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Geopolymer (GP) is a low-carbon binder with the potential to replace Portland cement in reinforced concrete,
however, the risk of corrosion to reinforced steel bars due to its low carbonation resistance must be addressed.
This study proposed the use of an inorganic surface modifier, sodium aluminate solution (AN), to improve the
carbonation resistance of GP. The effects of AN surface treatment on carbonation depths were investigated for GP
mortars using fly ash (FA), ground granulated blast furnace slag (BFS), or their blend as active fillers. Rational AN

Fly ash
Blast furnace slag surface treatment conditions and microstructural changes of treated GPs were also discussed. The obtained re-
Neutralization sults show that AN surface treatment can significantly reduce carbonation rates of FA/BFS blend-based GP, and

largely delay the onset of neutralization of heat-cured GP through the reduction of cracks and the formation of
Na-gmelinite and gismondine, which refine the surface layer of GP. The surface modification using 40 wt%-AN
solution reduced carbonation rate coefficient by about 70% for the FA/BFS blend-based GP cured at 80 °C, and
by above 30% for that cured at 20°C. The larger the FA blending ratio or the smaller the liquid-active filler ratio,
the greater the improvement in carbonation resistance of FA/BFS blend-based GPs, caused by the AN surface
modification. For the ambient-cured GP, repeated surface treatment is preferred, while for the heat-cured GP,
once treatment is enough, and seal curing after the AN surface treatment is recommended regardless of the

curing method.

1. Introduction

Many industrial wastes, such as fly ash (FA) from coal-fired power
plants, blast furnace slag, and municipal solid waste incineration ash,
etc., are released to pose challenges in environmental problems. Geo-
polymer (GP) is a type of inorganic polymer that is possibly made from
these wastes as precursors [1]. Moreover, if used as cementitious ma-
terials, GP can potentially lower the carbon footprint of the cement in-
dustry [2,3]. It has attracted considerable attention also because of its
good early strength development, ductility, bonding strength with
reinforced bar, chemical corrosion resistance, and fire resistance [4-11].
Thus, GP is a promising candidate as an alternative to Portland cement
(PC) for the construction industry.

Typical geopolymer using metakaolin or fly ash has a three-
dimensional structure formed by aluminosilicate minerals [12].
Compared to PC, FA-based geopolymer can reduce about 60% of COy
emission [13], but it needs heat-curing. Ground granulated blast furnace
slag (BFS) is usually added in FA-based geopolymer to raise its strength,
even cured at room temperature[14]. Thus, recently FA and BFS are
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usually used together as precursors of GP. Although there are many
kinds of research on GPs made from different precursors, including but
not limited to FA, BFS and metakaolin, most of them have focused on
mechanical properties, acid/fire resistance, reaction products and
microstructure [15-21].

Steel bars are often used with concrete in engineering. To reduce the
corrosion risk of steel bars in reinforced concrete, PC concrete should be
kept to have certain alkalinity, generally pHgreater thanll.5. Since
carbonation would lower the alkalinity of concrete, high carbonation
resistance of concrete is required to ensure the durability of reinforced
concrete structures. However, compared to PC concrete, the carbonation
resistance of geopolymer materials is lower [22-25]. Pouhet R., et al.
[26] found a very fast decrease in the pH of pore solution in metakaolin-
based geopolymer and almost total carbonation under natural condi-
tions after only 14 days. For the same compressive strength (25.0~29.0
MPa) of concrete, the carbonation rate coefficient (a) of 70% FA/30%
BFS blend-based GP concrete cured in the ambient air is two times
higher than that of PC concrete [27]. Curing at ambient temperature
yields a lower carbonation resistance compared to heat-curing, and the
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FA/BFS blend-based GP concrete cured in the ambient air has a faster
carbonation rate than the PC concrete in the early age of accelerated
carbonation test [24]. The volcanic pozzolan/BFS blend-based geo-
polymers showed good carbonation resistance in some formulations
[28], but the carbonation resistance are still dependent on the BFS, and
the reactivity and fineness of pozzolan, etc. [29]. For the practical use of
GP in reinforced concrete, it is essential to develop methods to reduce
the carbonation rate of GP [30,31].

Two reasons are generally considered to cause the low resistance of
geopolymer to carbonation. Firstly, the polymerisation reaction of
geopolymer is a dehydration reaction. The channels, pores and cracks
may be generated in hardened GP due to moisture escape and dry
shrinkage, which cause CO; to diffuse inside easily. FA/BFS blend-based
GP concrete cured in the ambient air has large dry shrinkage [32]. The
second is that the residual sodium or potassium in the pores of GP, which
brings alkalinity to GP, is more soluble than Ca(OH)z in PC concrete and
thus easily reacts with CO,. Moreover, the generated sodium carbonate
or potassium carbonate is alkaline, but since they are water soluble, they
leach out easily from GP concrete during repeated drying and wetting or
in a moisture environment, causing the concrete to neutralize [33].
These two reasons also make it difficult to improve the neutralization
resistance of GP by mixture design.

Susan A., et al. [34] investigated the carbonation resistances of three
silicate-activated slags (AAS) to develop a method to improve the
carbonation resistance of GP by adding MgO, and found that with higher
MgO content (>5%), the hydrotalcite is formed in addition to C-A-S-H
gels, which takes up CO, and thus retards the carbonation of GP. But the
degree of improvement is limited, and no other research literature was
found to confirm this improvement. Pasupathy et al. [25] reported that
the GP concrete, only using NaOH or KOH solution as alkali activator,
has a relatively greater carbonation resistance than that using a blend of
NaOH or KOH and sodium silicate. But, the carbonation resistance of
NaOH or KOH activated GP concrete is not yet enough for practical
application.

Portland cement, used in PC concrete as the binder, has stable
components and properties, so the carbonation resistance of PC concrete
can be simply improved by reducing the water-cement ratio. However,
there are many types of active fillers and alkali activators used in geo-
polymers, and the GP formulations are diverse. Reducing the liquid-filler
ratio may make geopolymer dense, but, as the aforementioned reasons
of low carbonation (or neutralization) resistance of GP, the carbonation
resistance of GP is greatly dependent on its initial alkalinity of residual
alkali activator, and the environment where it is located. Thus, it is
worth considering the surface treatment besides careful mixture design
of GP materials.

