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Abstract The dehydration behaviors of FGD gypsums
from three power plants were investigated at N, atmosphere
(autogenous and negligible partial pressure of water, Py,0)
in non-isothermal and isothermal condition. The dehydration
of gypsum proceeded through one step, i.e., CaSO4-2H,
O — y-CaSO, (y-anhydrite) or two steps, i.e., CaSO,4-2H,0
— CaS04-0.5H,O (hemihydrate) — y-CaSO, depending
on temperature and Py,o. The discrepancies of three FGD
gypsums on dehydration behavior were very likely due to the
different crystalline characteristics (size and habit) and
impurities, such as fly ash and limestone. Experimental data
of non-isothermal analysis have been fitted with two ‘model-
free’ kinetic methods and those of isothermal analysis have
been fitted with Avrami and linear equation. The apparent
empirical activation energies (E,) suggest that the transition
from gypsum to hemihydrate is mainly controlled by nucleation
and growth mechanism, while the transition from gypsum to
y-anhydrite is mostly followed by phase boundary mechanism.

Keywords FGD gypsum - Dehydration behavior -
Kinetics - TG/DSC - Crystalline characteristics
Introduction

Calcium sulfate dihydrate (gypsum) is a commonly found
mineral in the nature, and it is an important building
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material in the production of ‘Plaster of Paris’, gypsum
wallboard, and Portland cement [1, 2]. The CaSO,~H,0O
system is characterized at least five crystalline phases,
which are gypsum (CaSO4-2H,0), hemihydrates (x- and
p-CaS0,4-0.5H,0), soluble anhydrite (y-CaSO,) and insol-
uble anhydrite (AIII-CaSO4 and AII-CaSO,) [3].

A detailed knowledge of the conditions, mechanisms,
and kinetics of the phase transitions in the CaSO4—H,O
system is crucial for applications of CaSO4-based mate-
rials [1, 4]. For example, efforts have been made to
obtain a product with a minimum amount of insoluble
anhydrite during the production of Plaster of Paris [3].
The thermal dehydration processes have been extensively
investigated as a function of temperature and partial
pressure of water (Py,0) with several experimental tech-
niques. However, it is still obscure about the dehydration
mechanism throughout the whole thermal process from
gypsum to anhydrite and it is also uncertain about the
routes of phase transitions during the dehydration process
[5].

Most literature reported that gypsum dehydration
undergoes a two-step process, CaSO4-2H,0 — CaS04-0.5
H,O — y-CaSO, [5-13], while some reports showed that
y-CaSQ, is directly produced during gypsum dehydration
[14-19] and hemihydrate is formed by rehydration of
y-CaSO, upon cooling with humid air [18, 19]. In fact, the
two-step process was obtained at a certain Py,0, while the
one-step process was achieved at negligible Py,o. Ball and
Norwood [20] pointed out that both temperature and Py,0
controled the product of dehydration. The hemihydrate was
produced only when the decomposition occurred at high
Py,0 and below 115 °C, while the anhydrite was formed
above 115 °C and at low Ppy,o. Badens et al. [21] also
reported that the final dehydration products were a function
of Py,0. A two-step process happened at Py,o of 900 Pa,
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but no intermediate phase (hemihydrate) occurred at a Py,0
of 1 and 500 Pa. However, one-step [18] and two-step [10]
processes at negligible Py,o (N, atmosphere) were sepa-
rately reported by in situ IR investigation, which shows a
contradiction.

From the viewpoint of potential rate-controlling steps in
solid-state decomposition reactions, a lot of gypsum
dehydration mechanisms have been proposed, such as
‘diminishing sphere’ or ‘diminishing plate’ [15], topotactic
reaction [9], nucleation and growth [14, 20], phase
boundary (i.e., that the rate-controlling step in the process
is the migration of the hemihydrate—gypsum interface) [5,
12, 20], autocatalytic nucleation [5, 11, 22], and diffusion
kinetic mechanism [20]. The dehydration kinetics varied
with the temperature and Py,o. It was reported that the
dehydration involved nucleating and boundary controlling
between 353 and 383 K, but was controlled by a diffusion
mechanism for 383—425 K [20]. Dos Santos et al. [12]
reported that the dehydration was dominated by first-order
kinetics above 383 K and a two-dimensional phase bound-
ary mechanism below 373 K. It was also reported that
the dehydration kinetics was a function of the degree
of dehydration [11, 22, 23]. Expect for macroscopic
investigation, an in situ study of dehydration process has
been done using hydrothermal atomic force microscopy
(HAFM) [24]. In that research, the lateral pit growth
yielded an E, of 119 + 11 kJ mol ™' (360—393 K), a value
attributing to a phase boundary mechanism.

