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Abstract The effects of super absorbent polymer (SAP) on

the early hydration evolution of Portland cement within

72 h were investigated by isothermal calorimetry, thermal

analysis and X-ray diffraction analysis. The results show

that the SAP definitely affects the early hydration process

of Portland cement, increases the hydration heat evolution

rate during the acceleration period and during the main

exothermic peak, promotes the earlier appearance of the

main exothermic peak, but does not affect the lengths of

the initial reaction period and the induction period and the

onset of the acceleration period. The SAP can accelerate

cement hydration to increase the hydration degree within

72 h. But the dosage variation of SAP has minor influence

on the hydration heat evolution and hydration degree. The

SAP enhances the formation of Ca(OH)2 after 12 h to keep

higher content than that in the reference paste. The SAP

does not affect the maximum content of ettringite, but

delays the conversion of ettringite to monosulphate to

remain ettringite content higher at later hydration time.

Besides, no new phases are found to have formed in cement

paste with SAP.
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Introduction

Due to their quick absorption and slow desorption of water

in cement matrix, super absorbent polymers (SAPs) have

been used in cement-based materials such as high-perfor-

mance concrete as internal curing agent to improve the

properties. It has been found that SAP can reduce the

plastic shrinkage [1, 2], autogenous shrinkage [3–6] and

drying shrinkage [5, 7] and increase the sulfate resistance

[8] and carbonation resistance [9]. Literature [9–11]

reported that SAP may only have a negative effect on the

compressive strength at early ages, while literature [12]

found that up to one year, the compressive strength of

ultra-high-performance concrete with SAP is still lower

than that of the reference concrete without SAP. Also, SAP

greatly affects the properties of fresh cement matrix. SAP

can increase the yield stress and plastic viscosity to influ-

ence the rheological behavior of fresh cement matrix

[13, 14].

The mechanisms of SAPs on properties of cement

matrix have been reported from different aspects. Some

literature [15–17] demonstrate that SAPs can successfully

improve the microstructure of cement matrix due to

internal curing, thereby improving the strength and dura-

bility. But due to the great volume reduction in SAP par-

ticles as the water is released from swollen SAPs into

cement matrix, macro-voids can form in cement matrix

with SAPs and additional water to increase the total

porosity [5, 18], whereas the total porosity of cement

matrix with SAPs and without additional water is lower

[18]. It was also reported that the water release continues to

improve the hydration of cement so that the porosity is

decreased at late ages [19]. Literature [20] reported that

cement matrix with SAPs and without additional water

shows a slight decrease in porosity in the micro- and meso-
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pore range, and no significant change of porosity in the

micro-pore range.

The hydration behavior of cement matrix with SAPs has

also been studied by many researchers. Literature [11]

reported that the hydration degree of cement paste with

SAPs shows a slight decrease compared to that of the

reference paste up to 28 days. Literature [14] demonstrated

that SAPs can improve the cement hydration to promote

the strength and durability. Literature [21] found that the

release of water from SAP particles into cement matrix

starts by the time of the acceleration period and is finalized

one or two days of hydration, depending on the SAP par-

ticle size. Literature [22] reported that the hydration degree

depends only on the overall amount of water presented in

Portland cement matrix with SAP, but did not report in

detail on the first few hours of cement hydration. By using

isothermal calorimeter, Justs et al. [23] found that SAP can

increase the hydration degree at later hydration time in a

manner similar to increasing the water-to-binder ratio, but

delays the main calorimetric hydration peak, resulting in a

slight delay and a diminished extent of cement hydration

within the first 30 h, while the cumulative hydration heat

and the ultimate hydration degree increase because of the

release of water from SAP [23, 24].

SAP can be added to cement-based materials for many

different reasons, so it is of essential importance that the

basic knowledge of this new compound on the develop-

ment of cement hydration is well understood. However, the

literature presented above shows the contradictions in the

effects of SAP on cement hydration. And few studies in the

literature have reported the effects of SAP on cement

hydrates evolution, especially at the early hydration time.