Zhang et al. [35] found that the organic coating of waterborne epoxy
resin functions well in shrinkage reduction, anti-abrasion, and anti-
chloride ion diffusion of marine GP concrete, but has no improvement
in carbonation resistance. Kitasato & Li et al. [36] confirmed the organic
coating agent composed of hydrocarbon esters/silane compounds can
greatly improve the carbonation resistance of GP. However, the dura-
bility and water resistance of the organic coating layer are obviously
issues.

Silicate solution is often used as a surface modifier for PC concrete,
based on the reaction between silicate ions and hydrate of PC (calcium
hydroxide) to form the calcium silicate that makes the surface layer of
PC concrete dense [37,38]. Moreover, in the case of using lithium sili-
cate, residual lithium silicate will solidify to fill pores in concrete [39],
which also refines the PC concrete. The method and principle of surface
modification of PC concrete undoubtedly shows the feasibility and gives
a reference in developing inorganic surface modifier for GP materials.

Considering there are almost few effective proportioning methods to
improve the carbonation resistance of GP materials, and because organic
surface modifiers are not durable, an inorganic surface modifier:
aqueous sodium aluminate solution (AN) was proposed for GP materials
in this study. We compared the carbonation depths of FA or/and BFS-
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based GP mortars with and without surface modification of AN by the
accelerated carbonation test to confirm if the AN surface treatment can
improve the carbonation resistance of GP materials. Then, the factors
influencing the AN surface treatment effect were discussed in detail,
including mix proportions of GP, curing method, and surface treatment
conditions. Finally, we investigated the air permeability and the chem-
ical and microstructural changes of the GPs after the AN surface treat-
ment to clarify the mechanisms of carbonation resistance improvement.
This study contributed to the development of effective and durable
surface modification techniques for GP materials, and opens new pos-
sibilities for enhancing the performance of GP in various applications.

2. Experimental program
2.1. Raw materials used

The fly ash (FA) of JIS (Japanese Industrial Standards) grade II and
the ground granulated blast furnace slag (BFS) of JIS 4000 class were
used as active fillers (AF) of GP mortars, which physical properties and
chemical compositions are shown in Tables 1 and 2, respectively. The
metal oxide contents and density of sodium aluminate solution (AN)
with a concentration of 40 wt% are presented in Table 1, too. Other AN
solutions with different concentrations were prepared by diluting 40 wt
% AN solution with distilled water. Sea sand, washed in advance with
tap water, was used as fine aggregate of the GP mortars.

Three kinds of alkali activator solution (AS), named AS01, AS11 and
AS31, were used, which were sodium hydroxide solution (NH) with 10
mol or a mixture of water glass aqueous solution (WG) and the NH ac-
cording to the volume ratio of WG: NH = 1:1 or 3:1, as shown in Table 3.
The WG was prepared by diluting JIS No.1 grade sodium silicate
(NaySiO3) with distilled water by a volume ratio of 1:1.

2.2. Mix proportions of GP mortars

The mix proportions of GP mortars used in this study are shown in
Table 4. Based on the preliminary investigation, we found that series
No.1 had adequate fluidity for specimen production, thus, it was used as
the control mixture. Then, the other GP mortars were designed by
adjusting the BFS blending ratio, WG/NH ratio by volume, and liquid-
fillers ratio by mass, as shown in Table 4, on the basis of series No.1.
In this experiment, the ratio of fine aggregates (S) to AF was 2.0
throughout by mass.

Also, for clarifying appropriate AN treatment conditions, the effects
of the AN solution concentration, AN surface treatment frequency
within 3 days, the age of mortar specimen when the AN surface treat-
ment, whether the mortar specimens were sealed after the AN surface
treatment during curing, and curing temperatures were investigated, as
summarised Table 5. The GP specimens with the same mix proportion
were tested and the effects of different conditions of AN treatment were
reflected on the carbonation degree of GP mortars.

2.3. Specimen preparation

The experimental process is shown in Fig. 1. A Hobart planetary
mortar mixer was used to mix the GP mortars. The active fillers and sea

Table 1
Physical properties of raw materials used.

Raw material Properties, etc.

FA Specific gravity: 2.30, Blaine fineness: 4392 cm?/g
BFS Specific gravity: 2.88, Blaine fineness: 4180 cm?/g
Sea sand Oven-dry density: 2.51, surface-dry density: 2.56, specific

water absorption: 1.81%, solid content: 66.7%, F.M. 2.87
Compositions: Na,O 19%, Al;O3 20%, Molar ratio (Na,0/
Al,03): 1.56, Specific gravity: 1.49 (40 wt% concentration)

Sodium aluminate
solution
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Table 2
Chemical compositions of FA and BFS (XRF analysis).
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Active filler Chemical compositions (%)

Si0, Al,03 CaO Fe,03 MgO Na,O K,0 TiO, others
FA 59.10 23.91 3.48 7.37 1.06 1.07 1.68 1.27 1.06
BFS 34.67 14.46 43.13 0.34 5.50 0.25 0.25 0.55 0.85

Table 3
Alkali activator solution’s components and density.

Alkali activator ~ WG: NH, by Specific Mole ratio of ~ Molarity of
solution volume gravity Si0y/Nay0 Na,O (mole/L)
AS01 0:1 1.330 0 5.000
AS11 1:1 1.359 0.696 2.438
AS31 3:1 1.374 1.255 3.108

Table 4

Mix proportions of GP mortars.

Series Parameters WG: NH WG/  AS/ BFS: FA (BFS/ S/
No. AS) AF AF) AF
1 Control mix 3:1 (0.75) 0.5 3:7(0.3) 2.0
2 BFS blending 0:1 (0)

3 ratio 1:1 (0.5)

4 1:0 (1)

5 WG/NH ratio 0:1 (0) 3:7 (0.3)

6 1:1 (0.5)

7 AS/AF 0.75 0.45

8 0.55

Note: 25 wt.% AN solution was applied twice at 3 days old, and the specimens
were sealed as cured till 28 days after the treatment.

