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Abstract: A novel double-sulfate composite early strength agent (DSA) incorporating aluminum
sulfate and sodium sulfate was developed to improve the early strength of Portland cement paste.
The effect of the DSA dosage on the setting and hardening properties, hydration process, hydration
product composition, microstructure, and pore structure of the Portland cement paste was inves-
tigated to reveal its synergistic enhancement mechanism. The results show that the 3 d and 28 d
compressive strengths of the Portland cement paste incorporating with 1.0% aluminum sulfate and
1.5% sodium sulfate performed the best, with a 21.3% and 29.7% increase, respectively, compared
to the control group. The heat of hydration, XRD, TG, SEM, and MIP tests showed that aluminum
sulfate and sodium sulfate acted synergistically, with more AFt (Ettringite) being produced by the
synergistic use of 1.0% aluminum sulfate and 1.5% sodium sulfate. Moreover, the hydration of C3S
and C2S was accelerated, which resulted in a denser microstructure.

Keywords: Portland cement; aluminum sulfate; sodium sulfate; hydration; synergistic enhancement
mechanism

1. Introduction

Nowadays, silicate cement, also known as Portland cement, is an indispensable ma-
terial for the construction industry. With the continuous development of society and the
continuous innovation of infrastructure today, the demand for cement is huge. Yet, to sat-
isfy specific requirements and save time, admixtures are generally required to increase the
early strength of Portland cement [1–5]. For example, Portland cement with water-reducing
and early-strengthening agents is often used when carrying out the projects for precast
elements, construction of paving, grouting, and filling [6], which can significantly speed up
the process of the project. At present, there are three main types of early strength agents
being used: organic salts, inorganic salts, and compounds [7,8]. In addition, some special
materials can also improve the strength of cement paste [9–12]. Of these, inorganic salts
are widely used as their effect on Portland cement is often immediate and obvious [13].
However, the use of an early-strengthening agent containing only one inorganic salt for
cement has certain limitations (for example, the use of aluminum sulfate alone does not
result in a cement that exhibits higher early strength) [14–16], so the study of compos-
ite early-strengthening agents that can better improve the performance of cement is the
primary trend of current research [3,17].

Aluminum sulfate is widely used as an alkali-free early strengthener with low con-
tamination and good stability, and it improves worker safety [18,19]. Research shows
that aluminum sulfate added to cement promotes hydration and hardening [3,20–22].
Chen C et al. [22] supported that aluminum sulfate dissociates aluminum ions and sulfate
ions in the cement paste, which will combine with calcium and hydroxide ions in the
cement to form AFt (Ettringite). The exothermic generation of AFt from the above reactions
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promotes the hydration of C3A and the production of more AFt, resulting in reduced flow
and setting time of the cement paste. Guosheng Ren et al. [21] found that the addition
of aluminum sulfate resulted in the rapid generation of AFt during the initial reaction
period and advanced the hydration of C3S. The high-valent metal ion Al3+ can squeeze
the diffusion bilayer of C–S–H gels, which promotes the agglomeration of C–S–H gels [3].
The early strength agent studied by Yang Renhe et al. [20] can make cement paste set and
strengthen early, the main component of this early strength agent is aluminum sulfate.

The use of sodium sulfate early strengthening agents to modify cement properties
has also been studied [2,13,23–26]. It has been found that when sodium sulfate is added to
cement, the introduced sulfate and the calcium ions in the cement will participate in the
hydration of C3A and promote the production of AFt [23,27]. The combination of sodium
and hydroxide ions leads to an increase in the alkalinity of Portland cement paste, which
increases the solubility of C3A and calcium sulfate and promotes the hydration of C3S [2,13].
However, the soluble salts formed by the sodium ions can dissolve and precipitate, causing
swelling and cracking of the cement [13,28].

In conclusion, the use of a certain amount of aluminum sulfate or sodium sulfate alone
will result in cement exhibiting higher early strengths. However, it is less clear whether
the synergistic use of sodium sulfate and aluminum sulfate will result in cement with
more desirable early strength and compensate for the later strength reversal caused by
the addition of sodium sulfate. In addition, the doping ratios for synergistic use and the
mechanism of action during synergistic use have not been well understood.

To address these issues, this work investigated the effect of different ratios of alu-
minum sulfate and sodium sulfate on the performance of the cement and investigated the
appropriate synergistic balance to achieve a better early strength of the cement, as well
as an excellent overall performance. The synergistic mechanism of aluminum sulfate and
sodium sulfate on the hydration and hardening of the cement was also investigated by the
heat of hydration, XRD, TG, SEM, and MIP.

2. Experimental Materials and Experimental Protocol
2.1. Experimental Materials

In this experiment, the Ordinary Portland cement (OPC) of PO·42.5 was used, the
properties of which meet the standard Chinese GB175-2007 [29], the specific composi-
tion and properties of this cement are shown in Tables 1–3 below. Aluminum sulfate
(Al2(SO4)3·18H2O) and anhydrous sodium sulfate (Na2SO4) are chemically pure reagents,
and the purity is more significant than 99.0%. The water used is laboratory tap water.

