to ambient conditions for 7 and 28 d. The labels “NH_3 
%”, “NH_5 %” and “NH_7 %” indicate the NH paste with an alkali dosage of 3 %, 5 % and 7 %, respectively.
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3.1.2. Effect of activator types
Fig. 5 shows the efflorescence of NH and NS cylinders under ambient 

conditions. The severity of efflorescence in both groups increases over 
time, with NH pastes exhibiting a more rapid development than NS 
pastes, as evident from photos captured after 1 d of exposure. These 
observations are consistent with an earlier work [9]. The presence of 
soluble silicate promotes the formation of gels, which is effective in 
reducing the porosity and pore connectivity of the matrix. A dense 
microstructure can impede the transport of water and Na, resulting in a 
lower efflorescence rate of NS samples.

In addition to the efflorescence rate, NH and NS cylinders also show 
distinct growth patterns of efflorescence products. As indicated in Fig. 5
at 3 d, white deposits on NH cylinders initiate from the second red line 
from the bottom, higher than that of NS cylinders beginning from the 
middle between the first and second red lines. In conjunction with the 
preceding observations illustrated in Fig. 4, the lower efflorescence front 
of the NS cylinder is due to a denser microstructure. Additionally, on NH 
samples, fluffy white deposits only progressively accumulate around the 
second red line, whereas those on NS samples can spread upwards until 
the top. Significant cracks are also observed at the top of NS cylinders. 
Similar observations regarding the efflorescence of alkali-activated 
phosphorus slag were also reported in [27]. Unlike the efflorescence 
of NH samples with different alkali dosages (Fig. 4), the severity of the 
efflorescence on NH and NS samples is hard to evaluate visually. The 
white deposits on NH samples are concentrated and thick, while those 
on NS samples are more widespread but thinner. Therefore, a quanti
tative manner for assessing the severity of efflorescence is highly 
necessary.

After 28 d of efflorescence, the samples were cleaned with an ul
trasonic bath to remove the white deposits. The appearance of the side 
and top surfaces of AAS cylinders is presented in Fig. 6. As shown in 
Fig. 6A, discolouration is observed on both NH and NS cylinders. The 
middle section of the NH cylinders, as well as the entirety of the NS 
cylinder above the immersed portions, display a darker colour than the 
immersed sections. As reported in [38], the specific blue/green colour
ation observed in slag-based materials is attributed to the presence of 

trisulfur radical anion (S3
− ). These ions are vulnerable to oxidation under 

ambient conditions, resulting in surface discolouration. In the combi
nation of Fig. 5, the blue/green regions in Fig. 6A are exactly the regions 
where efflorescence forms. So far, no research has claimed the under
lying mechanisms behind this phenomenon. We tentatively consider 
that there is a competition between efflorescence formation and oxida
tion of trisulfur anions, and the latter reaction might be hindered by the 
former.

Moreover, it also can be seen that more significant cracks are 
observed on both the top and sides of the NS cylinders. In fact, large 
drying shrinkage of AAS materials has been extensively confirmed in 
early studies [39,40], which can lead to severe cracking problems under 
ambient conditions. In addition, the magnitude of dry shrinkage is 
dependent on the RH of exposure conditions, with a lower RH exhibiting 
more substantial shrinkage [41,42]. The scenario of the bottom of cyl
inders in contact with water can induce an uneven distribution of RH 
and thus an uncoordinated distribution of shrinkage, which in turn, 
significantly heightens the cracking potential of AAS cylinders. As re
ported in [27], similar cracks on the upper sides of the phosphorus slag 
activated by sodium silicate are also observed during efflorescence. 
They hypothesise this phenomenon to the growth of efflorescence 
products. To better understand this cracking issue, we conducted the 
efflorescence tests under N2 conditions.

3.1.3. Effect of exposure atmospheres
N2 atmospheres can eliminate the influence of CO2 and efflorescence 

formation on AAS cylinders. As shown in Fig. 7, no efflorescence prod
ucts but some cracks are observed on AAS cylinders under an N2 at
mosphere. Besides, the magnitude of cracks appears to be smaller than 
those under ambient conditions (Fig. 6). This indicates that the semi- 
immersed condition is the main reason triggering the cracking of NS 
cylinders, and the accumulation of efflorescence products along the 
cracks under ambient conditions can further exacerbate the cracking 
problems.

To understand the impact of CO2 concentration on the efflorescence 
of AAS pastes, cylinders exposed to 0.2 % CO2 atmosphere are also 

Fig. 5. Visual observation of efflorescence of NH and NS cylinders under ambient conditions with time. The cylindrical samples are marked by parallel red lines at 1 
cm intervals to clearly show the location of efflorescence products. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)
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observed, as shown in Fig. 8. Consistent with the observations in Fig. 5, 
the efflorescence front of NH cylinders is higher than that of NS ones. 
However, the white deposits appear thicker and denser on both NH and 
NS cylinders under CO2 conditions than ambient conditions. This in
dicates that an elevated CO2 concentration promotes the formation of 
efflorescence products. Additionally, it can be seen that the white de
posits on NS cylinders under CO2 conditions tend to accumulate at low 
positions rather than developing towards the top as observed under 
ambient conditions (Fig. 5), while the cracks are also observed on NS 
cylinders. A possible reason for this phenomenon could be the internal 

circulation system in the CO2 cabinet, which may provide a more sig
nificant drying process on the top of samples than under ambient con
ditions. The top sections of NS cylinders with cracks in the CO2 chamber 
can be dried more quickly and intensively than under ambient condi
tions. However, efflorescence products fail to form under dry conditions. 
Therefore, the white deposits predominantly form at the low and me
dium parts of NS cylinders.

3.1.4. Effect of relative humidities
Fig. 9 displays the efflorescence of NH cylinders under different RH 

Fig. 6. (A) Side and (B) Top surfaces of ultrasonically cleaned NH and NS cylinders after 28 d of efflorescence under ambient conditions.