Table 5
Conditions of AN surface treatment.
Series Factors Mortar Age, AN State
No. frequency of AN  concentration by during
application mass (%) curing
9 Control No-AN application Sealed
10 Age when the AN 7 days, twice 25
11 was applied 20 days, twice
12 Concentrations of 3 days, twice 10
13 AN 20
14 30
15 40
16 AN treatment 3 days, once 25
frequency
17 Sealing state 3 days, twice Not
during curing sealed

Note: Mix proportions of GP mortar of series 9-17 were the same as those of
series No.1 shown in Table 4.

sand were first put into the mixer and mixed for 1 min. Then, the alkali
activator was added and mixed for 2 min. to get GP mortar. Finally,
freshly mixed GP mortar was used to produce the prism specimens with
a 4 cm side length of square section and 16 cm length, which were used
for the accelerated carbonation test. Each of the mortar specimens was
compacted by a table vibrator for 1 min, followed by levelling the top
surface with a metal spatula. After being sealed with water-retention
tape, half of the specimens were cured in the air at 20 °C and R.H.
60% for 28 days (hereafter referred to as 20 °C curing), and another half
were first cured in the air at 80 °C for 8 h, then stored in a 20 °C envi-
ronmental chamber till 28-day age (hereafter referred to as 80 °C
curing). The temperature and time conditions set for the two curing
methods are commonly used in the field of geopolymer research. The
specimens were demoulded at 1 day age. The six surfaces of half of the
prismatic specimens were applied with AN solution at the ages of 3, 7

and 28 days, respectively, according to the treatment conditions shown
in Tables 4, 5. Although the application was conducted by a brush ac-
cording to the number of AN application determined in advance, the
amount of AN solution applied was uncertain, depending on the surface
conditions of specimen such as denseness and moisture content. Fig. 2
shows the appearance of 80 °C-cured GP mortars before and after AN
surface treatment. After AN treatment, surfaces of GP mortar becomes
slightly white.

2.4. Property test, chemical and microstructure analysis
(1) Accelerated carbonation test

After 28 days of curing, four surfaces (two ends, top and bottom
surfaces) of mortar specimens were sealed with an airtight sealing tape
to ensure that CO, diffuses into the specimens only through the two side
surfaces. Then, the specimens were placed into a carbonation test
chamber with 5% of CO5 concentration, 20 °C, and R.H. 60%. At an
interval of two weeks, the mortar specimen was cut at about 10 mm
interval to measure carbonation depth. It should be noted that during
the cutting, to ensure that the alkali matters were not washed away,
spraying water was not used as a dust countermeasure.

The depth of the colourless region from the surface of the prism
specimen was measured at 3 min. strictly after spraying the 1%
phenolphthalein solution. The average value of six depths, three values
on one side and 1 cm interval respectively, was recorded as carbonation
depth. After the measurement of carbonation depth, the cut sections
were sealed with airtight tape, and the remained GP mortar samples
were returned to the CO5 chamber to continue the carbonation test. The
accelerated carbonation test lasted 18 weeks.

(2) Air permeability measurement

The air permeability of series No. 1 with and without the AN surface
treatment was evaluated according to NDIS 3436-2 by a digital air
permeability tester at 28-day age. The plate specimens with 160 mm
length, 120 mm width and 40 mm thickness were prepared and used,
which were cured by the 20 °C-curing method and the 80 °C-curing
method, respectively. The air permeabilities of specimens with and
without AN treatment were tested to compare the effect of AN on the air
permeability of GP mortars.

(3) Strength measurement

For clarifying the effect of the AN-surface treatment on the strength
of BFS/FA blend-based GP, we measured the flexural and compressive
strengths of mortars of series No.1 and No.3, with and without the AN
treatment, using a universal testing machine on 28-day age. The speci-
mens were prisms with dimensions of 40 mm x40 mmx160 mm, which
were cured by the 80 °C-curing method or the 20 °C-curing method. The
flexural strength was an average of three prismatic specimens for each
mixture, while the compressive strength was an average of six fractured
prismatic pieces after the flexural test.

(4) SEM-EDS and XRD analysis

To investigate the microstructural change and reaction products of
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Fig. 1. Experimental process.

Fig. 2. The surfaces of geopolymer mortar specimens (40 x 40 x 160 mm): (a) before treatment, (b) AN surface treatment by brush, (c) right after AN treatment, and

(d) AN-treated specimen at 28-day age.

surface-modified GPs, XRD (X-ray diffraction) and SEM-EDS (scanning
electron microscopy) analyses of GP mortars with and without AN sur-
face treatment at 3-day age were conducted. The specimens analysed
were sampled from GP mortars which were FA-based (series No. 2), BFS-
based (series No. 4), and FA/BFS-based (series No. 1), respectively,
which were cured at 80 °C for 8 h and then 20 °C for 27 days.

After the accelerated carbonation test of 12 weeks, the used samples
for the SEM-EDS and XRD analyses were collected from the surface layer
with 1 mm depth, where it was believed that the AN solution diffused
from colour change. The samples of the SEM-EDS analysis were pre-
treated by embedding in resin and then polishing. The SEM-EDS anal-
ysis was taken under 15 kV accelerating voltage. ZAF (atomic number,
absorption, and fluorescence) corrections were automatically done for
point analysis data. The XRD analysis used a CuKa source, 40 kV-120 mA
power supply, 1° -1° -1°-0.3 mm slit method, scanning speed 4°/min,
and 0.02° step scans in the 20 range of 5-60°.

3. Test results and discussion

3.1. The effects of mix proportions on the effectiveness of AN surface
treatment

The diffusion of carbon dioxide and the carbonation are greatly
influenced by the features of matrix mortar such as denseness and
chemical compositions[24], and the presence of coarse aggregate
greatly affects the measurement accuracy of carbonation depth because
coarse aggregate particles make the front line of carbonation into a
jagged curve. Thus, in this study, we used GP mortars instead of concrete
to discuss the effect of AN surface treatment on the carbonation resis-
tance of GP materials.