Table 1. The physical properties of the Portland cement.

Fineness/%
SSA

(m2/kg) Stability
Setting Time /Min Flexural Strength/MPa Compressive /MPa

Initial Final 3 d 28 d 3 d 28 d

0.8 366 qualified 200 250 6.0 9.5 30.1 50.5

Table 2. The chemical composition (wt%) of the Portland cement.

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O Loss

61.86 23.17 5.37 3.32 2.78 2.36 0.36 0.20 0.13

Table 3. The mineral composition (wt%) of the Portland cement.

C3S C2S C3A C4AF Gypsum Calcite Amorphous

58.68 15.03 9.34 7.80 2.65 3.62 2.88
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2.2. Experimental Protocol
2.2.1. Design Ratios

Table 4 lists the design groups of this experiment. The water to cement ratio in this
experiment was 0.4, and the chemical admixture was sieved through 200 mesh and used.

Table 4. Design ratio.

Groups Al2(SO4)3·18H2O 1/% Na2SO4
1/% Cement/g Water/g

Control - - 500 200
Al0.5% 0.5 - 500 200
Al1.0% 1.0 - 500 200
Al1.5% 1.5 - 500 200
Al2.0% 2.0 - 500 200
Na0.5% - 0.5 500 200
Na1.0% - 1.0 500 200
Na1.5% - 1.5 500 200
Na2.2% - 2.0 500 200

Al1.0% + Na0.5% 1.0 0.5 500 200
Al1.0% + Na1.0% 1.0 1.0 500 200
Al1.0% + Na1.5% 1.0 1.5 500 200
Al1.05 + Na2.0% 1.0 2.0 500 200

1 mixed in as a percentage by mass of cement.

2.2.2. Preparation of Portland Cement Paste

The prepared aluminum sulfate and sodium sulfate was ground to a powder and then
mixed with cement and stirred well. According to the General “Portland Cement” National
Standard (GB175-2007) [29], it takes 15 s to add the mixed cement and water to the mixing
pot, then stirs for 2 min at low speed, then shakes and finally stir for 2 min at high speed.

2.2.3. Test for Setting Time

The Vicar method was used to test the setting time according to the “Test Method for
the Standard Consistency, Setting Time and Settlement of Cement” (GB/T1346-2011) [30].
The setting time was tested separately three times to obtain the average.

2.2.4. Test for Compressive Strength

The prepared paste was molded in a clean 40 × 40 × 40 mm mold and covered with
cling film to prevent water evaporation, then placed in a standard curing room for one day,
after which de-molded and continue curing was conducted. The standard curing room
temperature was 20 ± 2 ◦C and the humidity was ≥95%, in line with the curing conditions.

According to the “Standard for Mechanical Properties of Plain Concrete Test Methods”
(GB50081-2019) [31], compressive strength tests were carried out on 3 d and 28 d specimens,
with each group of specimens measured three times and the average value taken.

2.2.5. Hydration Heat Release

The hydration heat of Portland cement with different admixtures was carried by using
an isothermal conductivity calorimeter (ICC, TAM Air, Newcastle, DE, USA). A sample of
2.5 g of cement mixture according to Table 4 was blended into the calorimetric apparatus
and equilibrated for two hours to exclude heat flow errors after installation. For each group,
the mixture test at 20 ◦C.

2.2.6. XRD Analysis

The specimens that had been soaked in anhydrous ethanol for 24 h were dried in a
vacuum oven at 60 ◦C, then ground into a powder and sieved through 200 mesh. A Smart
lab X-ray diffractometer (CuKα radiation, λ = 1.54056 Å, Rigaku Smart Lab, Tokyo, Japan)
at a scan rate of 10 ◦C/min and an angle of 5–80◦ was used for the XRD analysis.
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2.2.7. TGA Analysis

The TGA tests were started on the dried and ground powder using an HCT-3 micro-
computer differential thermal equilibrium (Rigaku, Tokyo, Japan) with a carry temperature
of 40–900 ◦C and a ramp-up rate of 10 ◦C per minute. Samples from each group of ce-
ment, after curing for 3 days and 28 days, were used for testing. After curing, the main
composition of the medium (AFt, Ca(OH)2 and CaCO3) in the cement paste was analyzed.
According to the study, the mass percentage of AFt produced (mAFt) was calculated based
on the weight loss from dehydration of AFt at 50~150 ◦C (ignoring the loss of other compo-
nents bound to water). The mass percentage of calcium hydroxide produced (mCH) was
calculated from the weight loss when CH was dehydrated at 400~500 ◦C and CaCO3 was
decomposed at 550~900 ◦C [32,33]. The following are the relevant chemical reactions.