Fig. 7. (A) and (B): NH and NS cylinders exposed to under semi-contact water conditions. (C) and (D): Top surfaces of NH and NS cylinders after exposure to N2 
atmosphere for 28 d.
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conditions. As observed in Fig. 9A–C, the NH cylinder under RH = 40 % 
has already shown efflorescence after 1 d of exposure, whereas those 
stored under RH of 60 % and 80 % do not. This indicates that the sample 
exposed to a lower RH environment undergoes a more rapid efflores
cence process. With the extension of exposure time, white deposits 
gradually emerge and accumulate on cylinders under RH of 60 % and 80 
%. During 28 d of exposure, the efflorescence on NH_40 % samples is 
constantly more intensive than that on NH_60 % and NH_80 % ones. In 
addition, some drops of liquid are discernible on NH_80 % samples 
(Fig. 9F and I). This implies that moisture under high RH environments 
may condense on the surface of cylinders, which results in a reduced 
formation of visible efflorescence. Therefore, it is evident that RH plays 
a significant role in both the rate and severity of efflorescence.

It should be noted that the white deposits on NH cylinders in Fig. 9
develop at both the medium and top sections of the cylinder, contrasting 
with the observation in Fig. 5. This distinction probably arises from the 
surrounding distribution of CO2. Under ambient conditions (Fig. 1A), 
cylinders are exposed to fresh air, among which CO2 is evenly and 
constantly distributed around the cylinders at different heights. How
ever, under different RH conditions, fresh CO2 is only supplied through 
the vents of the tank (Fig. 1D), potentially resulting in a higher con
centration of CO2 at the top of cylinders than at low positions. This 
uneven distribution of CO2 contributes to a preferential formation of 
efflorescence products at the upper regions of cylinders.

3.2. Leaching tests of AAS pastes

3.2.1. Na amount in different leachates
Leaching is regarded as a proxy of efflorescence, which partly reflects 

the efflorescence potential of materials [9]. Fig. 10A shows the Na 

amount in four types of leachates per cylinder calculated by ICP results 
(section 2.3). The “lea_cyl” and “lea_pie” refer to the leachates of AAS 
pastes in cylinder and piece shapes, respectively. The Na amount in the 
leachate of “lea_pie” is significantly higher than that of “lea_cyl”, 
attributed to the size effect of materials. Besides, the paste with a higher 
alkali dosage shows a higher leaching amount of Na, consistent with the 
above efflorescence observation (Fig. 4). Interestingly, the Na amount in 
the “lea_pie” of NS_5 % is slightly lower than that of NH_5 %, while the 
Na amount in the leachate of “lea_cyl” of NS_5 % is much higher than 
NH_5 % and even NH_7 %. Regarding the former result, it is due to the 
higher content of C-(N-)A-S-H gels in NS pastes than in NH pastes. These 
gels require more Na+ ions to counterbalance the charge in the inter
layer, resulting in a lower concentration of free Na+ ions in the pore 
solution [43]. As for the latter result, the leaching of cylinders is a 
transport issue, closely correlated with surface microstructure. While a 
higher silicate modulus results in reduced porosity, the surface of the NS 
cylinder suffers from the cracking problem under immersed conditions, 
which is the main reason why the cylinder of NS_5 % exhibits a higher 
leaching amount of Na than NH_5 %.

The leachate of “lea_bot” refers to the solution in contact with the 
bottom of cylinders. It is shown in Fig. 10A that the leached Na amount 
increases with the increase in alkali dosages in NH pastes, and different 
types of pastes with the same alkali dosage show comparable leaching 
amounts of Na in the leachate of "lea_bot". This indicates that the leached 
amount of Na from the bottom of cylinders during efflorescence depends 
on the initial alkali contents. The Na amount in the leachate of “lea_eff” 
indicates the amount of Na in the efflorescence products (sodium (bi) 
carbonate), serving as a quantitative indicator for evaluating the 
severity of efflorescence of AAS cylinders. As can be expected, the NH_7 
% paste shows a higher Na amount than NH_5 %, followed by the NH_3 

Fig. 8. Visual observation of efflorescence of NH and NS cylinders exposed to 0.2 % CO2 conditions for 7 and 28 d. The labels “NH_CO2” and “NS_CO2” indicate the 
NH and NS pastes exposed to 0.2 % CO2 conditions.
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Fig. 9. Visual observation of efflorescence of NH cylinders subjected to different RH conditions of 40 %, 60 % and 80 % for 1, 7, and 28 d. The labels “NH_40 %”, 
“NH_60 %” and “NH_80 %” indicate the NH paste subjected to the RH of 40 %, 60 % and 80 % conditions at 20 ◦C, respectively.

Fig. 10. (A) Na amount in different leachates of AAS pastes per cylinder. (B) Na amount in the leachate of “lea_eff” per NH cylinder under RH = 40 %, 60 % and 80 
% conditions.
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% paste, which aligns with the observations presented in Fig. 4. More
over, the Na amount in the leachate of “lea_eff” per NH cylinder sub
jected to different RH conditions is shown in Fig. 10B. It is evident that 
the Na amount in the leachate of “lea_eff” increases with the decrease of 
RH, which matches the observation in Fig. 9. The feasibility of this 
quantitative method is validated again. It is also seen that the Na 
amounts in the leachate of “lea_eff” under different RH conditions are all 
lower than that of “NH_5 %” under ambient conditions. This is probably 
due to an insufficient CO2 supply from the vents of the tank.

