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Abstract To use flue gas desulfurization (FGD) gypsum

and limestone as supplement of cement, conduction calo-

rimetry was applied to investigate the early hydration of

ternary binder of calcium aluminate cement (CAC), Port-

land-limestone cement (PLC), and FGD gypsum, supple-

mented with the determination of setting times and X-ray

diffraction (XRD) analysis. Different exothermal profiles

were presented in two groups of pastes, in which one group

(group A) sets the mass ratio of FGD gypsum/CAC at 0.25

and the other group (group B) sets the mass ratio of PLC/

CAC at 0.25. Besides the two common exothermal peaks in

cement hydration, a third exothermal peak appears in the

pastes with 5–15% FGD gypsum after gypsum is depleted.

It is found that not PLC but FGD gypsum plays the key role

in such ternary binder where the reaction of ettringite

formation dominates the hydration process. PLC acceler-

ates the hydration of ternary binder, which mainly attri-

butes to the nucleating effect of fine limestone particles and

PC clinker. The modified hydration process and mecha-

nism in this case is well visualized by the means of calo-

rimetry and it helps us to optimize such design of ternary

cementitious material.
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Introduction

Flue gas desulfurization (FGD) gypsum is a by-product

generated from lime-gypsum wet flue gas desulfurization,

which is the most common technology for SO2 emission

control in coal-fired power plants. FGD gypsum is mainly

composed of calcium sulfate dihydrate and has been widely

applied in plasterboard manufacture and Portland cement

(PC) production as raw material instead of nature gypsum

[1]. However, these uses of FGD gypsum are insufficient

considering the huge amount of its production, and it is

mainly ascribed to technology limit. For example, only

about 3–5% FGD gypsum is suitable for being mixed in the

clinker in PC production [2, 3]. So it is eager to explore

other effective ways to utilize the continuous increasing

output of FGD gypsum, and the ettringite (3CaO�Al2O3�
3CaSO4�32H2O, AFt) based material could bring us

prospect.

A vivid example of ettringite-based material is calcium

sulfoaluminate (CSA) cement, which has replaced PC in

some application fields. Its versatile applications in

development of concrete with high early strength, self-

leveling screed with limited curling and glass-fiber-rein-

forced cement have been exhibited [4, 5]. Similar perfor-

mance could be achieved in a binary composition of

calcium aluminate cement (CAC) and gypsum [6], where

monocalcium aluminate (CA, notation commonly used in

cement chemistry: C=CaO, A=Al2O3, H=H2O, S=SiO2,

Ŝ=SO3), the main mineral phase in CAC and gypsum react

with water as the following Eq. 1 shows:

3CAþ 3CŜH2 þ 32H! C6AŜ3H32 þ 2AH3 ð1Þ

Consequently, ettringite and AH3 gel are generated. When

lime exists, Eq.1 is substituted by reaction Eq. 2.
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3CAþ 9CŜH2 þ 72Hþ 6CH! 3C6AŜ3H32 ð2Þ

Thus, more FGD gypsum could react with CAC clinker,

which means more consumption of gypsum and economi-

cal beneficial.

However, it should be noted that characteristic of

ettringite in these cementitious materials is strongly

dependent on whether lime exists. PC is saturated in lime

solution during its hydration, and the ettringite formed

under such condition is expansive [7]. Ettringite formed in

the absence of lime is less or no expansive and generates

high early strength [7, 8]. The failures in the ternary

cementitious composition of CAC/PC/gypsum are usually

caused by a large amount of expansive ettringite [9]. It

indicates that the amount of PC clinker is crucial to the

performance of such ternary cementitious materials.

As far as economical and environmental benefits are

concerned, limestone has been widely investigated as an

important supplement in composite cement. In fact, Port-

land-limestone cements (PLCs) are the most widely used

cements in Europe. The European Standard EN197-1

identifies two PLCs, CEM II/A-L and CEM II/B-L, in

which the maximum contents of limestone are 20 and 35%,

respectively [10]. In China, the Standard of Construction

Material (JC 600-2002) was published in 2002 using the

EN197-1 as a template.

