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Abstract The use of by-product gypsum is an important
alternative in concrete design. In present experiment,
conduction calorimetry was applied to investigate the early
hydration of calcium aluminate cement (CAC)/flue gas
desulfurization (FGD) gypsum paste, supplemented with
the determination of setting times and analysis of hydrates
by X-ray diffraction (XRD). It was found that different
profiles of heat evolution rate were presented depending on
the CAC/FGD gypsum ratio. Two distinct exothermic
peaks, associating with CAC hydration and ettringite for-
mation respectively, appeared when the FGD gypsum
content was less than 20%. Hydrate barrier mechanism was
introduced to explain the difference in induction periods of
the pastes with or without FGD gypsum. It is concluded
that the blending of FGD gypsum accelerates the hydration
of CAC for the quick formation of ettringite and generates
greater hydration heat from per gram of pure CAC for the
high exothermic effect of ettringite formation. The disso-
lution and diffusion of gypsum plays an important role of
reacting controller during the hydrations of the pastes with
FGD gypsum. The modified hydration process and mech-
anism in this case is well visualized by means of
calorimetry.
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Introduction

Flue gas desulfurization (FGD) gypsum is a by-product
generated from lime—gypsum wet flue gas desulfurization,
which dominates the technologies of SO, emission control
in coal-fired power plants. Two effective ways to utilize
FGD gypsum in Europe and the United States are in
plasterboard manufacture and in Portland cement produc-
tion as a retarder [1]. Generally, the plaster-based products
cannot be applied in exterior situation because gypsum is
relatively soluble in water. In Portland cement production,
the disadvantage is that only 3-5% FGD gypsum can be
mixed in the clinker [2, 3]. A preferably hydraulic binder
with large proportion of FGD gypsum would be an opti-
mum for the utilizations of FGD gypsum.

Calcium aluminate cement (CAC) is an important con-
struction material for its resistance to chemical attack and
high temperatures. Different hydrates are created, i.e.,
CAH,y, C,AHg and C;AHg (notation commonly used in
cement chemistry: C = CaO, A = Al,0;, H = H,0,
S = Si0,, § = S03), depending on the temperature at
which the hydration process take place [4]. The conversion
of hexagonal phases (CAH,, or C;AHg) to C3AHg and AH3
in the hydration of CAC under certain temperature condi-
tions has been a problem, limiting its use as a structural
material [4, 5]. The following benefits are achieved when
gypsum is added as CAC cement replacement in concrete:
reducing the cement content (reducing costs), reducing
shrinkage, increasing early strength, preventing strength
declining at later ages, improving sulphate corrosion
resistance [6]. Natural gypsum has been used for this pur-
pose for a long time, until the by-product gypsum appeared.
The processes of hardening and new phases’ formation in
such CAC/gypsum materials have been well investigated,
but the characteristics of heat release, which are of great
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importance in the studies of hydration mechanism, need
more investigations. The differences of chemical compo-
sition and particle size distribution between natural and
FGD gypsum may also affect the hydration process and
micro-structural development of such materials.

In this study, the calorimetric measurement, a well-
establish method to study the kinetics and mechanism of
hydration in cementitious materials in situ [7-17], was
used to investigate the effect of different FGD gypsum
contents on the hydration process in CAC/FGD gypsum
admixture. The study followed by other standard mea-
surements, allowed to elucidate the scale of FGD gypsum
utilization in cement, an important task from waste utili-
zation point of view.