3.2.2. Na distribution in AAS cylinders during efflorescence
Fig. 11A shows the distribution of the absolute amount of Na in an 

AAS cylinder by mass. It is observed that the total leachable Na (“bot
tom-leached” + “efflorescence” + “remained”) in NH cylinders increases 
with the increase of the alkali content. The remained amount of leach
able Na in the paste with a higher alkali dosage is also higher than that 
with a lower alkali dosage. This part of Na can be regarded as the 
efflorescence potential, and it is recommended to utilize this method for 
predicting the efflorescence potential of AAS materials. Fig. 11B shows 
the distribution of the relative proportion of Na in AAS cylinders under 
ambient conditions. It can be seen that the majority of leachable Na 
(90.5–92.6 %) remains in the cylinder after 28 d of efflorescence. A 
minor fraction of Na (5.1–8.7 %) is present in the efflorescence products, 
while a minimal proportion of Na (0.8–2.3 %) leaches from the bottom. 
Compared with NH_5 % and NS_5 %, the fractions of “bottom-leached”, 
“efflorescence” and “remained” Na are comparable. Even though the 
presence of Si can densify the microstructure, it appears that it fails to 
significantly hinder the leaching of Na. As for the three NH pastes, it is 
interesting to note that the proportion of Na in the “efflorescence” part 
decreases with an increase in alkali dosages, while the proportion of Na 
in the “bottom-leached” part increases with the increase in alkali dos
ages. In fact, the relative Na distribution can reflect the mobility of Na, 
with a higher proportion of Na indicating a higher mobility of Na. 
Therefore, the porosity contributes more than alkali dosages to 
impacting the mobility of Na in terms of efflorescence. Conversely, the 
alkali dosages have a greater influence on the mobility of Na concerning 
leaching than the porosity does. This indicates different main driving 

forces between leaching and efflorescence. The former is more related to 
the gradient of ion concentration, while the latter is more dependent on 
the transport of moisture and ions.

3.2.3. Relationship between leaching and efflorescence
Fig. 12 shows the relationship between the Na amount in the efflo

rescence products and the leachate of “lea_pie” and “lea_cyl”. As shown 
in Fig. 12A, the Na amount in the leachate of AAS piece pastes shows a 
positively linear relationship with that in the leachate of efflorescence 
products. This suggests that the leaching of Na from piece pastes can 
reflect the severity of the efflorescence of AAS cylinders. However, the 
Na amount in the leachate of AAS cylinder samples does not show a 
perfect linear correlation with efflorescence. The Na amount in the 
leachate of “lea_cyl” of the NS_5 % cylinder is significantly higher than 
that of the NH_5 % cylinder, although both of the two pastes show the 
same alkali dosage. As mentioned above, this is mainly attributed to the 
cracking of NS cylinders when subjected to water immersion [43,44], 
which increases the permeability of the surface pastes and promotes the 
leaching of Na. Therefore, it is better to use the leaching result of piece 
samples to assess the efflorescence potential of AAS materials, which can 
minimize the size effect and cracking problems.

3.3. Characterizations of AAS pastes

In this section, the impact of efflorescence on the properties of NH 
and NS cylinders with an alkali dosage of 5 % under ambient conditions 
was investigated, representing two typical types of AAS materials. First, 
the component of efflorescence products of NH and NS cylinders was 
identified. Then, the phase assemblage, gel structure and pore structure 
of AAS cylinders at different heights after 28 d of efflorescence were 
examined. Finally, the compressive strength of AAS pastes with and 
without efflorescence was compared.

3.3.1. XRD
Fig. 13 shows the XRD pattern of the white deposits on NH and NS 

cylinders after 28 d of efflorescence under ambient conditions. In 
agreement with previous works [9,13,15,16,26,45,46], the primary 

Fig. 11. (A) Distribution of the absolute amount of Na in AAS cylinders under ambient conditions. (B) Distribution of the relative proportion of Na in AAS cylinders 
under ambient conditions. “bottom-leached” indicates the Na leached away from the bottom of the cylinder during efflorescence tests. “efflorescence” denotes the Na 
in efflorescence products. “remained” refers to the Na remaining in the cylinder after efflorescence tests. The sum of “bottom-leached”, “efflorescence” and 
“remained” Na is the total leachable Na in a cylinder.
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efflorescence product of both groups is identified as hydrated sodium 
carbonate. However, the efflorescence product of the NH pastes is 
dominated by Na2CO3⋅7H2O whereas that of NS pastes is Na2CO3⋅H2O. 
This indicates a higher presence of chemically bound water in the white 
deposits of NH cylinders. As stated in [47], the chemically bound water 
of sodium carbonate is dependent on the humidity of its growth envi
ronments. As both types of pastes are exposed to the same ambient 
conditions (Fig. 1A), the distinction of chemically bound water in 

efflorescence products is mainly due to the water supply from the bot
tom of the cylinder. Specifically, the NH paste shows a more porous 
structure, allowing it to absorb more water from the bottom. A higher 
water content in the pore structure is therefore conducive to the increase 
of chemically bound water in efflorescence products.

Fig. 14A shows the XRD pattern of 7 d NH pastes subjected to 28 d of 
efflorescence under ambient conditions and 28 d of sealed conditions, 
respectively. In general, C-(N-)A-S-H gels [48] and hydrotalcite-like 
phases [49] are the two main phases dominated in NH pastes under 
sealed conditions, while calcite and vaterite, two CaCO3 polymorphs 
[50], are the CO2-bearing phase detected in the sample under ambient 
conditions. This is consistence with the results in [29,51], in which 
vaterite is the main carbonation product of AAS pastes subjected to 
accelerated carbonation. The content of vaterite increases with the in
crease of curing time and CO2 concentration. Besides, as shown in 
Fig. 14A, the phase assemblage of the pastes exhibits slight differences at 
different heights of cylinders. For instance, while the “top”, “med”, 
“low” and “bot” pastes are all exposed to ambient conditions, they 
experience carbonation to different degrees. It appears that the top of 
the cylinder is subjected to more severe carbonation than the other parts 
as indicated by more pronounced characteristic peaks. This is due to 
different mechanisms between dry and wet carbonations [52–54]. In the 
“bot” part, the paste is submerged in deionized water. Due to the 
gradient of ion concentration, Ca2+, Na+ and OH− ions can leach away 
from the bottom of cylinders, which increases the pH of the leachate. 
Under alkaline conditions, gaseous CO2 can hydrolyse to CO3