Therefore, the main focus of this paper is to understand the

early hydration of Portland cement in the presence of super

absorbent polymer (SAP), an important task from the

application of SAPs in cement matrix point of view. The

mechanism of SAP on the early cement hydration without

additional water is discussed from the point of the hydra-

tion heat evolution, hydration degree and hydrates evolu-

tion. Isothermal calorimetry, thermal analysis (TG-DSC)

and X-ray diffraction (XRD) are used in this investigation.

Experimental

Materials

A Portland cement type P.II 52.5R (according to Chinese

standard GB 175), deionized water and a commercial super

absorbent polymer (SAP) were used. The physical prop-

erties, chemical and phase compositions of Portland

cement are shown in Tables 1 and 2, respectively. The SAP

is a copolymer of acrylamide and sodium acrylate with

water absorption capacity of 130 g g-1, bulk density of

700 g cm-3 and particle size smaller than 160 lm.

Preparation of samples

The mass ratio of water to cement (mw/mc) of all cement

pastes was kept constant as 0.50. The mass ratios of SAP to

cement (msap/mc) were 0, 0.2, 0.4, 0.6 and 1.0%. And the

cement paste with no SAP was set as the reference paste.

No additional water was added in cement pastes with SAP.

Specimens to be tested were prepared by mixing SAP

particles with cement firstly and then adding water. Spec-

imens for TG-DSC and XRD tests were cured under the

conditions of 20 ± 2 �C and 65 ± 5% RH.

To perform TG-DSC and XRD analyses, samples were

taken at a depth of more than 1 mm from the surfaces of

specimens, broken into pieces, manually ground to pow-

ders under 45 lm and then washed with acetone and dried

in a vacuum oven under 40 �C to stop further hydration.

Test methods

An isothermal calorimeter (TAM AIR C80, Thermometric,

Sweden) was used to measure the hydration heat evolution

of cement pastes. The experimental temperature was kept

at 20 ± 0.1 �C. All materials were kept at 20 ± 1 �C for

24 h before mixing, and then, water was injected into the

reaction vessels and samples were stirred in the calorimeter

for several minutes. This procedure allowed monitoring the

heat evolution from the very beginning. Data logging

continued for 72 h with one datum per minute.

Thermal analyses were performed with a NETZSCH

STA 449 C instrument. The TG-DSC curves were recorded

in the range of 30–1000 �C, with a heating rate of

10 K min-1, using Pt crucibles, a-Al2O3 as reference

material, sample mass 25 mg approximately, in nitrogen

atmosphere with a flowing rate of 100 mL min-1.

XRD analyses were carried out with a graphite-

monochromatized Cu Ka radiation generated at 40 kV and

200 mA in a Rigaku D/Max 2550 X-ray diffractometer.

The step scanning was conducted with the step length 0.02�
and the dwell time 4 s for each step. The integrate areas of

ettringite and Ca(OH)2 were calculated using the software

of MDI Jade 6.0 with the function of ‘‘profile fitting.’’

Results and discussion

Isothermal calorimetry

The hydration heat evolution rate curves of cement pastes

are shown in Fig. 1. The SAP does not change the typical

profile of these hydration heat evolution curves since their
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shapes are very similar for all cement pastes. The initial

reaction period and the induction period of all cement

pastes last for approximately 1 and 2 h, respectively. And

the hydration heat evolution rate of cement paste with SAP

is a little higher than that of the reference paste during the

induction period (Fig. 1a). Furthermore, the points in time

of the minimum rates for all cement pastes are almost the

same (at about 2.5 h), indicating the same transition time

from the induction period to the acceleration period of

cement pastes with and without SAP. Literature [23, 25]

reported that SAPs can delay the transition from the

induction period to the acceleration period due to the water

release, since an increase in the ratio of water to cement

(mw/mc) is known to delay the transition from the induction

period to the acceleration period [26]. Accordingly, it may

be concluded that the SAP does not substantially affect the

lengths of these two periods and the onset of the acceler-

ation period, and no water is released by the swollen SAP

particles at the stage.