3CaO·Al2O3·3CaSO4·32H2O→ 3CaO·Al2O3·3CaSO4 + 32H20 (1)

Ca(OH)2 → CaO + H2O ↑ (2)

CaCO3 → CaO + CO2 ↑ (3)

The following are the content calculations.

mAFt(%) = mH2O ×
MAFt
32MH

(4)

mCH(%) = mH ×
MCH
MH

+ mCC ×
MCC
MCO2

(5)

where, mAFt is the mass fraction percentage of AFt produced, mH20 is the mass fraction
percentage of water loss from crystallization lost by thermal decomposition of the thermal
decomposition of AFt, MAFt is the molar mass fraction of AFt, mH is the mass fraction
percentage of water loss by decomposition of CH, mCC is the mass fraction percentage of
weight loss by decomposition of CaCO3, MH indicates the molar mass of H2O, MCC is the
molar mass of CaCO3 and MCO2 is the molar mass of CO2.

2.2.8. SEM Analysis

According to the sample-making requirements, the middle part of the specimen was
taken separately and sealed in anhydrous ethanol for 24 h to terminate the hydration.
Before starting the SEM experiment, the samples were dried in a vacuum oven at 40 ◦C for
a further 24 h, then the samples were treated for electrical conductivity and tested with a
Merlin Compact SEM scanner (Carl Zeiss NTS GmbH, Oberkohan, Germany).

2.2.9. MIP Analysis

The specimens with ages of 28 d were cut to samples of 10 mm in height and width
and 15 mm in length, then they were sealed in anhydrous ethanol for 24 h to terminate
hydration, and then put into a vacuum drying oven to dry at 40 ◦C for 24 h. The porosity
and pore size distribution of the samples was tested by using the Automatic Pores IV 9500
Mercury Porosimeter (Micromeritics, Atlanta, GA, USA).

3. Results and Discussion
3.1. Effect of the DSA on the Setting Time of Portland Cement Paste

The effect of the DSA on the setting time of Portland cement paste is shown in Figure 1.
It shows that the initial setting time and final setting time decreased continuously with the
increase of aluminum sulfate dosing. Compared to the control group, for each increase of
0.5% aluminum sulfate, the initial setting time decreased by 24.0%, 31.6%, 41.3%, 47.4%,
and the final setting time decreased by 19.6%, 26.4%, 28.4%, 35.2%, respectively. The
effect of sodium sulfate on the initial and final setting times of Portland cement paste
was less pronounced than that of aluminum sulfate; the initial and final setting times
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of Portland cement paste fluctuated upwards and downwards as the amount of sodium
sulfate was increased. Compared to the control group, for each increase of 0.5% sodium
sulfate, the initial setting time of the cement was reduced by −4.6%, 3.6%, 9.2%, 5.6%, and
the final setting time by 4.4%, −2.4%, 0.8%, 8.4%, respectively. When the DSAs were used
in combination, the initial and final setting times of the cement were insignificant when
the amount of sodium sulfate was increased by 0.5% and using 1.0% aluminum sulfate
as a quantification. Compared to the control group, the initial setting time was reduced
by 37.2%, 38.3%, 30.1%, 28.6%, and the final setting time was reduced by 26.8%, 16.0%,
24.4%, 24.0%, respectively, while compared to the Al1.0% group, the initial setting time was
reduced by 8.21%, 9.70%, −2.24%, −4.48%, and the final setting time was reduced by 0.54%,
−14.13%, −2.72%, −3.26%, respectively. In summary, the setting time of the Portland
cement paste decreases as the aluminum sulfate dose increases; in contrast, the effect of
sodium sulfate on the setting time of the Portland cement paste is not significant. When
aluminum sulfate and sodium sulfate were used in combination, it was the aluminum
sulfate that had the main effect on the setting time of the Portland cement paste.

Coatings 2022, 12, 1485  5  of  16 
 

 

and pore size distribution of the samples was tested by using the Automatic Pores IV 9500 

Mercury Porosimeter (Micromeritics, Atlanta, GA, USA). 

3. Results and Discussion 

3.1. Effect of the DSA on the Setting Time of Portland Cement Paste 

The effect of the DSA on the setting time of Portland cement paste is shown in Figure 

1. It shows that the initial setting time and final setting time decreased continuously with 

the increase of aluminum sulfate dosing. Compared to the control group, for each increase 

of 0.5% aluminum sulfate, the initial setting time decreased by 24.0%, 31.6%, 41.3%, 47.4%, 

and the final setting time decreased by 19.6%, 26.4%, 28.4%, 35.2%, respectively. The effect 

of sodium sulfate on the initial and final setting times of Portland cement paste was less 

pronounced than that of aluminum sulfate; the initial and final setting times of Portland 

cement paste fluctuated upwards and downwards as the amount of sodium sulfate was 

increased. Compared to the control group, for each increase of 0.5% sodium sulfate, the 

initial setting time of the cement was reduced by −4.6%, 3.6%, 9.2%, 5.6%, and the final 

setting time by 4.4%, −2.4%, 0.8%, 8.4%, respectively. When the DSAs were used in com‐

bination,  the  initial  and  final  setting  times of  the  cement were  insignificant when  the 

amount of sodium sulfate was increased by 0.5% and using 1.0% aluminum sulfate as a 

quantification. Compared  to  the control group,  the  initial setting  time was reduced by 