2− ions, 
which then react with Ca2+ ions to the precipitation of CaCO3 on the 
surface of cylinders or in the leachate [43]. In the “low” part, despite not 
being fully immersed in water, the paste at this location also has a 
relatively high saturation degree, which may follow the same wet 
carbonation mechanism as that in the “bot” part. However, on the “top” 
part of the cylinders, the paste is situated at a relatively high position 
and exposed to dry air, which is vulnerable to dry carbonation [52,
55–57]. As reported in [58], calcium carbonate and carbonated 
hydrotalcite-like phases are the two main CO2-bearing phases upon dry 
or ambient carbonation. Due to a probably higher concentration of CO2 
in the air than in the leachate and the higher diffusion coefficient of CO2 
in the dry matrix, dry carbonation appears to be more intensive than wet 
carbonation during the same exposure time [53]. This is supported by 
more evident peaks of calcite in the “top” paste. Interestingly, calcium 

Fig. 12. Relationship between the Na amount in efflorescence products per cylinder and the Na amount in the leachate of (A) “lea_pie” and (B) “lea_cyl” per cylinder. 
The Na amount in efflorescence products is obtained from the leachate of “lea_eff”.

Fig. 13. XRD patterns of the efflorescence products on the NH and NS cylinders 
under ambient conditions for 28 d.
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carbonate is rarely detected in the paste located at the “med” position, at 
which the efflorescence product of sodium carbonate emerges (Fig. 5). 
This is likely due to a conducive RH for the growth of Na2CO3 in the 
“med” region and a considerably higher concentration of Na + ions than 
Ca2+ ions in an AAS system. Furthermore, the characteristic peaks of 
gels in the pastes under sealed conditions remain more evident than 
those under ambient conditions, and the reflection of gels of paste at the 
“top” is less intense than the others. These can be attributed to gel 
decalcification caused by wet and dry carbonation to different extents. 
As for hydrotalcite-like phases, no significant differences are identified 

among the five pastes, as the characterization peak of hydrotalcite is 
almost the same as that upon carbonation [59]. This indicates that 
hydrotalcite is stable to wet or dry carbonation.

Fig. 14B shows the XRD pattern of 7 d NS pastes subjected to 28 d of 
efflorescence under ambient conditions and 28 d of sealed conditions, 
respectively. Despite the two phases of gels and hydrotalcite being the 
same as identified in NH pastes, their characteristic peaks in NS pastes 
are less evident, indicating a more amorphous structure of reaction 
products in the NS system [60,61]. Different from that in NH samples, 
calcium carbonate is only identified in the “bot” part of the NS cylinder. 
On one hand, this suggests that NS pastes are less susceptible to dry 
carbonation, consistent with results reported in [31,62]. The primary 
reason is a lower content of Ca in both the pore solution and interlayer of 
gels [43,60], leading to reduced formation of calcium carbonate 
compared to NH systems. On the other hand, as shown in Fig. 5, the 
efflorescence products on NS cylinders initiate from the “low” position 
and develop to the top gradually. This observation again proves that 
CaCO3 does not form in the region where efflorescence happens. 
Regarding the gel and hydrotalcite-like phases, NS pastes at different 
levels show limited discrepancies.

3.3.2. TGA
Fig. 15 shows the TG and DTG curves of 7 d NH and NS pastes 

subjected to 28 d of efflorescence under ambient conditions and 28 d of 
sealed conditions. According to the literature [63], weight loss below 
200 ◦C corresponds to the release of water from gels, while 
hydrotalcite-like phases mainly undergo decomposition at around 

Fig. 14. XRD pattern of 7 d (A) NH and (B) NS pastes subjected to 28 d of 
efflorescence under ambient conditions and 28 d of sealed conditions. The la
bels “top”, “med”, “low” and “bot” represent the top, medium, low and 
immersed parts of the AAS cylinder under ambient conditions, respectively. The 
label “seal” denotes the AAS paste under sealed conditions.

Fig. 15. TG and DTG curves of 7 d (A) NH and (B) NS pastes subjected to 28 
d of efflorescence under ambient conditions and 28 d of sealed conditions. ht: 
hydrotalcite-like phases; cc: calcium carbonate.
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200–250 and 300–400 ◦C [59]. Due to the different chemical structures 
of calcium carbonate, amorphous/poorly-crystalized CaCO3, aragonite, 
vaterite, and calcite are decomposed at temperatures around 
450–530 ◦C, 530–650 ◦C, and 650–950 ◦C, respectively [50,64].

Fig. 15A shows the TG and DTG curves of NH samples. The weight 
loss of gels and hydrotalcite-like phases (ht) is identified in the sealed 
sample. Besides, the peak of gels is more significant in the sealed sample 
than in exposed samples. This weight loss in gels is associated with both 
a higher content of gels and a higher content of chemically bound water 
in gels. The former lies in the fact that the sealed condition is conducive 
to the reaction of slag and the formation of gels, while the latter results 
from the reduction of interlayer Ca or Na in gels caused by carbonation 
or efflorescence, which subsequently decreases the chemically bound 
water of cations in the gels. In addition to the sealed condition, the 
cylinder under ambient conditions contains different contents and types 
of CaCO3 at different heights. Specifically, the decomposition peak of 
calcium carbonate in the “top” of NH cylinders ranges from 45 to 750 ◦C. 
Combined with the above XRD results (Fig. 14A), this indicates the 
presence of amorphous CaCO3, vaterite and calcite, which resembles 
that in NH pastes upon natural carbonation [31,63,65]. In the “bot” and 
“low” parts, the pastes undergo wet carbonation, and the decomposition 
temperature of calcium carbonate is much higher than that in the “top” 
region, indicating a more stable polymorph (calcite). The formation of 
different CaCO3 polymorphs under dry and wet carbonation is probably 
dependent on the specific location of the carbonation reaction [53]. 
Under dry conditions, the pore structure is less saturated. The carbon
ation reaction can happen in both the pore solution and gel structure. 
The free Ca2+ ions in the pore solution have a relatively large space for 
the formation of CaCO3, which contributes to the formation of calcite 
(Fig. 14A). However, the Ca located in the gel structure has less space, 
allowing only the formation of vaterite and amorphous CaCO3. Under 
wet conditions, the water content in pores becomes higher, which leads 
to the leaching of interlayer Ca in gels. The leached Ca migrates to the 
pore solution and promotes the formation of crystalline calcium car
bonate. Moreover, the content of CaCO3 in the “top” part is much higher 
than that in the “bot” and “low” parts and no evident decomposition 
peak of calcium carbonate is found in “med”. These observations align 
well with the above XRD results (Fig. 14A).