Experimental
Materials

The FGD gypsum used here comes from Ban Shan Power
Plant, a local coal-fired power plant in Hangzhou, China.
Its main chemical compositions are given in Table 1. The
mass percentage of calcium sulfate dihydrate is up to
94.3% and the main impurities are quartz and unreacted
limestone. Other impurities including some hazardous
elements are also presented in this table. The FGD gypsum

Table 1 Chemical composition of FGD gypsum and CAC

Oxides/elements Chemical compositions (wt.%)
FGD gypsum CAC-50
Ca0 31.76 34.0
SO; 43.87 -
Si0, 2.00 8.0
CO, 0.82 -
ALO; 0.25 51.0
Fe,0; 0.10 1.9
MgO 0.03 1.2
K,O 0.03 -
Na,O <0.01 -
TiO, - 2.6
B 18 x 107* -
Pb <10 x 107* -
Ni <10 x 107* -
Cr 7.1 x 107* -
As 1.17 x 1074 -
cd <1.0 x 107 -
Hg 0.441 x 107 -
IL 20.10 -
Total 98.96 98.7

is not ground, and its particle size distribution is shown in
Fig. 1. The maximum particle size of the FGD gypsum is
less than 250 pm and its mean particle size of the FGD
gypsum is 40.5 pm.

The chemical compositions of a commercial CAC are
also shown in Table 1. Its XRD patterns indicate that
gehlenite (C,AS) rather than monocalcium aluminate (CA)
is the major mineral. The CAC’s surface area is
3,000 m* kg~' (BET).

Preparation of sample and test method

The binders were prepared with different FGD gypsum
proportions (5-60%) and the pure CAC was set as refer-
ence (Table 2). An isothermal heat flow microcalorimeter-
TAM Air, manufactured by Thermal Analysis Co.
(U.S.A.), was employed for calorimetric measurement.
Distilled water (2.50 mL) was added into 5.00 g binder
giving a w/c ratio of 0.5, and then the sample was mixed
and put into the calorimeter’s chamber where it was sub-
merged in an air bath maintained at 20.0 °C.

A w/c ratio of 0.35 was adopted in the pastes prepared
for setting time determination and XRD analysis. Setting
time was measured by a Vicat test apparatus according to
the procedure described in ISO 9597: 1989. At giving
hydration time, small pieces of the pastes were soaked in
alcohol for 24 h to stop hydrating. Then, they were ground

Volume/%
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Fig. 1 Particle size distribution of FGD gypsum

Table 2 Compositions of CAC/FGD gypsum binders

Component Percentage (wt.%) in binder
1 2 3 4 5 6 7 8 9
CAC 100 95 9 8 80 70 60 50 40

FGD gypsum (FG) 0 5 10 15 20 30 40 50 60
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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° 26 to 60° 20, with step of 0.02°/2 s.

Results
Calorimetric analysis

The curves of heat release rate versus hydration time up to
24 h of pure CAC paste and pastes containing various
percentage of FGD gypsum are illustrated in Fig. 2. The
curves exhibit an initial exotherm in preliminary minutes of
hydration, and then present low and steady heat release rate
in several hours, which is usually called as induction per-
iod. The induction period of pure CAC hydration is about
5.9 h followed by an exothermic broad hump. The maxi-
mum heat evolution rate of pure CAC paste is 5.13 W kg™'
at 8.9 h. Comparing with the pure CAC, a shorter induction
time of 2 h around is observed in the pastes containing
5-40% FGD gypsum. A little longer induction period is
observed for pastes containing 50% and 60% FGD gypsum,
ie. 2.5 h.

Two exothermic peaks are observed for pastes contain-
ing 5-15% FGD gypsum. The first peaks in pastes with 5%,
10% and 15% FGD gypsum appears at 3.4, 3.5 and 3.1 h
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Fig. 2 Heat evolutions on binders of pure CAC and CAC/FGD
gypsum

respectively, and the corresponding heat release rates are
5.69, 5.56 and 4.86 W kg~'. The second ones appear at
4.1, 6.2 and 10.5 h respectively, and the corresponding heat
release rates are 7.74, 5.48 and 4.31 W kg™~ '. It presents
such tendency that the first peaks appear closely regardless
of different amount of FGD gypsum, while the second
peaks shift to later ages with the increase of FGD content.
Not an obvious second peak but a “shoulder” is found at
around 12 h when the FGD gypsum content reaches 20%.
All pastes with exceeding 20% FGD gypsum present
similar heat evolution profiles: the heat evolution rate
declines gradually after an exothermic peak. The maximum
heat release rates of pastes with 20%, 30% and 40% FGD
gypsum are 4.77, 4.26, 406 W kg~ respectively, and the
corresponding times are all at 3.6 h around. The maximum
heat release rates of pates with 50% and 60% FGD gypsum
are 3.06 and 2.83 W kg™' respectively, and the corre-
sponding times are both at about 4.2 h.