The effects of AN treatment on the carbonation resistance of GP
mortar with different mix proportions and with the different treatment
conditions were discussed on the basis of regression analysis of
carbonation depth - carbonation time relationship for different mortars
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and treatment conditions. As described later, due to the AN surface
treatment, the carbonation depth of part of the specimens could be
detected only after a period, so we used Eq. (1) for the regression
analysis.

Cy=a/CO%/5.01— b @

where Cg is carbonation depth (mm), ¢ is carbonation period (week),
CO2% represents COy concentration (%), a is proportional coefficient
(mm/ \/week), and b is elapsed time until the depth of carbonation can
be detected, i.e., onset time of neutralization (week, 20).

In Eq. (1), the proportional coefficient a implies the rate of increase
of the carbonation depth with elapsed time and therefore is called
carbonation rate coefficient. The smaller the a, the higher the carbon-
ation resistance of GP mortar. And the larger the b, the later the onset of
neutralization, and therefore the higher the initial carbonation
resistance.

(1) Effect of FA/BFS ratio

Fig. 3 (a) and (b) show the test results of the relationship between the
carbonation depth and the elapsed time for the GP mortars with
different FA/BFS blending ratios by mass. Compared to the 20 °C-cured
mortars, in case of the 80 °C-cured BFS/FA blend-based mortars had
smaller carbonation depths for the same elapsed time. This is because
heat-curing promotes the reaction of FA and BFS, especially FA, with
more products leading to a denser microstructure at 28-day age [40,41].
However, the carbonation resistance of the BFS sole-based GP mortar
cured by the heating method was lower compared with the BFS sole-
based GP mortar cured in the ambient air. This is because the dry
shrinkage and moisture escape arising from the heat-curing resulted in
more porosity and larger cracks in the BFS-based GP mortar [42,43]. FA-
based GP mortar without BFS addition was easy to carbonate, the
carbonation reached the centre of the 80 °C-cured prism specimen with
40 mm side length at two weeks, but the AN surface treatment delayed
the complete carbonation time from two weeks to one month. On the
other hand, the BFS-based GP mortar cured in the ambient air had no
detectable carbonation depth within 18 weeks, regardless of the AN
surface treatment, and thus the benefit of the AN surface treatment was
not confirmed. This is because the reaction products are few in the FA
sole-based GP, which leads to a high porosity of GP [44].

As shown in Fig. 3 (a), For part of the 80 °C-cured mortar specimens
with AN surface treatment, the time to detect the depth of carbonation
was delayed by 2-4 weeks. Therefore, we used the two parameters a, b in
Eq. 3 to characterize the carbonation resistance of the surface-treated
GPs, of which b represents delayed time, and a is the carbonation rate
coefficient as usual. The regression equations for the relationship be-
tween carbonation depth and time, and the obtained a, b values are
shown under each graph.

The smaller the a-value or the larger the b-value, the higher the
carbonation resistance. It is indicated from the a, b-values and the
decrease of a-value shown in the tables of Fig. 3 that the heat-cured GP
mortars had higher carbonation resistance than those with ambient-
curing, and that the AN surface treatment was more effective for the
heat-cured GP mortars. However, regardless of the curing method, the
AN surface treatment had an obvious effect on the carbonation resis-
tance improvement. That is, due to the surface treatment, the a value
was decreased or/and the b value is larger than zero.

It is obvious from Fig. 3 that the lower the blending ratio of BFS, the
larger the carbonation rate coefficient of the non AN-treated mortar.
However, the mortar with a larger carbonation rate coefficient attained
a better improvement from the viewpoint of the decrease of a value. In
the case of 30% of the BFS blending ratio, the AN treatment yielded the
highest decrease in the carbonation rate coefficient a. Therefore, it is
concluded that the AN surface modifier is more suitable for BFS/FA
blend-based GP with a low BFS blending ratio. Considering that the
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Fig. 3. Carbonation depth of GP mortars with different FA/BFS ratios (Series
No. 1, 2, 3, 4).
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carbonation resistance is mainly dependent on the porosity of GP
[25,45], a smaller BFS blending ratio leads to large porosity and large
pore size [46,47], which makes the AN solution penetration easier and
thus brings better modification. For the 20 °C-cured GP mortars,
although the carbonation rate coefficient was reduced due to the AN
surface treatment, the decrease degree was smaller compared to the 80
°C-cured mortar with the same FA/BFS blending ratio, and the begin-
ning time of carbonation was not delayed. Drying shrinkage cracks
caused by heat-curing promote internal penetration of the AN solution is
guessed to be the cause of this phenomenon.

(2) Effect of WG/NH ratio

Fig. 4 (a) and (b) show the relationship between the carbonation
depth and the elapsed time for the 30% BFS/70% FA blend-based GP
mortars produced by different AS solutions and cured by the 20 °C
method or the 80 °C method. The AN surface treatment yielded a sig-
nificant enhancement in carbonation resistance for GP mortars,
regardless of the curing method. Furthermore, even though the AS so-
lution used in GP mortar was changed, the AN surface treatment was still
more effective for the 80 °C-cured specimens in reducing the a value and
increasing the b value, i.e. the improvement of carbonation resistance
was greater for the 80 °C-cured GPs. When treated with the AN solution,
the 80 °C-cured GP mortar with a WG/NH volumetric ratio of 1:1 was
not carbonated during the accelerated carbonation period of 18 weeks.
The continuous dissolution of silicate from the precursors due to the
activation of alkali forms many free Si-O-Si tetrahedral monomers,
which contribute to the SiO4 and AlO4 linking. The increase of Si02/
Na20 mole ratio is reported to promote the formation of N-A-S-H gels in
GPs [48]. However, the apparent porosity of GP would increase when
the mole ratio of Si02/Na20 exceeds 0.806 [49]. This can explain why
the carbonation depths of the GP mortar specimens with a WG/NH ratio
of 3:1 (§i02/Na20 = 1.25) were greater than those with a WG/NH ratio
of 1:1 (Si02/Na20 = 0.69). More residual Na+ present in pores is
another reason why the GP mortar specimens with a WG/NH ratio of 1:1
had smaller carbonation depths. That is, an appropriate Si0O2/Na20
molar ratio is essential to achieve high carbonation resistance of GP. We
found that in the case of 80 °C-curing, the specimen with WG/NH=0:1
had a lower improvement degree of carbonation resistance than the
specimen with WG/NH=3:1, while the trend was opposite in the case of
20 °C-curing. At present we are not clear about the reasons. The AN
surface treatment effectiveness is estimated to be influenced by a com-
bination of factors such as drying shrinkage cracks, residual Si**, Na*t
content, and the porosity of GP.