37.2%, 38.3%, 30.1%, 28.6%, and the final setting time was reduced by 26.8%, 16.0%, 24.4%, 

24.0%, respectively, while compared to the Al1.0% group, the initial setting time was re‐

duced by 8.21%, 9.70%, −2.24%, −4.48%, and the final setting time was reduced by 0.54%, 

−14.13%, −2.72%, −3.26%, respectively. In summary, the setting time of the Portland ce‐

ment paste decreases as the aluminum sulfate dose increases; in contrast, the effect of so‐

dium sulfate on  the setting  time of  the Portland cement paste  is not significant. When 

aluminum sulfate and sodium sulfate were used  in combination,  it was  the aluminum 

sulfate that had the main effect on the setting time of the Portland cement paste. 

 

Figure 1. Effect of different amounts of the DSA on setting time of Portland cement paste. 

3.2. Effect of the DSA on the Compressive Strength of Portland Cement Paste 

The compressive strengths of the Portland cement paste at 3 d and 28 d for different 

doses of the DSA are shown in Figure 2. It was observed that the compressive strength of 

Portland cement paste at 3 d and 28 d increased first and then decreased with increasing 

admixture levels, whether aluminum sulfate or sodium sulfate was used alone or in com‐

bination with aluminum sulfate and sodium sulfate. Compared to the control group, for 

each  0.5%  increase  in  aluminum  sulfate,  the  compressive  strength of Portland  cement 

paste at 3 d was enhanced by 1.8%, 7.2%, 6.0%, 4.8%, and the compressive strength at 28 

d by 7.9%, 22.4%, 19.4%, −4.4%, respectively. The best early strength was achieved at 1.0% 

Figure 1. Effect of different amounts of the DSA on setting time of Portland cement paste.

3.2. Effect of the DSA on the Compressive Strength of Portland Cement Paste

The compressive strengths of the Portland cement paste at 3 d and 28 d for different
doses of the DSA are shown in Figure 2. It was observed that the compressive strength of
Portland cement paste at 3 d and 28 d increased first and then decreased with increasing
admixture levels, whether aluminum sulfate or sodium sulfate was used alone or in
combination with aluminum sulfate and sodium sulfate. Compared to the control group,
for each 0.5% increase in aluminum sulfate, the compressive strength of Portland cement
paste at 3 d was enhanced by 1.8%, 7.2%, 6.0%, 4.8%, and the compressive strength at 28 d
by 7.9%, 22.4%, 19.4%, −4.4%, respectively. The best early strength was achieved at 1.0%
of aluminum sulfate and no inversion of strength occurred at a later stage. Compared
to the control group, for each 0.5% increase in sodium sulfate, the compressive strength
of Portland cement paste at 3 d was increased by 9.6%, 10.2%, 10.5%, 0.0%, and the
compressive strength at 28 d was increased by 6.7%, 7.9%, 20.6%, −14.9% for each 0.5%
increase in sodium sulfate. Although the compressive strengths of the Na1.0% and Na1.5%
groups at 3 d were almost the same, the compressive strength of the Na1.5% group at 28 d
was much greater than that of the Na1.0% group, so the 1.5% sodium sulfate admixture
had the best effect in improving the compressive strength of the cement. The results show
that 1.0% aluminum sulfate and 1.5% sodium sulfate have the greatest influence on the
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compressive strength of Portland cement paste, the strength at 3 d was enhanced by 13.2%
and 10.1% over the Al1.0% and Na1.5% groups, respectively, and the strength at 28 d
was enhanced by 29.7%, 5.9% and 7.5% over the control, Al1.0%, and Na1.5% groups,
respectively, with no decrease in compressive strength compared to the blank group.
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3.3. Early Hydration Heat Evolution of Portland Cement Paste