During the acceleration period, the hydration heat

evolution rate of cement paste with SAP is higher than

that of the reference paste, with the minor influence of the

SAP dosage variation (Fig. 1b), indicating the improve-

ment of SAP on the hydration heat evolution rate during

the acceleration period, which is in agreement with the

results in the literature [23]. As it known that a decrease of

mw/mc leads to the increase in the hydration heat evolution

rate during the acceleration period due to higher concen-

tration of alkalis in the pore solution [23, 26–28]. The

soluble alkalis in cement paste can lead to a rapid pH rise

that is known to accelerate cement hydration. This accel-

eration is directly dependent on the alkali concentration,

which is dependent on mw/mc. In this study, the total

mw/mc of cement pastes are kept constant as 0.50, while

with excellent water absorption ability, the SAP particles

absorb some water to decrease the actually effective

mw/mc in cement pastes. Accordingly, by decreasing the

effective mw/mc the initial pore solution becomes thick

with respect to alkali and hydroxide ions, and this subse-

quently provides more acceleration of cement hydration

during the acceleration period of cement pastes with SAP.

Therefore, it can be concluded that the SAP still does not

release the stored water into cement paste during the

acceleration period.

Table 1 Physical properties of P.II 52.5R Portland cement

Specific

density/g cm-3
Blaine specific

surface area/m2 kg-1
Setting time/min Compressive strength/MPa Flexural strength/MPa

Initial Final 3 days 28 days 3 days 28 days

3.20 380 150 210 29.7 59.6 6.0 8.6

Table 2 Chemical compositions and mineralogical constituents of P.II 52.5R Portland cement

Chemical compositions/mass% Mineralogical constituents/mass%

SiO2 CaO Al2O3 Fe2O3 SO3 MgO K2O Na2O free-CaO C3S C2S C3A C4AF

22.8 65.2 4.99 3.22 2.22 1.14 0.66 0.21 0.20 54.0 24.6 7.8 9.8
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Compared to that of the reference paste, the main

exothermic peaks of cement pastes with SAP appear earlier

and higher. And the main exothermic peaks appear earlier

with the SAP dosage increasing from 0 to 1.0% (Fig. 1b).

The SAP increases the main exothermic peak value, but its

dosage variation does not substantially affect it. Literature

[12, 23] demonstrated that compared to the reference paste,

the main exothermic peaks of cement pastes with SAP also

occur earlier at low mw/mc, but the heights of the main

peaks are lower. While Schroefl et al. [25] believed no

pronounced effect of SAPs on the appearance of the main

exothermic peak. In general, the height of the main

exothermic peak increases with mw/mc. And the water

release by SAP particles can keep a high internal relative

humidity in cement paste to promote the hydration of

cement [29, 30]. So it can be concluded that the SAP just

has begun to release stored water to cement paste at the end

of the acceleration period to improve the cement hydration,

and accordingly to increase the height of the main

exothermic peak. For cement pastes with low mw/mc of

0.25–0.42, the water will be released from SAPs by the

start of the acceleration period and even earlier in the

middle of the induction period [21, 23, 25]. Instead, in this

study the SAP releases water into cement paste later up to

the end of the acceleration period at a higher mw/mc of

0.50. One possible reason is that the higher mw/mc hinders

the release of stored water from SAP particles. Another

possible reason is that the SAP used in this study has much

better water absorption and retention ability to store water

in its swollen particles.

The SAP also affects the hydration heat evolution rate of

the deceleration period. During the early deceleration

period from about 17–25 h, the heat evolution rates of

cement pastes with SAP are slightly lower than that of the

reference paste and decrease with the SAP dosage

increasing (Fig. 1b), while during the later deceleration

period and the stable period the heat evolution rate nearly

equals to that of the reference paste (Fig. 1b), which is

similar to the conclusions of literature [12, 23, 25]. The

SAP slightly decreases the heat evolution rate during the

early deceleration period, but has negligible influence on

the heat evolution rates during the later deceleration period

and the stable period. According to cement hydration the-

ories [26, 31, 32], during the deceleration and stable peri-

ods, the cement hydration is controlled by ions diffusion

rate, which increases with the dissipation of liquid phases

in cement paste, and ettringites also tend to transform to

monosulfates. So the decrease in heat evolution rate of

cement paste with SAP during the early deceleration period

may be attributed to the decrease in ions diffusion rates

with the increase in liquid phases due to the water release

by SAP. And the water release fades with hydration time

prolongation.