Fig. 15B shows the TG and DTG curves of NS pastes. Generally, the 
total weight loss of NS pastes is comparable to that of NH pastes. Two 
decomposition peaks corresponding to gels and hydrotalcite-like phases 
are observed in NS pastes. The intensity of the gel peak in the sealed 
paste is higher than that at other positions, similar to the TGA results of 
NH pastes. Additionally, CaCO3 is exclusively detected in the “bot” part 
of cylinders, which matches well with the XRD results (Fig. 14B). 
Interestingly, the water-immersed part of the cylinder exhibits a lower 
content of gels than the other three groups. This is probably due to the 
leaching and carbonation of gels [5,43].

3.3.3. FTIR
Fig. 16 shows the FTIR pattern of AAS pastes subjected to 28 d of 

efflorescence under ambient conditions and 28 d of sealed conditions. It 
is observed that all the FTIR pattern is dominated by a hump around 950 
cm− 1, which is associated with the asymmetric stretch of Si-O bonds 
generated by Q2 units in gels [31]. A shoulder on the low-frequency side 
of this hump is located at 895 cm− 1, referring to the bending vibration of 
Si-O. Besides, the peak at around 875 cm− 1 is assigned to the 
out-of-plane bending of CO3

2− in calcium carbonate.
Fig. 16A shows the FTIR pattern of NH pastes. It is observed that the 

peak value of Q2 units ranges from 943 cm− 1 to 960.9 cm− 1 in the five 
pastes. A higher wavenumber of the Q2 peak indicates a higher poly
merization degree of gel structure [66]. The peak value of Q2 units in the 
“top” paste is much higher than that in the remaining four pastes. This is 
mainly due to gel decalcification caused by dry carbonation [67]. 
Solid-state nuclear magnetic resonance (NMR) is an advanced charac
terization technique that provides detailed insights into gel structure. 
Studies using this method have shown significant decalcification of the 
gel after carbonation, which in turn promotes the formation of alumi
nosilicate gels [29,68]. These gels are highly amorphous and are char
acterized by an increased presence of Q3 and Q4 species. To some extent, 
our FTIR results also support these observations, as the broader width of 
the main peak in the sealed sample suggests a more disordered gel 
structure.

Additionally, the peak values of the “med”, “low” and “bot” pastes 
are comparable, higher than those of the paste under sealed conditions. 
The elevated polymerization of gel structure in “low” and “bot” can be 

Fig. 16. FTIR pattern of 7 d (A) NH and (B) NS pastes subjected to 28 d of efflorescence under ambient conditions and 28 d of sealed conditions.
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attributed to gel decalcification caused by wet carbonation. However, in 
the paste of “med”, carbonation of pastes is rarely detected in XRD, TGA 
and FTIR results, thereby this phenomenon cannot be directly ascribed 
to the carbonation of Ca. Liu et al. [5] investigated the structural change 
of C-(N-)A-S-H gels induced the leaching of Na. They found that the 
leaching of interlayer Na prompts the movement of Ca from intralayer to 
interlayer, which results in the decalcification of the Ca-O sheet in sili
cate chains. In the “med” region of NH cylinders, efflorescence products 
form considerably as shown in Fig. 5. The leaching of Na in gels may 
occur for the formation of sodium carbonate, resulting in an increased 
length of gels. Moreover, the reflection of C-O units at 875 cm− 1 is 
prominently present in the “top” part of the NH cylinder, as an indicator 
of a substantial presence of calcium carbonate. The presence of C-O units 
in “low” and “bot” pastes is also identified but the content is very low. 
These observations are all in agreement with XRD and TGA results.

Fig. 16B shows the FTIR pattern of NS cylinders. The peak value of Q2 

units ranges from 948.4 cm− 1 to 954.1 cm− 1 in the five NS pastes, which 
is generally higher than that of NH pastes, except for the “top” of NH 
cylinders. With equivalent alkali dosage, gels in NS pastes have a lower 
Ca/Si ratio than NH pastes, resulting in a higher polymerization of gels 

in NS pastes [43]. Besides, the peak values of “top”, “med”, “low” and 
“seal” are comparable, which are lower than that of “bot”. Integrating 
the results of XRD, TGA and FTIR, it can be found that calcium carbonate 
is only identified in the “bot”. Therefore, the elevated polymerization 
degree of gels is due to the wet carbonation of gels [53] and the leaching 
of Na [5]. The out-of-plane bending of C-O in calcium carbonate is also 
detected in the “bot” part of NS cylinders, consistent with XRD and TGA 
results.

Fig. 17. Cumulative pore volume and pore size distribution of 7 d NH and NS pastes subjected to 28 d of efflorescence under ambient conditions and 28 d of 
sealed conditions.

Table 3 
The porosity of NH and NS pastes considering the pores ranging from 7 nm to 
400 μm.