The hydration exothermic rates and accumulative hydration heats of Portland ce-
ment paste for the control, Al1.0%, Na1.5%, and Al1.0% + Na1.5% groups are shown in
Figure 3a,b. The early hydration of Portland cement was divided into five main periods,
as shown in Figure 3a,b for I, II, III, IV and V, which indicated the initial reaction pe-
riod (0–0.8 h), the induction period (0.8–3.6 h), the acceleration period (3.6–12.5 h), the
deceleration period (12.5–30 h), and the stabilization period (>30 h), respectively [21,33,34].
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As shown in Figure 3a, during the induction period, compared to the control group, the
Al1.0% group accelerated hydration and increased the maximum rate of hydration during
the induction period, while the Na1.5% group also promoted hydration at the beginning
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of the induction period and brought the peak earlier, but reduced the maximum rate of
hydration during the induction period. The Al1.0% + Na1.5% group greatly facilitated the
hydration of the cement during the induction period, with the highest hydration rate during
the induction period being approximately twice that of the control group. According to
previous studies, the hydration of C3A to produce AFt and the reaction of aluminum sulfate
and calcium hydroxide to produce AFt mainly take place during the induction period [35],
therefore, it is believed that the Al1.0% + Na1.5% group greatly promoted the hydration of
the cement during the induction period, with a large amount of AFt being produced. The
hydration of C3S occurred mainly during the acceleration, deceleration, and stabilization
periods [21]. It was observed that the Al1.0% + Na1.5% group caused the maximum
hydration rate to occur earlier, thus promoting the hydration of C3S during the acceleration
period and that there was also a very weak promotion of C3S hydration after 30 h.

According to Figure 3b, the cumulative hydration exotherm of the Al1.0% + Na1.5%
group was higher than the other groups until about 20 h, and the cumulative hydration
exotherm was smaller than that of the control group after 20 h hours. According to previous
studies, the main factor affecting the rate of hydration of cement during the deceleration
and stabilization phases is the diffusion rate [23], so the main reason for this phenomenon
in the Al1.0% + Na1.5% group may be that the cement had formed a denser structure at
this point compared to control, weakening the diffusion rate.

3.4. Hydration Products Analysis
3.4.1. XRD Analysis

As shown in Figure 4, XRD analysis of specimens at 3 d and 28 d for the Al1.0%, Na1.5%
and Al1.0% + Na1.5% groups revealed that the main hydration products of Portland cement
paste contained AFt, AFm (monosulfate), Ca (OH)2, C–S–H, and un-hydrated products,
such as C3S, C2S, C4AF, and CaCO3 that had been carbonated.

As shown in Figure 4a,b, with 3 d of hydration, the height of the AFt diffraction peak
in the Al1.0% + Na1.5% group was slightly higher than the Al1.0% group, and much higher
than the Na1.5% group and control group, indicating that the Al1.0% + Na1.5% group
promoted the production of more AFt. Furthermore, looking at the calcium hydroxide
diffraction peaks (2θ ≈ 18◦), it is clear that their peak heights were in descending order
for the Al1.0% + Na1.5% group, the Na1.5% group, the Al1.0% group and the control
group. This indicates that the Al1.0% + Na1.5% group at 3d had the least amount of
calcium hydroxide, which corresponds to the production of more AFt consuming more
calcium ions. Although the control group had the lowest calcium hydroxide diffraction
peak (2θ≈35◦) compared to the other groups, it had the strongest and highest calcium
carbonate diffraction peak, probably due to the lower density of the control group, which
absorbed more carbon dioxide and produced more calcium carbonate. The generated
AFt is cross-linked to form the early skeleton in the hydration of Portland cement paste,
which is filled with generated C–S–H, CaCO3, etc. Then the generation of more AFt leads
to a denser microstructure, which exhibits higher strength, and which confirms why the
Al1.0% + Na1.5% group has a higher 3 d early strength.

According to Figure 4c,d, with 28 d of hydration, the AFt diffraction peaks of the
Al1.0% + Na1.5% group are not very different from those of the Al1.0%, Na1.5% and
control groups, but the AFm diffraction peaks are more pronounced than those of the other
groups, which indicates that some of the AFt generated in the Al1.0% + Na1.5% group
was converted to AFm. Comparing the diffraction peaks of calcium hydroxide (2θ ≈ 18◦,
2θ ≈ 35◦) it is clear that the peak height of the Al1.0% + Na1.5% group was weaker while
observing that the diffraction peaks of C3S and C2S were smaller for the Al1.0% + Na1.5%
group than for the other three groups, which indicates that the synergistic use of 1.0%
aluminum sulfate and 1.5% sodium sulfate promotes the hydration of Portland cement
paste to a greater extent.
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3.4.2. TG-DTG Analysis

To further analyze the hydration products composition of Portland cement paste,
Figure 5a,b shows the TG-DTG curves of Portland cement paste at 3 d and 28 d. In the
thermogravimetric analysis diagram of Portland cement paste, there are three main stages
of heat absorption peaks, the first of which is subdivided into two subsections, heat loss
from loss of bound water at 80–150 ◦C for AFt, heat loss from loss of bound water at
150–200 ◦C for AFm, heat loss from thermal decomposition of Ca(OH)2 to CaO and water
vapor at 370–480 ◦C, and heat loss from thermal decomposition of CaCO3 to CaO and CO2
at 490–800 ◦C [36–38].