A lot of studies have focused on the performance of PLC

and the effects of limestone on cement hydration, and the

general accepted view is that limestone can accelerate the

hydration of PC by nucleating effect of introduced fine

particles [11–13]. The influence of limestone on CAC

hydration has also been investigated and the similar

mechanism is found [14, 15]. However, no work has been

dealt with the influence of limestone on hydration of ter-

nary cementitious material of CAC, PLC, and gypsum.

Isothermal calorimetry has shown its versatility in

studying the hydration kinetics of cementitious systems

and help to screen cement-admixture combinations with

respect to hydration stability [16, 17]. During last decades,

this method has been used to study a variety of cementitous

systems, for example, PC mixed with fly ash [18, 19], silica

fume [20], metakaolins [21], combustion by-products [22],

and limestone [12, 13]; CAC blended with refractory

corundum [23] and limestone [14]; mixes of PC and high

alumina cement [16, 24].

In authors’ previous work, the hydration behavior of

CAC blended with FGD gypsum was revealed [25]. Here, a

further-step experimental work of calorimetry is presented

with the aim of better understanding the hydration process

and mechanism involved in ternary binder of CAC, PLC,

and FGD gypsum. The attention is focused on limestone

and PC clinker influence on the hydration. The study fol-

lows by other standard measurements, helps us to optimize

such ternary cementitious material design and to elucidate

the scale of FGD gypsum utilization in cement, an

important task from by-product utilization point of view.

Experimental

Materials

FGD gypsum is from Ban Shan Power Plant, Hangzhou,

China. Its main chemical compositions are given in

Table 1 and the mineral phases are further confirmed by

XRD analysis (Fig. 1). The mass percentage of calcium

sulfate dihydrate is up to 94.3% and the main impurities are

quartz and limestone. Some harmful impurities such as B,

Pb, Ni, Cr, As, Cd, and Hg, have also been measured but

not present in Table 1 for their extremely low contents.

The chemical compositions of a commercial calcium

aluminate cement CAC-50, in which the Al2O3 mass per-

cent is between 50 and 60% according to the China

National Standard: GB 201-2000, are also shown in

Table 1. XRD patterns (Fig. 1) indicate that gehlenite

(C2AS) rather than CA is the major mineral. To avoid

negative effect of excessive PC clinker and to intensify the

effect of limestone on hydration, the PLC used here is not a

commercial product but a mixture with 25% PC clinker and

75% limestone. The chemical compositions of PLC are

also shown in Table 1. XRD patterns (Fig. 1) point out the

mineral of Alite (C3S) and Belite (b-C2S) from PC clinker,

calcite and dolomite from limestone.

Figure 2 shows the particle size distributions of three

raw materials. The FGD gypsum is not ground and it is

quite coarse. Its main particles distribute narrowly between

10 and 100 lm with the mean particle size of 52.2 lm.

CAC and PLC exhibit the similar particle size distribution,

Table 1 Chemical compositions of FGD gypsum, CAC, and PLC

Oxides/elements Chemical compositions/wt%

FGD gypsum CAC PLC

CaO 31.76 34.0 55.80

SO3 43.87 – 0.13

SiO2 2.00 8.0 5.10

CO2 0.82 - 33.0

Al2O3 0.25 51.0 1.40

Fe2O3 0.10 1.9 0.18

MgO 0.03 1.2 2.70

K2O 0.03 - -

Na2O \0.01 - -

TiO2 - 2.6 -

Crystal water 20.10 – -

Total 98.96 98.7 98.31
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and their mean particle sizes are 25.7 and 30.0 lm,

respectively.

Preparation of sample and test method

Two groups of binder were designed to investigate the

influence of PLC and FGD gypsum on the hydration

process and mechanism in the ternary binder of CAC/PLC/

FGD gypsum. The FGD gypsum/CAC ratio was set as 0.25

with PLC content from 0 to 40% in group A, while the

PLC/CAC ratio was set as 0.25 with FGD gypsum content

from 0 to 40% in group B (Table 2). An isothermal heat

flow microcalorimeter-TAM Air, manufactured by Ther-

mal Analysis Co. (USA), was employed for calorimetric

measurement. Distilled water (2.50 mL) was added into

5.00 g binder giving a water-to-cement mass ratio (w/c) of

0.5, and then the sample was mixed and put into the

chamber of calorimeter where it was submerged in an air

bath maintained at 20.0 �C.