Porosity (%) Porosity (%)

NH_top 23.7 NS_top 10.3
NH_med 24.5 NS_med 8.9
NH_low 22.4 NS_low 9.4
NH_bot 24.5 NS_bot 10.1
NH_seal 25.9 NS_seal 9.9
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3.3.4. MIP
Fig. 17 shows the cumulative pore volume and pore size distribution 

of 7 d NH and NS pastes subjected to 28 d of efflorescence under ambient 
conditions and 28 d of sealed conditions. Table 3 presents the porosity of 
AAS pastes, considering the pores ranging from 7 nm to 400 μm. Nor
mally, pores in building material are broadly categorized into gel pores 
(0.001–0.01 μm), small capillary pores (0.01–1 μm), big capillary pores 
(1–100 μm) and voids or cracks (>100 μm) [69]. Generally, the porosity 
of NS pastes is significantly lower than that of NH pastes, due to the 
presence of silicates in the activator of NS systems. In terms of NH 
pastes, the porosity of “top”, “med”, “low” and “bot” are comparable, 
ranging from 22 % to 24 %, which is lower than that of “seal”. This result 
is consistent with findings reported in [31,70], where the NH paste 
under ambient conditions shows lower porosity than under sealed 
conditions. This is attributed to the presence of Ca in the pore solution, 
which promotes the formation of calcium carbonate under ambient 
conditions — a volume expansion reaction that subsequently densifies 
the pore structure. This might be validated by Fig. 17B, in which the 
paste under sealed conditions shows a higher volume of large pores 
(100–400 μm) than that under ambient conditions. These large pores are 
probably due to the cracks induced by shrinkage, which is seemingly 
refined by the formation of calcium carbonate under ambient condi
tions. Additionally, the average diameter of capillary pores in sealed NH 
pastes is smaller than that in ambient NH pastes. This probably indicates 
that sealed curing contributes to a better reaction of slag and the for
mation of reaction products.

The total porosity of NS paste under sealed and ambient conditions is 
comparable (Fig. 17C and Table 3). However, the pore size distribution 
between them is different, as shown in Fig. 17D. Specifically, the NS 
paste under sealed conditions shows a high volume of large pores but a 
lower volume of small capillary pores and gel pores, which is also 
consistent with the pore size distribution of NH paste. This indicates that 

the refinement of voids and cracks is compromised by the coarsening of 
small capillary pores and gel pores. However, the pore refinement by 
carbonation is not that efficient in NH pastes, since there is less Ca 
available to be carbonated to form calcium carbonate, as presented in 
XRD, TGA and FTIR results. Even worse, as discussed above, the 
cracking of NS cylinders can be exacerbated by the formation of efflo
rescence products, which may further compromise the positive effect of 
calcium carbonate formation. Overall, 28 d of efflorescence shows 
limited influence on the total porosity of both NH and NS pastes but can 
affect their pore size distributions.

3.3.5. Compressive strength
Fig. 18 shows the compressive strength of NH and NS pastes under 

“ambient”, “ambient_bot” and “N2_bot” conditions. Generally, the 
compressive strength of NS pastes is significantly higher than that of NH 
pastes, corresponding to the MIP results. As shown in Fig. 18A, the 
compressive strengths of NH prisms exposed to three conditions all in
crease with time. The compressive strengths of NH prisms exposed to the 
“ambient_bot” condition at 7 and 28 d are slightly lower than those 
under ambient and “N2_bot” conditions, which suggests that efflores
cence shows barely adverse impact on the compressive strength of NH 
pastes. As shown in Fig. 6, the NH cylinders, after exposure to “ambi
ent_bot” and “N2_bot” conditions for 28 d, exhibit no visible surface 
cracks. These results imply that neither the uneven distribution of hu
midity nor the crystallization pressure induced by efflorescence leads to 
significant structural problems in the matrix of NH pastes.

However, efflorescence shows significantly adverse impacts on the 
compressive strength of NS pastes. As shown in Fig. 18B, the compres
sive strength of NS specimens under “ambient_bot” condition is lower 
than that under ambient conditions. Márlon et al. [71] investigated the 
compressive strength of metakaolin-based geopolymers under sealed, 
efflorescence, carbonation and leaching conditions. They found that the 

Fig. 18. Compressive strength of (A) NH and (B) NS pastes sealed for 7 d followed by exposure to ambient, “ambient_bot”, and “N2_bot” conditions for 7 and 28 
d “ambient” represents a room environment with T = 20 ◦C and RH = 55 %. “ambient_bot” refers to the bottom of prisms in contact with water under ambient 
condition. “N2_eff” denotes the bottom of prisms in contact with water under N2 conditions.
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compressive strength of samples exposed to efflorescence is lower than 
that of samples under natural carbonation. On one hand, Na leaching 
from the bottom of the samples deteriorates the microstructure 
(Table 3). On the other hand, the “ambient_bot” condition induces an 
uneven distribution of water content, which further leads to an uneven 
distribution of internal stress and the formation of cracks [41]. Addi
tionally, excessive formation of efflorescence products along the cracks 
results in volume expansion and crack propagation. The compressive 
strength of NSpastes under “N2_bot” condition can support this state
ment. At 7 d, the compressive strength of prisms under “N2_bot” con
dition is lower than that under both “ambient” and “ambient_bot” 
conditions. This indicates that even without efflorescence, the 
semi-contacted water condition has already induced significant re
ductions in compressive strength. In addition, the slightly lower value of 
“N2_bot” compared to “ambient_bot” at 7 d is probably because the 
efflorescence products formed at early ages can partially densify the 
cracks. Noted that the samples with efflorescence products were not 
ultrasonically cleaned before compressive tests. However, at 28 d, the 
compressive strength of NS samples exposed to the “ambient_bot” con
dition is lower than that under “N2_bot” condition. This implies that 
prolonged formation of efflorescence products exacerbates the cracking 
issue. Therefore, AAS paste with a high silicate modulus is more sus
ceptible to efflorescence in terms of compressive strength.

4. Discussion

4.1. Efflorescence process of AAS pastes

Accordingly, the efflorescence of AAS cylinders under ambient con
ditions is observed and the impact of efflorescence on AAS pastes is 
investigated. Based on these findings, the efflorescence process of NH 
and NS pastes can be deduced. Fig. 19 depicts a schematical represen
tation of the process of efflorescence of AAS pastes under ambient 
conditions. Given the different chemical composition and pore structure 
between the NH and NS pastes, it is necessary to discuss them separately.

Fig. 19A demonstrates the efflorescence process of NH pastes. 
Generally, the paste with its bottom in contact with water can be divided 
into underwater and overwater parts by the waterline. In the underwater 
part, the paste is subjected to leaching. Due to the gradient of ion con
centration, Na+, Ca2+ and OH− ions in the pore solution can leach away 
from the paste, which can increase the pH of the leachate. An alkaline 
condition facilitates the dissolution of gaseous CO2 and contributes to 
the formation of CO3

2− by hydrolysis. The resulting CO3
2− can further 

react with Ca2+ to the precipitation of CaCO3 attached to the “bot” of 
samples.