According to Figure 5, the amount of AFt and CH produced can be calculated and
shown in Table 5. Figure 5a and Table 5 shows that the amount of AFt generated in the
Al1.0% group was more significant than that in the control group. While observing the
DTG curves, it can found that the Al1.0% group had a larger peak at 150–200 ◦C and
produced less CH than the control group, which indicates that the 1.0% of aluminum
sulfate consumed some of the calcium ions and promoted the production of AFt, the
reduction of CH and the hydration of C3S, which in turn led to an increase in the early
strength of Portland cement paste, as also proved by Liu et al. [3,21]. The AFt produced in
the Na1.5% group was not significantly different compared to the control group, but the



Coatings 2022, 12, 1485 9 of 16

peak at 150–200 ◦C was slightly larger in the Na1.5% group than that in the control group,
and the amount of CH produced in the Na1.5% group was much lower than in the control
group, indicating that 1.0% of sodium sulfate promoted the hydration of C3A and C3S and
improved the early strength of Portland cement paste, which is consistent with the studies
of Mei et al. [23,33,39]. The Al1.0% + Na1.5% group had the highest AFt production. At
the same time, a larger peak at 150–200 ◦C was observed in the DTG curve, which was
due to a lower ratio of calcium sulfate to aluminate to promote conversion from more
AFt into AFm [40–42]. as Additionally, there was a lower mass of CH production, which
demonstrates that 1.0% of aluminum sulfate and 1.5% of sodium sulfate were synergistic,
promoting more AFt generation, and better hydration of C3A and C3S, resulting in a tighter
early structure and higher early strength at 3 d.
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Figure 5. TG-DTG curves of Portland cement paste at (a) 3 d and (b) 28 d with different admixture.

Table 5. The amount of AFt and CH produced at 3 d by calculating the mass loss of Portland cement paste.

No. mAFt/% mH/% mCC/% mCH/%

Control 10.27 2.37 4.85 16.28
Al1.0% 10.81 2.02 4.86 15.53
Na1.5% 10.21 2.02 5.14 16.17

Al1.0% + Na1.5% 11.33 1.84 5.18 15.85

Figure 5b and Table 6 show that the CH production of the Al1.0% group was almost
the same as that of the control, which indicated that 1.0% of aluminum sulfate promoted
the hydration of C3S. Brykov et al. [43] attributed the promotion of C3S hydration by
aluminum sulfate at a later stage to the compressive effect of Al3+ on the C–S–H layer,
which promotes C–S–H aggregation. Higher CH production in the later stages caused more
CH to be carbonated. He et al. also demonstrated that the CaCO3 generated by carbonation
filling the Portland cement paste pores could stabilize the Portland cement paste [44–46].
The Na1.5% group generated less CH than the control group. The phenomenon that the
1.5% of sodium sulfate promoted the hydration of C3S, as shown by the heat of hydration
and XRD analysis, as well as the increased compressive strength of the 28 d Na1.5%
group, is thought to be the result of the addition of 1.5% of sodium sulfate promoting the
generation of sodium hydroxide. The reduction of CH, along with the generation of sodium
hydroxide enhances the solubility of C3S, C2S, which together promote the hydration of
C3S, C2S [2,13,47]. According to Le Chatelier’s principle [48,49], the CH production in the
Al1.0% + Na1.5% group was less than the control and Al1.0% groups, but more than the
Na1.5% group, so 1.0% of aluminum sulfate and 1.5% of sodium sulfate synergistically
promote the hydration of late cement. Ratios of 1.0% of aluminum sulfate and 1.5% of
sodium sulfate synergistically contribute more to the hydration of C3S and C2S in the later
stages of Portland cement paste. Wang et al. [50] concluded that the development of late
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strength in cement was mainly related to the C–S–H generated by the hydration of C3S
and C2S in cement. More C–S–H filling in the Portland cement paste aggregate leads to a
denser structure and higher strength, which confirms that 1.0% of aluminum sulfate and
1.5% of sodium sulfate synergistically promote the hydration of C3S and C2S, with the best
compressive strength performance at 28 d.

Table 6. The amount of AFt and CH produced at 28 d by calculating the mass loss of Portland
cement paste.

No. mAFt/% mH/% mCC/% mCH/%

Control 18.96 3.33 3.89 16.24
Al1.0% 10.93 1.90 5.32 16.30
Na1.5% 17.45 2.22 4.44 15.02

Al1.0% + Na1.5% 11.15 1.75 5.31 15.95

3.5. Microstructure Observation

The SEM images (Figure 6a–h) of the 3 d Na1.5% group showed that a large amount
of C–S–H was generated and covered the cement particles. At the same time, some CH
and CaCO3 were also filled in the cement skeleton, resulting in denser microstructure and
better compressive strength than the control group at 3 d. As for the 3 d Al1.0% group,
it clearly shows a large amount of AFt being densely interacted together, which makes
the cement paste denser than the 3-d control group and has higher compressive strength.
Observing the SEM of the Al1.0% + Na1.5% group reveals that there is dense AFt being
intercalated, the amount of AFt is denser than that of the Al1.0% group and much denser
than that of the control group. Moreover, it can see that more C–S–H was generated to be
filled in compared to the other groups, which resulted in a denser structure and showed the
desired early strength. These are consistent with the results of XRD and TG-DTG analyses
that more AFt can be formed and the hydration of C3S was also accelerated to make the
Portland cement paste more compact.