(3) AS/AF ratio

Fig. 5 (a) and (b) show the experimental results of the relationship
between the carbonation depths and the elapsed time for the 30% BFS/
70% FA blend-based GP mortars with different liquid-active filler (AS/
AF) ratios. Regardless of curing method, the smaller the AS/AF ratio, the
smaller carbonation depth for the same elapsed time. As reported in
other studies, a lower AS/AF ratio leads to finer pores and lower porosity
[50], less drying shrinkage [51], and thus contributes to a higher
carbonation resistance of GP materials [24,52].

It is clearly observed that the surface treatment of AN solution
improved the carbonation resistance of the GP mortars from Fig. 5,
though the 80 °C-cured GP mortars got a much reduction in the
carbonation depth than the 20 °C-cured specimens. And the AN surface
treatment greatly delays the beginning time of carbonation of the 80
°C-cured GP mortars, as shown in Fig. 5, thus the b value is 4~8 weeks.
That is to say, in the general range of AS/AF ratio, regardless of AS/AF
ratio, the carbonation resistance of BFS/FA blend-based GP can be ex-
pected to be improved by the AN surface treatment. In the case of heat-
curing, the decrease of a value can be reduced by more than 70%. And it
can be concluded that the smaller the AS/AF ratio, the higher the
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Fig. 5. Carbonation depth of GP mortars with different AS/AF ratios (Series No. 1, 7, 8).

improvement effectiveness from the decreasing degree of the a value.
When the AS/AF ratio was 0.45, the starting point of carbonation was
delayed to 8 weeks. However, the specimen with an AS/AF ratio of 0.55
had a longer delaying time of carbonation (b value) than the specimen
with an AS/AF ratio of 0.50, which suggests that the b value depends on
the AN’s permeation ability, that is, the initial porosity of GP that is
influenced by the AS/AF ratio. If the AN solution forms a dense layer in
the surface layer of GP, this dense layer would delay the start of
carbonation. The b value depends on the thickness and denseness of this
dense layer, as shown in Fig. 6. Once the carbonation starts behind this
dense layer, the rate of carbonation will depend on the degree of
denseness and alkalinity inside the GP. The 20 °C-cured mortar spec-
imen had a relatively higher water content at 3-day age, compared to the
80 °C-cured specimen. High water content reduces the AN’s inside
permeation ability, which correspondingly reduces the effectiveness of
AN surface treatment.

Carbonated zone

Carbonated zone
Permeation zone of AN

(a) Non-AN treatment (b) AN treatment

Fig. 6. Schematic representation of the carbonation of mortar.

3.2. The effects of treatment conditions on the effectiveness of AN surface
treatment

(1) Time points of AN treatment

Fig. 7 presents the carbonation depths of the 70% FA/30% BFS
blend-based GP mortars, which were cured in a sealed state and treated
with the 25 wt% AN solution on the surfaces at different material ages.
As shown in Fig. 7 (a), the AN surface treatment at 3-day age led to the
maximum decreases in the carbonation depth of the 80 °C-cured spec-
imen, compared to the treatment at 7 days and 20 days, though the two
later treatments also reduced the carbonation depth. On the other hand,
according to the data distribution in Fig. 7 (b), for the 20 °C-cured
specimen, the AN surface treatment at 3-day age also greatly reduced the
carbonation depth, while the treatment at 7-day and 20-day ages had
almost no reduction effect. The reasons for these results are not entirely
clear to us, but are discussed below.

Although the curing of the specimens was performed in a sealed state
with plastic tape, the sealing with plastic tape or film does not strictly
prevent the loss of moisture from the specimen. Thus, for the heat-cured
specimens, after the 8-hour 80 °C curing, the water content should
decrease greatly [51], benefiting the internal diffusion of the AN solu-
tion. It is reported that no matter whether sodium silicate or sodium
hydroxide is used as an alkaline activator, the compressive strength
reaches its ultimate strength at 7 days if heat-curing [53]. Accordingly,
after 7 days, GP has considerable strength and denseness. Although the
increase of denseness is favourable to carbonation resistance, it makes
the internal diffusion of AN solution difficult. Therefore, the AN solution
gained the best diffusion when the surface treatment was performed at 3
days, leading to the largest decrease of carbonation depth.

However, for the 20 °C-cured specimens, since they were cured in a
sealed state with plastic tape for 28 days, we believe that they had high
moisture during the curing. The reaction products undoubtedly
increased with age, i.e. the denseness of the specimen increased with age
[44,54,55]. The high water content and the increase in denseness added
difficulties to the internal diffusion of the AN solution. Therefore, the AN
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Fig. 7. Carbonation depth of GP mortars with AN treatment at different ages (Series No. 1, 9, 10, 11).

surface treatment at the 7 or 20-day age for the 20 °C-cured specimens
had almost no effect on the improvement of carbonation resistance.
However, at the 3-day age, although the water content was high, the
reaction products were few and the specimen is not yet dense, thus, the
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AN solution could have a certain degree of internal diffusion. Therefore,
for the specimen sealed and cured at room temperature, a certain
improvement effect was observed for the treatment at 3-day age.

We found that the AN surface treatment at the 20-day age was better
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Fig. 8. Carbonation depth of GP mortars with different concentrations of AN application (Series No. 1, 9, 12, 13, 14, 15).
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than that at the 7-day age, even for the 20 °C-cured specimens. Dry
shrinkage crack growth with age increased the internal diffusion of AN
solution may be the reason for this experimental result. Additional ex-
periments will be conducted to confirm this experimental phenomenon.