Once the underwater region has been entirely infiltrated, moisture 
continues to migrate upward. In the area nearly above the waterline 
(“low” sections), a water film on the surface of the sample forms. 
Gaseous CO2 can dissolve into this water film and hydrolyse to CO3

2− , in 
the meantime, Na+ and Ca2+ ions can migrate to the surface from the 
matrix, contributing to the formation of Na2CO3 and CaCO3. However, 
as a result of the high humidity at the “low” position, the efflorescence 
product of Na2CO3 crystals is soluble in this zone, hence the main CO2- 
bearing phase is CaCO3.

As the increase of the height of the cylinder, the RH of pastes would 
gradually decrease. There is an area in which sodium carbonate is more 
likely to form. In the case of the NH paste, the efflorescence front is 
located in the medium part, while that of the NS paste is located at a 
lower position. This is due to a more porous structure of the NH paste, 
contributing to an increased water sorptivity of cylinders and a higher 
fraction of high-humidity regions. Besides, CaCO3 is barely identified at 
the region where efflorescence emerges, which indicates a preferential 
formation of Na2CO3 over CaCO3. NH pastes after 28 d of efflorescence 
show limited cracks on the surface. The efflorescence products accu
mulate progressively around the efflorescence front. As for the “top” 
part, the paste at this location is relatively dry, akin to dry carbonation, 
where CaCO3 emerges as the main CO2-bearing product.

Fig. 19B depicts the efflorescence process of NS paste. Similar to the 
NH pastes, calcium carbonate is detected in the “bot” of the NS cylinder, 
resulting from the leaching of Ca2+ ions in the matrix and the solvent 

Fig. 19. Schematical representation of the process of efflorescence of (A) NH and (B) NS pastes under ambient conditions. The white cloud-like shape refers to the 
efflorescence products (sodium carbonate), and the golden cubic shape refers to the carbonation products (calcium carbonate). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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CO3
2− ions from the air. Due to the lower porosity of the matrix, the 

efflorescence front of the NS paste is lower than that of the NH paste. 
However, the efflorescence product of NS pastes can develop toward a 
higher position than NH pastes. This phenomenon is probably attributed 
to the cracking of NS cylinders under such semi-contact water condi
tions, which can promote the transport of water and alkali ions. Addi
tionally, the cracking problem can be exacerbated by the formation of 
efflorescence products. Similar to NH pastes, calcium carbonate is ab
sent in the efflorescence regions of NS cylinders (“low”, “med” and 
“top”). This again indicates a competition between efflorescence and 
carbonation.

4.2. Efflorescence mechanisms of AAS pastes

For a better understanding of the mechanisms of efflorescence of AAS 
pastes, it is essential to focus on the formation of efflorescence products 
(hydrated sodium carbonate). Fig. 20 shows the chemical reaction of 
efflorescence formation. It can be seen that Na+, CO3

2− and H2O are the 
three main components contributing to the formation of hydrated so
dium carbonate. The availability of them is influenced by alkali dosages, 
pore structure and environmental conditions.

4.2.1. Alkali metal ion (Na)
The Na in efflorescence products stems from the leaching of Na in 

AAS pastes, with most of the Na+ ions deriving from the pore solution 
and a minor portion from C-(N-)A-S-H gels [27]. The overall amount of 
Na that can reach the water film surrounding the paste is governed by 
both the alkalis in the pore solution (or the initial alkali dosage in ac
tivators) and the transport of Na within the pore structure. As for the 
same type of AAS pastes, although a higher alkali content contributes to 
a denser microstructure, which can partly hinder the transport of Na+

ions, the alkali content seems to play a more significant role than the 
pore structure, as observed in efflorescence experiments among “NH_3 
%”, “NH_5 %” and “NH_7 %”. At the same alkali dosage, the compact 
microstructure of NS pastes can impede efflorescence during early ages 
but fails to prevent its occurrence at later ages. A dense matrix leads to 
high pore pressure and significant cracking problems. The permeability 
of NS pastes increases caused by surface cracks, which promotes the 
transport of Na and thus the formation of efflorescence products at later 
ages. This highlights the importance of pore structure in influencing the 
efflorescence.

4.2.2. CO2
The concentration of CO2 remains constant in the air at around 0.04 

% by volume, while that in a liquid is not fixed. Therefore, it is 

imperative to understand the dissolution behaviour of CO2 in an 
aqueous condition. Typically, CO2 can first react with water to form 
H2CO3 molecules slowly, as shown in Eq. (1) [72,73]. Under weak alkali 
conditions with a pH < 8, these H2CO3 molecules react with OH− to 
yield bicarbonate ions (HCO3

− ), as expressed in Eq. (2) [74]. In cases 
where the alkali solution is fairly concentrated with a pH > 10, CO2 can 
directly react with OH− to form HCO3

− , which further reacts with OH− to 
form CO3

2− , as shown in Eq. (3). If the alkali is depleted or the atmo
spheric CO2 is in high concentration, the CO3

2− can react with CO2 once 
again, forming HCO3

− , leading to the decrease of pH of the host solution 
(Eq. (4)) [28,72]. 