Pastes were prepared at w/c ratio of 0.35 for setting time

determination and XRD analysis. Setting time was mea-

sured by using a Vicat test apparatus according to the

procedure described in ISO 9597: 1989. At certain hydra-

tion time, small pieces of the pastes were soaked in alcohol

for 24 h to stop hydration. Then, they were ground in

alcohol with an agate mortar and filtrated. The ground

samples for XRD analysis were dried in a vacuum oven at

45 �C for 48 h. X-ray diffraction was carried out with

RIGAKU D/MAX 2550/PC diffractometer in the range of

5� 2h–60� 2h, with step of 0.02�/2 s.

Results

Calorimetric analysis

The curves of heat release rate versus hydration time up to

24 h in the pastes with 0–40% PLC (group A) are illus-

trated in Fig. 3. In general, the pastes present similar

exothermal profiles and vary regularly as the change of

compositions.

The exothermal effects associated with wetting, dis-

solving, and hydrating of components make the appearance

of the first exothermal peaks. The pastes with PLC show

quite strong exothermal effects in the period, while the

paste without PLC shows very slight exothermal effect.

After the first exothermal peak, the so-called induction

period follows. This period remains about 2.0 h in the paste

without PLC, followed by an exothermic peak, where the

maximum heat evolution rate is 4.8 mW g-1 at 3.8 h.

Then, the heat release rate does not drop rapidly but keeps
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Table 2 Compositions of ternary binders of CAC/PLC/FGD gypsum

Component Percentage in binder/wt%

A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 B6 B7

CAC 80 76 72 68 64 56 48 80 76 72 68 64 56 48

FGD gypsum 20 19 18 17 16 14 12 0 5 10 15 20 30 40

PLC 0 5 10 15 20 30 40 20 19 18 17 16 14 12
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in relative high value, so a ‘shoulder’ profile is presented.

The pastes with PLC also present similar profiles.

The regularity of heat release from the pastes with

5–40% PLC is described as follows: (1) the induction

periods are very close and prolong slightly from 2.0 to

2.3 h; (2) the appearances of main exothermal peaks delay

from 3.3 to 4.1 h; (3) the maximum rates of heat evolution

decline gradually from 5.8 to 4.1 mW g-1; (4) the inflex-

ions in ‘shoulder’ profiles shorten from 14 to 8 h.

Please note the fact that the maximum heat evolution

rates in the pastes with 5–15% PLC are bigger than that of

the paste without PLC. It implies that PLC plays an

accelerating role in the hydration of such ternary binder.

Plots of cumulative heat evolution up to 24 h in the

pastes with 0–40% PLC (group A) are given in Fig. 4. The

paste without PLC has the smallest cumulative heat release

during the first several hours for its slight exothermal effect

of wetting and dissolving period (Fig. 3), and reaches the

cumulative heat release of 198.8 J g-1 after 24-h hydra-

tion. The cumulative heat releases of pastes with 5–40%

PLC decline gradually with increase of PLC and their

values are 204.4, 202.9, 198.8, 180.0, 174.6, 157.6 J g-1,

respectively.

The percentages of total heat released from per gram of

binder excluding PLC or limestone, respectively, are

shown in Fig. 5. The data are calculated by the results of

cumulative heat release in 24 h (Fig. 4). More heat releases

from per gram of binder excluding PLC and it shows an

ascending profile with increase of PCL (Fig. 5a). So the

accelerating effect of PLC on hydration is visualized. The

heat release from per gram of binder excluding limestone

rises with increase of limestone until 11.25% limestone is

blended. It implies that limestone hastens the hydration of

binder at certain mass percent but excessive limestone does

not affect the hydration anymore. Thus, it is confirmed that

the accelerating effect of PLC on hydration in such ternary

binder comes from both limestone and PC clinker.
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The curves of heat release rate versus hydration time up

to 24 h the in pastes with 0–40% FGD gypsum (group B)

are illustrated in Fig. 6.