(2) Concentration of AN solution

Fig. 8 demonstrates the experimental results of the 70% FA/30% BFS
blend-based GP mortars, which were modified on surfaces by different
AN solutions with 10-40 wt% concentrations. And Fig. 9 shows the
viscosity of each AN solution at 20 °C, which was measured with a B-
type viscometer. The viscosity of AN solution increases with its con-
centration, but from 30% to 40%, the viscosity sharply increases. In
general, solutions with low viscosity have high permeability into GP
materials [56].

Because the improvement in carbonation resistance of the AN
treatment was small for the20 °C-cured specimens, i.e. the decreasing
rate of a value is low, the a-value decreasing rates obtained from the
regression analysis were subject to relatively large experimental errors
and therefore lacked a clear trend, as shown in the table of Fig.8 (b). But
the ambient-cured GP has a loose microstructure at an early age, such as
3 days, compared to the heat-cured GP [57]. Thus, it is thought that even
highly concentrated AN solutions have the potential to penetrate the
inside of GP due to the loose structure. In fact, as shown in Fig. 8 (b), the
greatest decrease in the a-value was observed when using the 40% AN
solution.

However, from the experimental results of the 80°C-cured speci-
mens, we found that when the concentration of AN solution was below
25%, the decreasing rate of a value was low, but when the concentration
exceeded 25%, the decreasing rates of a value were very close for
25-40% concentration, but the b value showed a tendency to increase
with increasing the AN concentration. This result can be explained by
the following analysis: AN solution makes the surface layer of GP mortar
dense through the generation of N-A-S-H gels and the filling effect after
drying, thus delaying the onset of carbonation of GP. Therefore,
although a highly concentrated AN solution does not tend to permeate
much into the inside and increase the internal denseness, it greatly in-
creases the denseness of the surface layer, resulting in an increase in the
b-value. In contrast, a low concentration of AN solution cannot greatly
increase the denseness of the surface layer due to the small amount of
effective ingredients, but it can increase the denseness of the inside due
to its high diffusion ability, thus reducing the carbonation rate coeffi-
cient a. However, if the concentration of AN solution is too small and
thus its effective ingredients are few, even if it can diffuse to the inside of
GP, the decrease of the carbonation rate coefficient a is limited.

Therefore, the 40% AN solution is recommended as a surface mod-
ifier for GP, regardless of whether the GP is cured at room temperature

300

10 20 25 30 40
AN concentration (wt%)

Fig. 9. Viscosities of AN solutions with different concentrations.
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or high temperature. The surface treatment of 40% AN solution would
reduce the carbonation rate coefficient of heat-cured GP mortar by
about 70%, i.e. double the carbonation resistance. It also reduces the
carbonation rate coefficient of ambient-cured GP mortar by more than
30% simultaneously. In combination with the AN surface treatment and
the increase of GP compactness by optimising the use of raw materials
and their proportions, it becomes easy to make the GP concrete reach the
carbonation resistance of PC concrete of the same strength.

(3) Number of AN treatments and sealed curing after treatment

It is clearly shown in Fig. 10 that for the 20 °C-cured GP mortars, as
the number of AN surface treatments at 3-day age increased from once to
twice, the carbonation rate coefficient a decreased, but the delaying of
carbonation was not found (b value was zero). However, for the 80
°C-cured GP mortars, increasing the number of AN treatments had
almost no effect on the carbonation rate coefficient a, but the beginning
of carbonation was delayed (b value increased), which indicates that the
2 treatments increased the denseness of the GP surface layer more than
the one treatment.

For the 80 °C-cured specimens, the drying of specimens and the
occurrence of drying shrinkage cracks make the penetration of AN so-
lution easier, so a single treatment can largely reduce the a value, but the
rapid internal penetration of AN solution with less surface stay requires
twice treatment. However, for the specimens cured at 20 °C, high
moisture content and few cracks make the penetration of AN solution
not easy. Thus, several times treatment is needed. Even several times in
treatment, it is difficult to make the surface layer dense due to the
presence of moisture in the surface layer during treatment. Although the
twice treatment delayed the onset of carbonation, they did not change
the carbonation rate coefficient of the 80 °C-cured specimens. Therefore,
from the perspective of long-term carbonation depth, once treatment is
also an option for GPs cured at high temperatures.

Fig. 11 demonstrates the influence of sealed curing after the AN
surface treatment on the a, b values. The sealing did not further
contribute to much improvement in the carbonation resistance of the 80
°C-cured specimens, but the beginning of carbonation was delayed for
two weeks. This means that the specimens without sealing were
carbonated during the curing period. However, the sealing decreased
the carbonation rate coefficient of the 20 °C-cured specimens, but the
beginning of carbonation was not yet delayed. Therefore, from the
perspective of long-term carbonation depth, unsealed curing after the
AN treatment is an option for simplifying construction if GPs are cured at
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Fig. 10. The changes of the a, b-values with number of AN treatment.
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high temperatures, but for the ambient-cured GPs, sealed curing is
recommended.

3.3. Air permeability and strength of surface-modified GP mortars

Fig. 12 illustrates the air permeability of the GP mortar specimens
cured by the 20 °C-curing method or the 80 °C-curing method. It shows
that no matter what curing method was used, the AN surface treatment
greatly reduced the air permeability of the GP mortar specimens, which
suggests that the internal structure of GP can become dense if the GP
surface is modified by the AN solution. As described later, the AN
treatment at least decreased the cracks in the surface layer of GP mortar.

We found that the air permeability of 80 °C-cured GP mortar speci-
mens had higher air permeability compared with the 20 °C-cured
specimens. This result was consistent with the results reported by other
studies [58,59]. However, as shown in Figs. 3-9, the 80 °C-cured spec-
imens had smaller carbonation rate coefficients a than the 20 °C-cured
specimens. This can be explained by the following reasons. Due to dry
shrinkage, the geopolymer experienced the 80 °C-curing has large cracks
with sizes of 0.01-0.1 pm, while the geopolymer cured only at 20 °C has
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Fig. 12. Air-permeability of GP mortars with and without AN sur-
face treatment.
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more capillary cracks whose sizes are mostly below 0.01 pm [60]. Large
cracks result in higher air permeability. However, it is no doubt that
heat-curing contributes to many formations of geopolymeric products
and, thus a dense microstructure [40,41], which makes CO diffusion
difficult into the geopolymeric matrix between large cracks. Therefore,
although the 80 °C-cured GP mortar specimens had higher air perme-
ability, but their carbonation rate coefficients were smaller compared
with the 20 °C-cured specimens.