CO2(aq)+H2O(l) → H2CO3(aq) Eq. 1 

H2CO3(aq)+OH− (aq) → HCO−
3 (aq) + H2O(l) Eq. 2 

HCO−
3 (aq)+OH− (aq) → CO2−

3 (aq) + H2O(l) Eq. 3 

CO2−
3 (aq)+H2O(l)+CO2(aq) →2HCO−

3 (aq) Eq. 4 

According to these equations, the type and amount of hydrolyzed 
CO2 species are closely dependent on the pH of the host solution. In the 
case of efflorescence, the host solution refers to the water film above the 
waterline (Fig. 19). The pH of this water film is influenced by the 
leaching of OH− from the AAS matrix. Given the high alkalinity of the 
pore solution in AAS materials (typically above 14) [43,75], the pH of 
the water film can easily exceed 13. Under such conditions, CO3

2− ions 
dominate in the host solution, as indicated by Eq. (3), promoting the 
formation of hydrated sodium carbonate. This is supported by the XRD 
results of the efflorescence products under ambient conditions (Fig. 13). 
However, the concentration of CO2 can impact the phase assemblage of 
efflorescence products. Fig. A1 shows the XRD pattern of efflorescence 
products from AAS pastes exposed to 0.2 % CO2 conditions. In this case, 
trona (Na3H(CO3)2⋅2H2O), a combination of NaHCO3 and Na2CO3, 
emerges as the primary efflorescence product on NH pastes. This sug
gests that elevated CO2 concentrations result in the regeneration of 
HCO3

− ions in the water film (Eq. (4)). Therefore, considering the 
complexity of the pH of the water film and the anion in efflorescence 
products, it is more accurate to quantify efflorescence by determining 
the amount of Na.

4.2.3. Water (or RH)
Water serves as the media of chemical reactions, significantly 

impacting the visibility and chemical-bound water of efflorescence 
products. A relatively low RH is favourable for both the rate and severity 
of efflorescence formation of AAS pastes when the bottom of the samples 
is in contact with water, as observed in the efflorescence tests among 
“NH_40 %”, “NH_60 %” and “NH_80 %”. Conversely, a high RH results in 
the dissolution of efflorescence products and a reduction in visible 
efflorescence. Additionally, water transport can affect the chemical- 
bound water of efflorescence products. Sodium carbonate on the NH 
paste shows a higher content of chemically bound water compared to the 
NS one. This is related to the porous pore structure of the NH pastes, 
which provides the crystallization of sodium carbonate with more water.

5. Conclusions

In this study, the effects of alkali dosages, activator types, exposure 
atmospheres, and relative humidities on the efflorescence of AAS pastes 
are observed. The leaching tests of pastes in different sizes are per
formed. The influence of efflorescence on phase assemblage, gel struc
ture, pore structure and compressive strength of AAS pastes are 
examined as well. Based on the above results, the process and mecha
nism of efflorescence of AAS pastes have been clarified. Some conclu
sions are summarized as follows. 

Fig. 20. Formation mechanisms and influential factors of efflorescence prod
ucts of AAS pastes.
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1. At the same alkali dosage, NH pastes have more porous microstruc
tures and show higher efflorescence rates than NS pastes. The NH 
paste with a higher alkali dosage shows more severe efflorescence. 
The NH paste subjected to a lower RH environment shows a more 
rapid and significant efflorescence. The NS paste suffers from 
cracking problems when the bottom is in contact with water under 
both N2 and ambient conditions. Furthermore, the formation of 
efflorescence products exacerbates this cracking problem.

2. The efflorescence front of AAS pastes is associated with the pore 
structure. The paste with a higher porosity shows a higher efflores
cence front. The efflorescence products of NH pastes accumulate 
near the efflorescence front, while those of NS pastes develop on the 
top. This is attributed to the cracking of NS cylinders, which pro
motes the transport of water and alkali ions and the formation of 
efflorescence products.

3. It is feasible to quantitatively determine the efflorescence of AAS 
pastes by calculating the amount of Na in efflorescence products. The 
quantitative results are not only consistent with visual observations 
but also correlate with the leaching result of AAS pastes. However, it 
should be noted that the leaching results of NS cylinders fail to 
establish a good relationship with efflorescence due to the cracking 
problem under immersed conditions. Therefore, to predict the 
efflorescence of AAS pastes, it is recommended to evaluate the 
leaching test based on piece samples.

4. The efflorescence products of NH and NS pastes are both dominated 
by sodium carbonate, with different chemical-bound water contents. 
Sodium carbonate in NH pastes has a higher content of chemical- 
bound water. This is due to a more porous structure of NH pastes, 
which allows for a greater supply of water from the bottom of cyl
inders for the formation of sodium carbonate. A higher CO2 con
centration results in the efflorescence product shifting from sodium 
carbonate to sodium bicarbonate.

5. The water-immersed part of the pastes is subjected to wet carbon
ation, while the overwater part is subjected to both efflorescence and 
dry carbonation. However, these two chemical processes cannot 

happen simultaneously. Calcium carbonate is rarely found in the 
region where sodium carbonate forms. Additionally, 28 d of efflo
rescence shows limited influence on the total porosity but can affect 
the pore size distribution of AAS pastes.

6. The impact of efflorescence on the compressive strength of NH pastes 
is minimal but is significant for NS pastes. The compressive strength 
of NS specimens after 28 d of efflorescence is lower than that under 
ambient conditions, which is even lower than that after 7 d of 
efflorescence. The reduction is probably owing to cracking by het
erogeneous internal stress coupled with the expansion caused by the 
formation of efflorescence products. Efflorescence is detrimental to 
the development of long-term mechanical properties of AAS mate
rials. Further work is necessary to comprehensively understand the 
impact of efflorescence on the durability of materials.
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Fig. A1. XRD patterns of efflorescence products on NH and NS cylinders under 0.2 % CO2 condition.

Fig. A1 shows the phase assemblage of efflorescence products on NH and NS cylinders under 0.2 % CO2 condition. In the NH system, the main 
phase is Trona (Na3H(CO3)2⋅2H2O), considered a combination of NaHCO3 and Na2CO3. Conversely, the efflorescence product of the NS system is 
dominated by Na2CO3. Under ambient conditions, the primary phase of the efflorescence product of AAS pastes is Na2CO3⋅xH2O (Fig. 13). Under a 
high CO2 concentration condition, a conversion from Na2CO3 to NaHCO3 occurs on NH cylinders. However, little NaHCO3 is identified on the NS 
cylinders, possibly due to inadequate water supply from the bottom hindering the conversion to NaHCO3.
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Data will be made available on request. 
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