Observation of the scanning electron microscopy pattern clearly shows that the Port-
land cement paste at 28 d was more fully hydrated than the Portland cement paste at 3 d.
Although the Na1.5% group at 28 d also appears to have a dense structure, the structure is
accompanied by large cracks, which affect the compressive strength of Portland cement
paste. Cracking in the cement of the Na1.5% group at 28 d is thought to be initiated by
water loss and re-crystallization of soluble sodium salts [13,28,51,52]. According to the
observation of the mapping of the Al1.0% group at 28 d, it shows that the structure of this
group was denser than that of the 28-d control group. According to the observation of the
SEM pattern of the 28 d Al1.0% + Na1.5% group, it can be found that a large amount of
C–S–H is filled in the cement paste. There were almost no large cracks on the surface of the
28 d Al1.0% + Na1.5% group compared to the 28-d control group, the 28 d Al1.0% group
and the 28 d Na1.5% group. At the same time, there were some small particles embedded
in the C–S–H, which would explain that structure of the 28 d Al1.0% + Na1.5% group was
the densest; this phenomenon is better demonstrated in the chapter on the pore structure.

3.6. Pore Structure Evolution

The properties of an already hardened cement paste are related to the pore structure in
addition to the already hydrated products and the anhydrate particles. The characterization
of the pore structure involves porosity, pore size distribution, and pore size. The pore size
in cementitious composites are classified into four categories according to the hazard posed
by the size of the pores: no harmful pore size (<20 nm), less harmful pores (20–50 nm),
harmful pores (50–200 nm), and more harmful pores (>200 nm) [53,54]. Relevant MIP test
data are summarized in Table 7.
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Table 7. Porosity and pore size distribution of paste with different admixture.

Groups Average Pore Size (µm) Porosity (%)
Proportion of Pore Size (%)

≤20 nm 20~50 nm 50~200 nm ≥200 nm

Control 0.03444 50.1 16.0 24.7 54.5 3.1

Al1.0% 0.03183 61.4 19.0 22.1 53.4 5.5

Na1.5% 0.03198 48.2 16.8 27.8 53.3 2.3

Al1.0% +
Na1.5% 0.01736 36.1 45.7 36.3 11.9 5.8

According to Table 7, the Al1.0% + Na1.5%, Al1.0% and Na1.5% groups all re-
duced the average pore size of Portland cement paste compared to the control group,
but the Al1.0% + Na1.5% group was the more effective. The average pore size for the
Al1.0%+ Na1.5% group was 0.01736 µm, a reduction of 49.6% compared to the control
group, while the Al1.0% and Na1.5% groups showed a decrease of 7.5% and 7.0%, respec-
tively. Furthermore, according to Table 7, the Portland cement paste porosity was reduced
in the Al1.0% + Na1.5% and Na1.5% groups compared to the control group. The total
porosity of the Al1.0% + Na1.5% group was the smallest, with a 27.9% reduction compared
to the control group. Initially, regarding the Al1.0% + Na1.5% group, no harm and less
harmful pores accounted for 45.7% and 36.6% of the total porosity, respectively, while
no harm and less harmful pores in the Na1.5% group accounted for 16.8% and 27.8% of
the total porosity, respectively. Regarding the Al1.0% group, although the total porosity
was higher than that of the control group, no harm and less harmful pores accounted for
19.0% and 22.1% of the total porosity, respectively, which was a higher percentage than the
control group. Meanwhile according to Figure 7a,b, 1.0% aluminum sulfate and 1.5% of
sodium sulfate affected the porosity and pore size distribution of Portland cement paste in
varying degrees, which increases the compressive strength of Portland cement paste. The
simultaneous use of 1.0% aluminum sulfate and 1.5% of sodium sulfate has a synergistic
effect on the denseness of Portland cement paste, not only reducing the porosity but also
decreasing the proportion of harmful and porous pores, which is one of the main reasons
for the higher compressive strength at 28 d of the Al1.0% + Na1.5% group [55].
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3.7. Discussion

Combined with previous studies and the macroscopic and microscopic test analysis of
this experiment, we can infer that aluminum sulfate can promote the formation of AFt from
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C3A in cement paste, and the introduced Al3+ can react with Ca2+, (OH)−, SO4
2− and water

to form AFt. A large amount of AFt produced will crosslink to form the early skeleton
of Portland cement paste. Compared to the control group, the considerable reduction of
Ca2+ and (OH)− will rapidly promote the hydration of C3S, then be weakened by the rapid
decrease in C3S, when again promote the hydration of C3S and C2S at after 48 h due to the
compression of the C–S–H layer by Al3+ [3,20,21,43].