Likewise, the first exothermal peak appears in the initial

several minutes, followed by a low heat release period with

several hours known as the induction period. The induction

period of the paste without FGD gypsum is about 2.2 h

followed by a big exothermic peak with the maximum heat

release rate of 6.3 mW g-1 at around 6.0 h. The induction

periods of the pastes with 5–40% FGD gypsum prolong

gradually from 2.0 to 2.8 h. A descending of heat release

rate with increase of FGD gypsum is found in this period.

Two exothermal peaks besides the first one are observed

in the pastes containing 5, 10, and 15% FGD gypsum. The

second peaks appear at 3.4, 4.3, and 3.8 h, respectively,

and the corresponding heat release rates are 8.1, 5.9, and

5.0 W kg-1. The third peaks appear at 4.3, 6.3, and 9.8 h,

respectively, and the corresponding heat release rates are

6.2, 5.2, and 3.8 mW g-1. It presents such tendency that

the second peaks appear closely, while the third peaks shift

to later ages with the increase of FGD. All pastes with

exceeding 15% FGD gypsum present similar heat evolution

profiles, that is, the heat release rates decline gradually

after their second exothermic peaks. The maximum heat

release rates of pastes with 20, 30, and 40% FGD gypsum

are 4.8, 4.3, 3.8 mW g-1, respectively, and the corre-

sponding times are at 3.7, 3.9, and 4.2 h.

Figure 7 shows the cumulative heat releases in the

pastes with 0–40% FGD gypsum up to 24 h (group B). The

pastes with FGD gypsum have bigger cumulative heat

release than that of the paste without FGD gypsum in the

early age for their stronger exothermal effects during the

induction periods (see Fig. 6). After about 14 h, the

cumulative heat release of paste without FGD gypsum

catches up with those of pastes with FGD gypsum. The

paste without FGD gypsum has the biggest cumulative heat

release of 223.2 J g-1 after 24-h hydration. The cumulative

heat releases of pastes with 5–40% FGD gypsum decline

gradually from 206.6 to 161.5 J g-1.

The percentages of total heat released from per gram of

binder excluding FGD gypsum are shown in Fig. 8. The

data are calculated by the results of cumulative heat release

in 24 h (Fig. 7). An ascending profile is presented with

increase of FGD gypsum, which implies that FGD gypsum

generally accelerates the hydration of binder.

Setting times and hydrates analysis

The initial and final setting times of ternary binders are

shown in Fig. 9. Setting times of group A do not show

remarkable difference varying with PLC content. In gen-

eral, pastes with 10 and 15% PLC have a little shorter

setting times (Fig. 9a). The others have initial setting times

of around 120 min and finial setting times of around

175 min. In group B, the pastes without FGD gypsum has

the longest initial and final setting time of 190 and

240 min, respectively (Fig. 9b). The initial and final setting

times of the pastes with 5–40% FGD gypsum prolong with
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increase of FGD gypsum, that is the initial setting time

prolongs from 75 to 160 min and the final setting time

increases from 140 to 210 min.

The XRD patterns of three representative pastes, paste

with 15% PLC (sample A4), paste without FGD gypsum

(sample B1) and paste with 10% FGD gypsum (sample B3)

at three curing times (2, 6, and 24 h) are shown in Fig. 10.

The characteristic peaks of main minerals (gehlenite, CA,

gypsum, and calcite) in ternary binder are observed in these

pastes. The characteristic peaks of C3S and C2S can not be

clearly determined in these pastes for their low intensity.