Plots of cumulative heat evolution versus time are given
in Fig. 3. The pastes with FGD gypsum have much bigger
cumulative heat release than the pure CAC paste in pre-
liminary hours, so an obvious acceleration effect is
observed in the pastes with FGD gypsum. The pure CAC
has a very small cumulative heat in the first 6 h, and then
start to increase quickly. After 24 h hydration, the pure
CAC paste and the pastes with 5-20% FGD gypsum have
similar cumulative heat release. However, the total heat
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Fig. 3 Cumulative heat releases on binders of pure CAC and CAC/
FGD gypsum
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releases of pastes decrease gradually with the increase of
FGD gypsum content (30-60%).

The percentages of total heat of hydration released from
per gram of CAC are shown in Fig. 4. The data is calcu-
lated by the results of cumulative heat release in 24 h
(Fig. 3). More heat releases from per gram of CAC in the
pastes with FGD gypsum. It shows an ascending profile
until FGD gypsum reached 40% in the paste.

Setting times and hydrates analysis

The initial and final setting times of the pastes are shown in
Fig. 5. Comparing with the pure CAC paste, the setting
times of pastes with FGD gypsum shorten remarkably and
increase regularly as FGD gypsum exceeding 20%. The
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Fig. 4 Heat release from per gram of CAC for CAC/FGD gypsum
binders
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Fig. 5 Setting times of the pastes of pure CAC and CAC/FGD
gypsum
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initial setting times of the pastes with different amount of
FGD gypsum are from 105 to 220 min and the final setting
times are from 145 to 280 min, while the initial and final
setting time of the pure CAC paste are 350 and 460 min
respectively.

The XRD patterns of pure CAC paste at three different
hydration times are shown in Fig. 6. There is no clear
indication of a CAH,q peak at 2 and 5 h, but the charac-
teristic peaks appears at 24 h. No characteristic peaks of
C,AHg appear during the whole hydration time of 24 h.
The intensity of CA peaks has no obvious decreasing at 5 h
but at 24 h. The XRD patterns of the paste with 10% FGD
gypsum at three different hydration times are shown in
Fig. 7. The characteristic peaks of gypsum are still very
strong after 2 h hydration, and decrease remarkably after
5 h and disappear after 24 h. The characteristic peaks of
ettringite appear until 5 h of hydration, and enhance
remarkably at 24 h. It indicates clearly that all of the
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Fig. 6 XRD patterns of pure CAC paste at different curing times
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Fig. 7 XRD patterns of CAC with 10% FGD gypsum paste at
different curing times
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gypsum in this paste has been depleted in 24 h for the
quick formation of ettringite. Peaks of CAHq vanish in the
pastes with FGD gypsum because aluminates prefer to
form ettringite in the cementitious system with gypsum.
Gehlenite peaks appear in both pastes and keep nearly the
same intensity at different hydration times (Figs. 6, 7).

Discussion
Hydration mechanism of CAC with or without gypsum

Basically, hexagonal phase of CAH;, is generated when
CAC is blended with water at 20.0 °C at early hydration
age [4, 5], as Eq. 1 and 2 show.

CA + 10H — CAH, (1)
CA, + 13H — CAH,(y + AHj3 (2)

However, Ettringite is directly produced when gypsum
exists according to the following reactions:

3CA + 3CSH, + 32H — C¢AS3Hs, + 2AH; 3)
3CA; + 3CSH, + 41H — C¢AS;H;, + 5AH; (4)

Ettringite can precipitate in a few minutes and has a very
low solubility of 1.1 x 107*° mol L™" [18, 19].