The dehydration behavior may vary significantly among
different gypsum types, such as natural gypsum and many
kinds of chemical gypsums [6, 23, 25, 26]. Differences in
crystalline characteristics (i.e., size, habit, amount of
defects) and impurities appear to be the most important
factors resulting in discrepancies of dehydration behavior
[4, 27]. Flue gas desulfurization (FGD) gypsum, one of the
most important chemical gypsums, has been widely used in
plaster-based construction material [28, 29] and the
research on its dehydration behavior is of both scientific
and practical interests. However, only little work has
focused on the FGD gypsum dehydration behavior until
now [26]. The origin, i.e., different plants, process route,
and operating conditions brings to differences in crystalline
characteristics [28], and thus affects the dehydration
behavior.

This work is to investigate the dehydration behavior of
FGD gypsum at both autogenous and negligible Py,o by
simultaneous thermalgravimetry (TG) and differential
scanning calorimetry (DSC) in both non-isothermal and
(quasi-) isothermal conditions. Crystalline characteristics
(size and habit) of FGD gypsum samples were analyzed at
first to discuss the dehydration behavior discrepancies
among them.

@ Springer

Experimental
Materials

FGD gypsums from three local power plants of Ban Shan
(G1), Lan Xi (G2) and Qian Qin (G3) in Zhejiang Prov-
ince, China, were adopted as raw material. The FGD
gypsums were dried at 45 °C to a constant mass and passed
60-mesh sieve before all analyses. The chemical compo-
sitions of three FGD gypsums are presented in Table 1.
The mass percentages of calcium sulfate dihydrate calcu-
lated by the content of SOj3 are up to 94.3, 95.8, and 94.1%,
respectively. The main impurities are some SiO,, which
could come from as amorphous phase of fly ash and crystal
phase of quartz, the impurity of limestone. The CO, comes
from unreacted limestone.

Methods

The dehydration process of FGD gypsum was performed
with simultaneous TG/DSC analysis (NETZSCH STA 409
Luxx, Selb/Bavaria, Germany) at N, atmosphere with a gas
flow of 20 mL min~"'. Non-isothermal analysis was carried
out at different heating rate (2—20 K min~'). Isothermal
analysis was conducted in the temperature range of
70—105 °C with a span of 5 °C and a heating rate of
1 K min~' was applied before the temperature reached the
set one. Both thermal analyses used 70 pL alumina cruci-
ble and sample mass was between 5.00 and 10.00 mg. An
autogenous Py,o atmosphere was got when the crucible
was covered with a pinhole lid, while a negligible one was
achieved with no lid used. Data collected at two different
atmospheres were used to distinguish the influence of Py,0
on the dehydration of gypsum.

Table 1 Chemical compositions of three FGD gypsums

Oxides/elements Chemical compositions (wt%)
Gl G2 G3

CaO 31.76 32.26 31.84
SO; 43.87 44.56 43.79
SiO, 2.00 0.87 1.85
CO, 0.82 0.94 0.32
Al,O4 0.25 0.08 0.24
Fe, 05 0.10 0.05 0.12
MgO 0.03 0.05 0.05
K,O 0.03 0.02 0.06
Na,O <0.01 0.02 0.05
IL (300 °C) 19.88 20.10 20.22
Total 98.72 98.95 98.54
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The particle size distribution (PSD) of FGD gypsum was
tested by a laser particle size analyzer (Mastersizer 2000,
Malvern, England) after being dispersed in anhydrous
ethanol with an ultrasonic bath. The crystal habit was
observed by a Scanning Electron Microscope (SEM, SI-
RION-100, FEI Company, USA). The samples were
examined with X-ray diffraction (XRD, D/Max-2550 pc,
Rigaku Inc., Japan) using Cu ko radiation at a scanning rate
of 8°/min.