The cumulative hydration heat amounts of cement

pastes are shown in Fig. 2. The hydration degrees, calcu-

lated as the ratios of the cumulative hydration heat to the

theoretic hydration heat of the completely hydrated Port-

land cement, are shown in Fig. 3. The theoretic hydration

heat of the completely hydrated Portland cement is calcu-

lated as 468.5 J g-1 according to literature [33].

Within 6 h of hydration, the hydration heat and hydra-

tion degree of cement pastes are similar, indicating the

negligible influence of SAP on the very early hydration.

From 6 to 72 h of hydration, the hydration heat and

hydration degree of cement pastes with different SAP

dosages are similar but are higher than that of the reference

paste, indicating the promotion of the SAP on cement

hydration after 6 h, with negligible influence of its dosage

variation. Therefore, it can be concluded that the SAP can

accelerate the cement hydration and increase the hydration

degree of cement paste within 72 h of hydration, but its

dosage variation has minor effect. Higher hydration degree

can partially help compensating for the initial porosity and

the strength loss at later ages. Instead, Literature [12, 23]

demonstrated that at low mw/mc of 0.18–0.30, the hydration

degrees are about the same for all cement pastes with and

without SAP after 24 h of hydration.

Thermal analysis

The DSC curves of cement pastes at different hydration

time are presented in Fig. 4. The calculated contents of

Ca(OH)2 in cement pastes are presented in Fig. 5. At 3 and

6 h of hydration, there are four endothermic reactions

appearing on the DSC curves of the reference paste and

cement paste with 0.4% SAP. The endothermic reactions at

about 80 and 120 �C correspond to the free water and the

water removal from CSH gels [34], from gypsum, from

calcium alumino silicate hydrates [35], and from calcium

alumino hydrates, ettringite and sulphoaluminates [36].

The small endothermic reaction at 390–440 �C corresponds
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to the Ca(OH)2 decomposition (Fig. 4), indicating the

formation of Ca(OH)2 in the reference paste and in cement

paste with 0.4% SAP. And the content of Ca(OH)2 in the

reference paste is almost equal to that in cement paste with

0.4% SAP (Fig. 5). The SAP does not affect the formation

of Ca(OH)2 within 6 h of hydration. The endothermic

reaction at 660–720 �C corresponds to the calcium car-

bonate decomposition, but the reaction peak is not signif-

icantly influenced by SAP at different hydration time from

3 to 72 h.

After 12 h of hydration, in cement pastes with and

without SAP, these two endothermic reaction peaks at

about 80 and 120 �C gradually weaken and a broader

endothermic reaction peak appears at 70–150 �C, which is

also assigned to the water removal from cement hydrates

[34–36]. And the endothermic reaction assigned to

Ca(OH)2 gradually enhances and the decomposition tem-

perature of Ca(OH)2 gradually ascends over hydration time

(Fig. 4), indicating that more and more Ca(OH)2 have

gradually formed in the reference paste and in cement paste

with 0.4% SAP. At 12 h of hydration, the content of

Ca(OH)2 in cement paste with 0.4% SAP still equals to that

in the reference paste. But at 24 and 72 h of hydration, the

contents of Ca(OH)2 in cement paste with 0.4% SAP are a

little higher than that in the reference paste (Fig. 5). So the

SAP enhances the cement hydration to increase the for-

mation of Ca(OH)2 after 12 h of hydration. It is also

reported that SAP can increase the content of Ca(OH)2 at 3

and 28 days [37]. But no previous reports in the literature

have described the formation evolution of Ca(OH)2 in

cement paste with SAP at early hydration time within 72 h.

With the prolongation of hydration time, the decompo-

sition temperature of Ca(OH)2 gradually increases. And at

the same hydration time, the decomposition temperature of

Ca(OH)2 in cement paste with 0.4% SAP is nearly the same

to that of the reference paste (Fig. 4). As is known that the

decomposition temperature of Ca(OH)2 mainly depends on

the crystallization degree and the crystal size of Ca(OH)2

[34, 35, 38], but is hardly affected by the content variation

of Ca(OH)2 [39]. So it may be concluded that the crystal-

lization degree and crystal size of Ca(OH)2 gradually

increase over hydration time, but the SAP has negligible

effect on them.