Soon, hydrates of ettringite and AHj gel cover the sur-
face of CAC particle in the pastes with FGD gypsum, while
hydrates of CAH,y and AH; gel cover the surface of CAC
particle in the pure CAC paste. Then, the hydration process
is inhibited and little heat is released (Fig. 2). Such period
known as induction period can be explained by hypothesis
mechanism of hydrate barrier [20, 21]. It supposes that a
thin layer of hydration products rapidly covers the entire
unhydrated grain when cement reacts with water and a
physical barrier impedes further contact between water and
the inner cement particles and the hydration reaction then
becomes diffusion controlled.

It seems that the AH; gel layer integrated with ettringite
crystal is much more permeable by water and easier broken
by over crystallization than the layer of AH; gel together
with poor crystal CAH,. So the pastes with FGD gypsum
have bigger heat release rate during the induction period
and much shorter induction period than the pure CAC paste
(Fig. 2).

Hydrates of CAH;o and ettringite are believed to gen-
erate as the pastes contact with water. However, their
characteristic peaks do not appear in the pastes within the
induction time (Figs. 6, 7). It may attribute to the low
concentration of such hydrates at that time.

It is noticed that gehlenite peaks nearly keep the same
intensity at different hydration time in the pastes with or
without FGD gypsum. The reason may be linked to its low

hydraulic activities and the conditions in which gehlenite
hydrate could be formed [22-25]. Theoretically, gehle-
nite’s hydrate can be formed by hydration reaction of
CLAS:

C,AS + 8H — C,ASH (5)

Association of heat release with hydration

The initial exotherm in preliminary minutes of hydration is
attributed to complex reaction during the wetting process.
These reactions include hydration of CA and CA,, disso-
Iution of gypsum and formation of ettringite. Then the
hydration proceeds in induction period and low heat
releases as mentioned above.

With process of hydration, large mounts of heat are
released during that process. For the pastes with 5-15%
FGD gypsum, the first exothermic peaks appear at close
time associating with ettringite formation, and the second
ones present ascribing to CAC hydration when the gypsum
is depleted. So the second peaks delay as the content of
FGD gypsum increases (Fig. 2a).

For the pastes with 20% or more FGD gypsum, no
obvious second exothermic peak appears (Fig. 2). It means
that the whole hydration process is controlled by the
reaction of ettringite formation. However, maximum heat
released from per gram of CAC achieved only as exceeding
40% FGD gypsum is blended in the paste (Fig. 4). It means
that the dissolution and diffusion of gypsum is a key pro-
cess for hydrates of CAC turning to ettringite in the pastes
with FGD gypsum, especially in the pastes with 20% and
30% FGD gypsum. It also indicates that more heat could
release when aluminates react with gypsum and water to
generate ettringite for its big synthetic heat. The gradual
decline of heat release rate and cumulative heat release in
the pastes with exceeding 20% FGD gypsum is mainly
caused by the dilution effect of CAC with excessive
gypsum.

The sampled CAC in which gehlenite dominates the
mineral phases generates lower heat evolution than ordin-
ary CAC where CA is usually the main mineral.

Association of heat release with setting time

Setting time is intrinsic reflections of the hydrating pro-
cesses and the matrix structure formations in different
pastes. As hypothesis mechanism of hydrate barrier, the
paste does not set until the breakdown of this barrier by
nucleation of CAC hydrates and ettringite. The initial set-
ting times of the pastes coincide well with the heat evo-
lution regulation, that is, the initial setting time is close
with the ending of induction time for each paste (Figs. 2,
5). The quick setting of pastes with FGD gypsum is ben-
eficial for early strength development of the pastes, so it is
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favorable in some building construction such as self-lev-
eling floor screed.

Conclusion

Based on the experiment results, it could conclude that:
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