The peaks of gehlenite and calcite keep nearly the same

intensity at different hydration times, while the peak

intensities of CA and gypsum decline remarkably as

hydration proceeds. After 6-h hydration, gypsum is almost

depleted in the paste with 10% FGD gypsum (Fig. 10c),

but is still left a little in the paste with 15% PLC, in which

17% FGD gypsum is included (Fig. 10a). The peaks of

ettringite appear after the first 2-h hydration in the paste
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with FGD gypsum (Fig. 10a, c) and their intensities

enhance as hydration goes on. No ettringite but CAH10, the

hydrate of CA, is found in the paste without FGD gypsum

after 24-h hydration (Fig. 10b). No characteristic peaks of

calcium silicate hydrate (C–S–H) are clearly observed.

Discussion

Hydration mechanism of the ternary binder

When the ternary binder is blended with water, the mineral

phase of CA, C3S, and C2S from cement clinker react with

water immediately. The hydration of CA at 20 �C could be

described by the following Eq. 3 [26].

CAþ 10H! CAH10 ð3Þ

Hexagonal phase of CAH10 is generated according to this

reaction and it is confirmed by XRD analysis (Fig. 10b).

However, when gypsum is mixed, ettringite is directly

formed according to Eq. 1 because it has a very low sol-

ubility of 1.1 9 10-40 mol L-1 [27]. This reaction is cer-

tificated by XRD analysis (Fig. 10a, c).

Hydration reactions of C3S and C2S can be approxi-

mately described by the following chemical equations [28]:

2C3Sþ 6H! 2C�S�Hþ 4CH ð4Þ
2C2Sþ 4H! 2C�S�Hþ 2CH ð5Þ

The products formed are a calcium silicate hydrate

known as C–S–H and calcium hydroxide (CH). The formula

given for C–S–H is only a rough one because more than one

variety of C–S–H is formed during the hydration.

Calcium hydroxide mainly comes from the hydration of

C3S and it also may come from the dissolution of free lime,

which usually exists in the PC clinker. Thus, the reaction of

Eq. 1 is modified by the reaction of Eq. 2 when CH exists.

It is noted that gehlenite peaks keep nearly the same

intensity at different hydration time in the pastes (Fig. 10),

and this may be attributed to its low hydraulic activity [29,

30]. Theoretically, C2AS reacts with water as the following

Eq. 6:

C2ASþ 8H! C2ASH8 ð6Þ

The limestone could be assumed as inert filler and it

does not participate the reactions during the first 24-h

hydration. An accelerating effect occurs because of the

high specific surface of the limestone, and different

hydrates can grow on these additional surfaces and thus

the dissolution of cement clinker can proceed unhindered

leading to a higher degree of hydration [12–15]. This effect

is illustrated by Fig. 5b.

As soon as the binder is blended with water, lime and

gypsum begin to dissolve, and the hydration of cement

clinker occurs simultaneously. Ettringite and other hydrates

cover the particles surface of binder. Then, the hydration is

inhibited and little heat is released as Figs. 3 and 6 show.

Such stage known as induction period can be explained by

hypothesis mechanism of hydrate barrier [16, 31]. It sup-

poses that a thin layer of hydration products rapidly covers

the entire unhydrated grain when cement reacts with water;

a physical barrier impedes further contact between water

and the inner cement particles, so the hydration reaction

then becomes diffusion controlled. Conformation of the

initial hydration layer, which is co-deposited by different

hydrate, causes the difference of induction period. The

break down of hydrate barrier makes further hydration.

Association of heat release with hydration

The exothermal effect in preliminary minutes of hydration

is ascribed to the complex reaction during the wetting

process, including the dissolving of lime and gypsum and

the hydration of cement clinker (Eqs. 1–5). Then the

hydration proceeds in induction period and low heat

releases as mentioned above.

With further hydration, large amounts of heat release. The

main heat peaks in the pastes (Figs. 3, 6) are believed to

result from the reactions of ettringite formation as the

hydration mechanism mentioned above. It is clear that the

decrease of CAC content makes the gradual decline of the

maximum heat lease rate in the pastes with 5–40% PLC

(Fig. 3). The heat release ‘shoulder’ after the main peak is

believed mainly comes from the reactions of ettringite pre-

cipitation and the hydration of PLC also contributes to this

exothermal effect, especially in the pastes with high amount

of PLC. The shortening of inflexions in ‘shoulder’ profiles

may contribute to the decrease of CAC content (Fig. 3).