X-ray diffraction analysis

The XRD patterns of cement pastes at different hydration

time are shown in Fig. 6. The integrated areas of ettringite
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and Ca(OH)2 calculated from XRD patterns are shown in

Fig. 7. At 3 h of hydration, a small peak for ettringite at 2h
of 9.1� appears both in the reference paste and in cement

paste with 0.4% SAP (Fig. 6); some ettringite crystals have

formed, with lower content in cement paste with 0.4% SAP

(Fig. 7a), indicating the slight retardation of SAP on the

formation of ettringite at 3 h. At 6 h of hydration, more

ettringite crystals have formed, and the contents are equal

in these two pastes (Figs. 6, 7a). At 12 h of hydration, the

peaks for ettringite further increase and the peak for gyp-

sum disappears, more ettringite crystals have formed, and

the contents of ettringite reach the maximum value and are

nearly equal in cement pastes with and without SAP

(Figs. 6, 7a). It can be concluded that the SAP does not

affect the formation of ettringite during the hydration time

from 6 to 12 h and the maximum content of ettringite.

At 24 and 72 h of hydration, the peaks and the contents of

ettringite gradually decrease (Figs. 6, 7a), due to the con-

version of ettringite to monosulphate [40]. But the content of

ettringite in cement paste with 0.4% SAP keeps higher than

that in the reference paste (Fig. 7a). It is obvious that the SAP

delays the conversion of ettringite to monosulphate. The

evolution of calcium aluminate hydrates, such as ettringite

and monosulphate, is closely related to the shrinkage of

cement mortar [41]. Accordingly, the decrease in the drying

shrinkage and autogenous shrinkage of cement matrix [3–6]

may be attributed to the influence of SAP on the formation

and evolution of ettringite.

With hydration time prolongation, the peaks and the

contents of Ca(OH)2 gradually increase both in the refer-

ence paste and in cement paste with 0.4% SAP (Figs. 6,

7b), which is consistent with the results from thermal

analyses presented above. Moreover, at the same hydration

time, compared to that of the reference paste, no new peaks

appear in the XRD pattern of cement paste with 0.4% SAP,

indicating that no new hydrates have formed in cement

paste with SAP within 72 h of hydration. While literature

[37] reported that the introduction of SAP into cement

paste may result in substantial ‘‘new’’ hydration products,

but did not demonstrate what the new hydrate is. And no

more literature has confirmed the formation of new

hydrates in cement paste with SAPs.
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Conclusions

The SAP has significant effects on the early hydration

process of Portland cement. The SAP does not affect the

lengths of the initial reaction period and the induction

period and the onset of the acceleration period, but

increases the hydration heat evolution rate during the

acceleration period and the main exothermic peak value.

Compared to the reference paste, the main exothermic peak

appears earlier in cement pastes with SAP. Besides, the

SAP has slight influence on the heat evolution rate during

the deceleration period and the stable period. The SAP can

accelerate the cement hydration and increase the hydration

degree of cement paste within 72 h of hydration, with

negligible influence on the very early hydration of cement

within 6 h. And the dosage variation of SAP has minor

influence on the heat evolution and hydration degree.

Additionally, the SAP has great influences on cement

hydrates evolution according to the results obtained with

DSC and XRD analyses. The SAP does not affect the

formation of Ca(OH)2 within 12 h of hydration, but

enhances the formation of Ca(OH)2 after 12 h to keep

slightly higher content than that in the reference paste, with

no influence on the crystallization degree and crystal size

of Ca(OH)2. The SAP does not affect the maximum content

of ettringite, but may have slight retardation on the for-

mation of ettringite at very early hydration time, and delays

the conversion of ettringite to monosulphate to remain

ettringite content higher than that in the reference paste

after 12 h of hydration. In addition, no new phases are

found to have formed in cement paste with SAP.
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