3CaO·SiO2 + nH2O→ xCaO·SiO2·yH2O + (3 − x)Ca(OH)2 + (n − 3 + x − y)H2O (6)

Al2(SO4)3 + 3Ca(OH)2 + 2H2O→ 3CaSO4·2H2O + 2Al(OH)3↓ (7)

3CaO·Al2O3·6H2O + 3(CaSO4·2H2O) + 6H2O→ 3CaO·Al2O3·3CaSO4·32H2O (8)

2[Al(OH)4]−+ 6Ca2+ + 4OH− + 3SO4
2− + 26H2O→ 3CaO·Al2O3·3CaSO4·32H2O (9)

The addition of sodium sulfate to cement produces CaSO4·2H2O, which promotes
the hydration of C3A to form AFt, the free Na+ will combine with OH− to form NaOH,
which will increase the solubility of Ca2+ and promote the hydration of C3S to form
C–S–H [23,27,33]. However, soluble sodium salts in silicate cement paste will lose water
and recrystallize in the later stage, which leads to swelling and cracking of Portland cement
paste and affects its strength [28,51].

3CaO·SiO2 + nH2O→ xCaO·SiO2·yH2O + (3 − x)Ca(OH)2 + (n − 3+x − y)H2O (10)

Na2SO4 + 3Ca(OH2) + 2H2O→ 3CaSO4·2H2O + 2NaOH (11)

3CaO·Al2O3·6H2O + 3(CaSO4·2H2O) + 6H2O→ 3CaO·Al2O3·3CaSO4·32H2O (12)

when aluminum sulfate and sodium sulfate are used synergistically, the introduced SO4
2−,

Al3+ and Na+ work together to promote the generation of more AFt. The rapid reduction
of Ca2+ and (OH)− in the Portland cement paste, the increased solubility of C3S and C2S by
the generated NaOH, and the fast aggregation of C–S–H layers by the compression of Al3+,
all work together to promote the hydration of C3S and C2S in the Portland cement paste.
According to Section 2.2.9, the Al1.0% + Na1.5% group had a smaller average pore size,
and fewer harmful pores. The reason for this phenomenon is that more AFt cross-linking
occurring early on makes the cement paste denser, and more hydration products such as
C–S–H fill it. At the same time, Al3+ ions compress C–S–H, which reduces the porosity
of the cement paste, reduces the average pore size, and makes the cement paste more
compact, showing higher early compressive strength. Then, in the later stages there is still
hydration of C2S, which produces a continuous squeeze of C–S–H and makes the cement
paste more compact.

4. Conclusions

In this work, different doses of aluminum sulfate and sodium sulfate, and the syn-
ergistic use of different doses of the DSAs as early strengthening agents were used to
improve the performance of Portland cement paste. The setting and hardening properties
of Portland cement paste were investigated with different admixtures and dosing ratios,
the microstructure and hydration product composition of products were also analyzed
separately. Finally, the mechanism of action when used singly and in combination was
discussed. The results and discussion are summarized as follows.

(1) The early compressive strength of Portland cement paste at 3 d was significantly
increased when using 1.0% of aluminum sulfate and 1.5% of sodium sulfate in com-
bination, and the compressive strength at 28 d was also the best. The compressive
strength at 3 d and 28 d were 40.4 MPa and 64.2 MPa, respectively, increasing 21.3%
and 29.7% over the control group, 13.2% and 5.9% over the Al1.0% group, and 10.1%
and 7.5% over Na1.5%, respectively.
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(2) Compared to the control group, the use of aluminum sulfate promoted the hydration
of C3A, the reaction of Al3+, Ca2+, and (OH)− ions promoted the production of more
AFt, while the reduction of Ca2+ and (OH)− ions rapidly promoted the hydration of
C3S. The addition of sodium sulfate promoted the generation of a certain amount of
CaSO4·H2O, thus facilitating the hydration of C3A to produce AFt, and the presence
of Na+ and (OH)− ions combined to promote the solubility of C3S in the paste.
When aluminum sulfate and sodium sulfate were used together, they synergistically
promoted the hydration of C3A to produce AFt, facilitating the production of more
AFt and the hydration of C3S and C2S to produce more C–S–H.

(3) The synergistic use of 1.0% of aluminum sulfate and 1.5% of sodium sulfate resulted
in the generation of more AFt in the Portland cement paste, which was cross-linked
together to form the early skeleton of Portland cement paste base, and the products
generated such as C–S–H, CaCO3 and CaSO4·H2O were filled in. Compared to
the control group, the Al1.0% group, and the Na1.5% group, the Al1.0% + Na1.5%
group resulted in a denser structure with reduced porosity, fewer harmful pores and
more harmless pores, which allowed the Portland cement paste to exhibit a higher
compressive strength.
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