The accelerating effect of PLC on hydration is clearly

visualized by the calorimetric analysis: (1) the maximum

heat evolution rates in the pastes with 5–15% PLC are

bigger than that of the paste without PLC (Fig. 3); (2) the

heat release from per gram of binder excluding PLC rises

with increase of PLC (Fig. 5a). Limestone accelerating

hydration is also well-illustrated (Fig. 5b). However,

excessive limestone does not accelerate the hydration

anymore when enough additional surfaces are supplied by

limestone according to the nucleating mechanism [12–15].

As PC is concerned in the hydration of binder, the hydrate

of CH modifies the hydration mechanism (Eq. 2) results in

more heat release because ettringite has a big synthetic

heat. Besides, the PC clinker could also supply additional

surfaces as limestone for precipitation of hydrates from

CAC clinker. The two coexisting mechanisms make PC put

a complicated effect on the hydration of binder.

The calorimetric profile of the paste without FGD gyp-

sum in group B is controlled by the hydration of CAC and
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PLC (Fig. 6), which hydration mechanism is well revealed

by the hydrate barrier mechanism [16]. The second exo-

thermic peak in the pastes with 5, 10, and 15% FGD

gypsum is obviously attributed to the reaction of ettringite

formation and the third one is clearly connected with the

hydration of CAC when FGD gypsum is depleted. This is

approved by XRD analysis in Fig. 10c, where gypsum is

depleted after 6-h hydration. The depletion of FGD gypsum

takes much more time when FGD gypsum increases from 5

to 15% in the pastes, which makes the third exothermal

peak shift to later hydration time with increase of FGD

gypsum (Fig. 6). The whole hydration process is controlled

by the reaction of ettringite formation in the pastes with

exceeding 15% FGD gypsum, so the third exothermal peak

does not appear (Fig. 6). The decline of the maximum heat

release rate with the increase FGD gypsum is obviously

attributed to the decrement of CAC or the dilution effect of

excessive FGD gypsum. In fact, such exothermal profiles in

the pastes of group B are quite similar with those of CAC

blended with FGD gypsum in our previous work [25]. The

difference is that the exothermic effect during the first heat

release peak and induction period is stronger than that of

binary binder. In this case, the accelerating effect of PLC

on hydration is also illustrated.

It is concluded that PLC does not play the crucial role in

such ternary binder where the reaction of ettringite for-

mation dominates the hydration process from both results

of group A and B.

Association of setting time with hydration

Setting occurs when enough hydrates have formed to

interlock particles and restrict their flow. Setting time is

intrinsic reflections of the hydrating processes and the

matrix structure formations in the pastes. As hypothesis

mechanism of hydrate barrier, the paste does not set until

the breakdown of this barrier by nucleation of ettringite and

other hydrates. The initial setting times of the pastes

coincide well with the heat release regulation, that is, the

initial setting time is close with the ending of induction

time for each paste (Figs. 3, 6). The quick setting of pastes

in both group A and B is beneficial for early strength

development, and it is favorable in some building con-

struction such as self-leveling floor screed.

Conclusions

Based on the experiment results, it could be concluded that:

• The reaction of ettringite formation dominates the whole

hydration process in all pastes of group A, and the same

hydration mechanism brings out regular heat lease.

• The reaction of ettringite formation and CAC hydration

control the hydration process successively in the pastes

with 5–15% FGD gypsum (group B). The modified

hydration mechanism makes different heat lease, that

is, a third exothermal peak appears when FGD gypsum

is depleted. It indicates the FGD gypsum content has a

significant influence on the hydration behavior.

• PLC accelerates the hydration of such ternary binder,

which is mainly due to the nucleating effect of fine

particles from limestone and PC clinker. For the same

reason, excessive limestone does not accelerate the

hydration when the content is over 11.25%, because

enough additional surfaces have been supplied.

• CH, the hydrate of C3S and C2S modifies the hydration

mechanism to form more ettringite. Thus, more FGD

gypsum could be blended in the ternary binder with

increase of PC clinker.
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