Fig.13 shows the flexural and compressive strengths of series No.1
and No.3. We found that the AN surface treatment did not almost affect
the strengths of BFS/FA blend-based GP mortar, regardless of the curing
method used. This is because the diffusion of the AN solution only
reached the surface layer of the GP mortars.

3.4. SEM-EDS results of surface-modified GP mortar

In the SEM analysis, in addition to the structural changes observed by
SEM images, elemental analysis (EDS) was also performed to determine
the changes in gel compositions. Since gel microstructure is significantly
related to the SiO,/Al;0Og3 ratio [61], we calculated the average mole
ratio of SiO3/Al;03 for the whole analysed area.

(1) FA-based GP mortar

Fig.14 (a) and (b) show the SEM results of FA-based GP mortar (se-
ries No. 2) with and without AN surface treatment after the accelerated
carbonation test of 12 weeks. First, the AN surface-treated mortar was
found to be denser than the mortar without the AN treatment, although
the pores remained. In the former, almost no cracks are observed. The
reduction in cracks may be due to the AN treatment, which reduced the
drying shrinkage cracks caused by water evaporation. Although the AN-
treated mortar became relatively dense, it still has a low resistance to
carbonation because of the large number of tiny pores.

Fly ash particles with smooth surfaces can be found to remain in the
two mortars. However, many fly ash particles in the AN-treated mortar
were surrounded by dense gels or were corroded, which suggests that
reaction products increased. During the accelerated carbonation test,
the CO, reacted with the Na™ remaining in the pores to form Na,CO3
[62]. Since Na® is used to balance the AI®" charge of the Al(OH)4
tetrahedra, an increase in N-A-S-H gels would reduce the residual Na™ in
the pores. Hence, we found there are many needle crystals in the FA-
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(a) Non-AN treatment

(b) AN treatment

Fig. 14. SEM images of FA-based GP mortars.

based GP mortar without the AN treatment, while needle crystals are
rarely found in the mortar after AN surface treatment.

The microstructure of geopolymer is strongly influenced by the SiO,/
Al;O3 ratio, and geopolymer with a lower SiO3/Al;O3 has a dense
structure [59,63-66]. As shown in Table 6, the SiO5/Al;03 ratio of FA-
based GP mortar decreased with the AN treatment. Thus, the AN-treated
mortar has a denser microstructure than the mortar without the AN
treatment, which also means higher carbonation resistance of GP
materials.

(2) BFS-based GP mortar

Fig.15 shows the SEM images for the BFS-based GP mortars (series
No. 4) without and with the AN treatment. The BFS-based GP mortars
without the AN treatment had relatively dense microstructure. Howev-
er, the AN treatment obviously reduced tiny cracks, resulting in a denser
GP mortar. As stated above, the AN treatment decreases the cracks
caused by dry shrinkage. In the GP mortar without the AN treatment,
many CaCOs crystals are found (see Fig. 15 (a)), while in the AN-treated
mortar, CaCOs crystals are very few (see Fig. 15 (b)). The products of
BFS-based GP are main C-A-S-H gels [67-69]. As the carbonation reac-
tion proceeds, the C-A-S-H gel undergoes decalcification, and various
calcium carbonate polymorphs are formed [70]. However, the AN
treatment may strengthen the structure of the C-A-S-H gel due to the
AI** provided by the AN solution, making the C-A-S-H gel less suscep-
tible to decalcification.

Duxson [63] reported that the denseness of geopolymer increases
with the decrease in SiO3/Al;03 ratio. The abundant Al,O3 provided by
AN decreased the SiO2/Al,0g3 ratio, as shown in Table 7, contributing to
the denser microstructure of AN-treated GP mortar and improved
carbonation resistance, which was also reflected in the reduction of
CaCOs3. The above factors, including the reduction in cracks and
strengthened C-A-S-H gel structure, collectively contributed to the
carbonation resistance improvement of BFS-based GP mortars with AN
treatment.

(3) FA/BFS blend-based GP mortar

Table 6
Comparison of average mole ratios of oxids of FA-based GP mortars with and
without AN treatment.

AN Na Mg Al Si Ca SiOy/ Si0y/
treatment (%) (%) (%) (%) (%) Al,03 CaO

Non 6.23 0.60 5.19 14.15 1.76 5.45 8.04
Treated 3.67 0.44 6.35 12.40 1.22 3.90 10.16

Fig. 16 shows the SEM images of FA/BFS blend-based GP mortars
(series No. 1) with and without AN surface treatment. Calcite is observed
in the two mortars, but in the mortar with AN treatment, the calcite
crystals are few, suggesting the reaction of CO, and Ca" that originated
from decalcification of C-A-S-H gels was deceased because of AN treat-
ment. Also, the mortar with the AN surface treatment had few fine
cracks, compared to the mortar without the AN treatment. As explained
before, AN treatment would reduce the cracks caused by dry shrinkage.
Because the polycondensation of geopolymer is a dehydration reaction,
consuming no water [12], large dry shrinkage may be resulted in a dense
surface layer formed by AN surface treatment, reducing the escape of
inside moisture, which contributed to the decrease of drying shrinkage
cracks. Hence, the air permeability coefficient of AN-treated mortar was
reduced, as shown in Fig. 12, and because of the decrease in drying
shrinkage cracks, the carbonation was slowed down. Combining the
decrease of the Si05/Al,03 ratio (see Table 8), we can conclude that the
AN treatment increases the denseness of geopolymer and reduces the dry
shrinkage and decalcification of geopolymer.