Results and discussion
Crystal characteristics analysis

The PSDs of three FGD gypsums are shown in Fig. 1. The
grains are mainly distributed between 10 and 150 pm. The
volume weighted mean diameters of G1, G2, and G3 are
52.2,42.6 and 33.9 um, respectively, which agrees with the
particle diameters range (35—70 pm) of another FGD
gypsum sample reported by Cave and Holdich [26].
However, the natural gypsum is always out of this range.

Figure 2 shows the morphologies of three FGD gypsums
by SEM. G1 and G2 show regular thombic crystals, which
implies the crystals are well developed, while G3 shows
irregular appearance, which means the crystals are not well
grown. A lot of micro-spheres of fly ash cover the surfaces
of gypsum crystals. The differences of size and habit
among the three FGD gypsums are mainly caused by the
operation parameters in desulphurization unit. Crystal
residence time has an essential influence on the growth of
gypsum crystals, a short residence time produces small and
irregular gypsum crystals and vice versa [28].

The X-ray diffraction patterns of three FGD gypsums
are shown in Fig. 3. G1 and G2 have similar relative
reflection intensities on different crystal surfaces, but they
are quite different with G3. The intensities on the (—121),
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Fig. 1 Particle size distributions of three FGD gypsums

(002), and (022) surfaces of G3 are stronger than that of G1
and G2, while the intensity on the (020) surface of G3 is
much weaker. Morphological images and XRD patterns of
the FGD gypsums suggest a correction of the X-ray
absorption through the occurrence of crystal forms,
although it is not always the case [30]. A number of studies
indicate that gypsum crystals are to be classified as mosaic
crystals, whereby size, amount and disorder of orientation
of the blocks are largely dependent on the conditions pre-
sented during crystallization [30]. Hence, the PSDs, mor-
phologies and XRD patterns of the three FGD gypsums
reveal the difference of conditions under which the FGD
gypsums were produced.

Fig. 2 SEM images of three FGD gypsums
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Fig. 3 XRD patterns of three FGD gypsums
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Fig. 4 TG and DSC curves of three FGD gypsums dehydration at

heating rates of 10 K min™': a at autogenous Py,o atmosphere and

b at negligible Py,o atmosphere

Non-isothermal dehydration analysis

Figure 4 shows the TG and DSC curves of three
FGD gypsums dehydration at heating rate of 10 K min~".
At autogenous Py,o atmosphere (Fig. 4a), the gypsums
break down thermally in two processes apparently.
This is the case that a lot of researchers believe that
gypsum dehydration undergoes a two-step process of
CaS0O4-2H,O — CaS04:0.5H,O — y-CaSO4. The two
‘jumps’ of a 3:1 mass loss in TG curves are consistent with
the stoichiometry of the dehydration reactions, which
confirms the two-step dehydration process. However, the
real dehydration route may be covered by the data of
macro-mass loss. The two DSC peaks are partly over-
lapped, indicating that hemihydate begins to transit to
anhydrite before dihydrate completes its transformation to
hemihydrate. Therefore, three phases of calcium sulfate
coexist during certain dehydration period. Because the
existence of hemihydrate strongly depends on Pp,o and
temperature [20, 21], the ideal two-step dehydration pro-
cess could not be achieved in the experimental condition of
this work.
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At negligible Py,o atmosphere (Fig. 4b), the successive
mass loss and the only one endothermal peak make gypsum
seem to dehydrate via one step, i.e., CaSO42H,0 — y-
CaSO,. However, it may not be the real way. If the
hemihydrate formed as intermediate, loses its 0.5 crystal
H,O0 very quickly, the same TG and DSC curves could also
be achieved. In fact, the similarity of y-anhydrite and
hemihydrate in crystal structure has proven that hemihy-
drate and 7y-anhydrite can transform to each other very
quickly [14]. So, the TG/DSC analysis data got here can
not give a definite answer about the real dehydration route
of gypsum because the thermal analysis is a macroscopic
technique and cannot determine the process at a local level.
It is the reason that a lot of analyses with in situ phase
detection were carried out to find out the real gypsum
dehydration process as mentioned in introduction [5, 10,
14, 18, 24]. However, debates have not ended until now.