3.5. XRD results of surface-modified GP mortar

Fig. 17 shows the XRD patterns for three types of GP mortars, which
used the same alkali activator solutions and the same fine aggregate, but
different precursor(s), and for the raw materials that were BFS, FA and
sea sand. Raw BFS has almost no crystal, and fly ash has only quartz and
mullite. The sea sand, washed with tap water, contains quartz, mullite,
gismondine, and Na-gmelinite. The three GP mortars had almost the
same crystal phases with their raw materials. That is to say, the AN
treatment did not generate any new crystalline product. But for the BFS-
based GP mortar, the AN treatment increased the intensity of gismon-
dine. Plenty of Ca and Al promoted the formation of gismondine [71].
Obvious calcite was detected in the BFS-based GP specimens, which
corresponded to the results of SEM results. For the FA-based and FA/BFS
blend-based GP mortars, the difference between the XRD patterns of the
specimens with and without the AN treatment was the peak intensity of
Na-gmelinite. Although Na-gmelinite is also present in the sand [72], the
peak intensity of Na-gmelinite was dramatically increased due to the AN
treatment. Bae, et al. [73] also reported that adding a high amount of
NaAlO; in geopolymer would form Na-gmelinite. In the FA-based GP
mortars, the peaks of Na;CO3 were detected, which corresponded to the
observation of Na;COs in the SEM images. The increase of Na-gmelinite
and gismondine caused by the AN treatment reduced the pores of the
geopolymer matrix and thus inhibited the permeation of carbon dioxide.

4. Conclusions and future works

In this study, to address the problem of low carbonation
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(a) Non-AN applicatio:
Fig. 15. SEM images
Table 7

Comparison of average mole ratios of oxids of BFS-based GP mortars with and
without AN treatment.

AN Na Mg Al Si Ca Si0y/ Si0y/
treatment (%) (%) (%) (%) (%) Al,O3 CaO
Non-AN 6.49 1.53 2.78 7.87 8.57 5.66 0.91
AN 2.80 1.83 4.46 10.67 9.77 4.78 1.09

(neutralization) resistance of geopolymer (GP), which is very difficult to
be solved by mixture design alone, we investigated the effect of sodium
aluminate aqueous solution (AN) used as inorganic surface modifier,
which is expected to be more durable than organic surface coating, on
the carbonation resistance of geopolymers. The carbonation depths of
different GP mortars were measured to clarify the effects of mixture and
curing method on the benefits of using AN. We also discussed suitable
AN application conditions and the mechanisms by which AN surface
modification improves the carbonation resistance of GP. The conclu-
sions obtained are summarized as follows.

The surface modification of AN significantly reduced the carbonation
rate coefficient of GP mortars regardless of curing temperature of
mortar, and largely delayed the onset of neutralization of heat-cured
GP mortars. The heat-cured geopolymers can benefit more from the
AN surface modification than the ambient-cured geopolymers in the
carbonation resistance improvement.

The AN surface modification improved the carbonation resistance of
FA/BFS blend-based geopolymers more significantly, particularly
when the blending ratio of FA was higher, compared to the geo-
polymers using BFS or FA alone as precursor. The carbonation rate

(a) Non-AN application
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of BFS-based GP mortars.

coefficients of FA/BFS blend-based GPs with the heat-curing and the
ambient curing can be reduced by about 70% and more than 30%,
respectively. The AN surface modification even made the carbon-
ation depth of the FA/BFS blend-based, heat-cured GP mortar un-
detectable within the accelerated carbonation test period (18 weeks,
see Fig.4(a)).

The smaller the liquid-active filler ratio (AS/AF), the larger the
improvement in carbonation resistance caused by the AN surface
modification. However, the influence of the compositions of alkali
activator on the effectiveness of AN surface modification is uncertain
due to the complex factors such as the alkalinity of residual alkali
activator, the reactivity of alkali activator and AN, the denseness of
GP that is affected by the compositions of alkali activator.

The AN surface modification reduced surface cracks and improved
the denseness of surface layer of GP due to the formation of Na-
gmelinite and gismondine in addition to the reduction of dry
shrinkage, which reduced CO5 permeability but did not increase the
strength of GP.

The optimal conditions for AN surface treatment were found to be
40% concentration by mass at 3-day age, with twice surface treat-
ment preferred for ambient-cured geopolymer and once for heat-

Table 8
Comparison of average mole ratios of oxides of BFS/FA blend-based GP mortars
with and without AN treatment.

AN Na Mg Al Si Ca Si0y/ Si0y/
application (%) (%) (%) (%) (%) Al,O03 CaO
Non-AN 2.30 0.84 3.92 13.16  4.68 6.71 2.81
AN 2.75 1.16 3.75 11.07  5.59 5.90 1.98

1 SEM

(b) AN application

Fig. 16. SEM images of FA/BFS blend-based GP mortars.
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Fig. 17. XRD pattern of specimens for FA, BFS, FA/BFS-based GP mortars. [Notes] Q: Quartz, M: Mullite, A: Albite, C: Calcite, G: Gismondine, G,,: Na-gmelinite, S:

Sodium carbonate.

cured geopolymer. And after the surface treatment, it is best to seal
the GP during its continued curing period.

The AN surface treatment method used in this study did not provide a
very high improvement in the carbonation resistance for ambient-cured
GP. Further investigation on treatment method and additive of AN
surface modifier will be conducted. Moreover, from the point of view of
waste utilization, the research on geopolymers using BFS/FA as pre-
cursors has been increasing significantly recently. Therefore, the present
study discussed, as a prioritized step, the effectiveness of AN surface
modification for the geopolymers with BFS, FA as precursor(s). How-
ever, from the improvement mechanisms explained in Sections 3.4 and
3.5, it is highly likely that this approach is also applicable to the geo-
polymers using other kinds of precursor such as metakaolin and a blend
of BFS and other fillers except FA, and can improve other properties of
geopolymers such as frost resistance and chloride permeability. Thus,
we will continue to investigate the effects of using this surface modifi-
cation technique on the durability of various geopolymers in the future.
This study will contribute to the establishment of effective techniques to
ensure the durability of GP for forwarding the practical application of
GP in reinforced concrete.
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