It shows that gypsum dehydrates more easily at negli-
gible Py,o atmosphere. As the principle of reaction equi-
librium, the produced water increases the Pp,o in the
crucible with a pinhole lid, and thus higher temperature is
needed to promote the dehydration. As a result, an
‘induction period’ appears in the gypsum dehydration at
autogenous Py,0, while no such ‘induction period’ exists at
negligible Py,o. It is also found out that the dehydration
endset temperatures at autogenous Py,o (around 180 °C)
are much higher than those at negligible Py,o (around
150 °C).

The differences in TG and DSC profiles among the three
gypsums indicate the influence of sample origin on dehy-
dration behavior. The most obvious discrepancy is the
temperature, at which gypsum begins to dehydrate. Gl
begins to dehydrate at lowest temperature, while G2 begins
to dehydrate at highest temperature at both Py,o atmo-
spheres (Fig. 4). The covered fly ash (Fig. 2), the main
impurity, may bring on such difference, because the
impurities may accelerate the dehydration of gypsum [27].
In the main range of gypsum dehydration, the TG and DSC
profiles of G2 and G3 are parallel with each other. How-
ever, G1 has a little slower mass loss rate than those of G2
and G3 and it may attribute to its coarser particles (Fig. 1).
G2 and G3 show quite similar dehydration behavior despite
the discrepancies of crystalline characteristics. For this
reason, G1 and G2 were chosen to investigate their dehy-
dration kinetics.

Isothermal dehydration analysis

Figure 5 shows the TG and DSC curves of G1 in isother-
mal condition (autogenous Py,o atmosphere). The oscil-
lations of temperature and DSC are due to the regulation
system which switches on and off heating for adjusting
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Fig. 5 DSC (a) and TG (b) curves of G1 dehydration in isothermal
condition at autogenous Py,o

temperature to the programmed one. The regular fluctua-
tion of DSC profile and the linear decline of TG at 90 and
95 °C imply that the dehydration proceeds as one step, i.e.,
CaS0O4-2H,O — y-CaSO,4. The same behavior has also
been observed at lower temperature.

However, at 100 and 105 °C, the DSC profiles show two
platforms (marked with thick line, P1 and P2), which
implies that the dehydration process is modified. This
phenomenon attributes to the elevated Py,o at higher
temperatures. Gypsum dehydrates more quickly and the
autogenous Pp,o increases when temperature rises, and
then the one-step dehydration process is modified by the
two-step dehydration process, where hemihydrate is the
metastable phase.

At negligible Py,o atmosphere (70—95 °C), G1 under-
goes one-step dehydration process without modified phe-
nomenon and the result would not be present here.

Kinetics of FGD gypsum dehydration

A mathematical description of chemical reaction data is
usually sought in terms of a ‘kinetic triplet’ (i.e., Arrhenius
parameters A and E,, and the reaction model, f(«), also
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Fig. 6 Transformed fraction () versus temperature curves for the
dehydration (gypsum to hemihydrate) of G1 (a) and G2 (b), heating
rates: 2, 3, 5, 7, 10 and 15 K min ™"

called the conversion function), which is related to the
experimental data as follows [31, 32]:

do/dr = Aexp(—E,/RT)f (). (1)

For non-isothermal data obtained at a constant heating rate
p = dT/dt, de/dt in Eq. 1 is replaced with fdo/dT.

Non-isothermal analysis

Experimental data got from non-isothermal analysis of G1
and G2 at different heating rates (2, 3, 5, 7, 10 and
15 K min~') at autogenous Py,o are shown in Fig. 6. The
transformed fraction (o) were calculated as the first mass
‘jump’ (Fig. 4a), which corresponds to the transition from
gypsum to hemihydrate, although it is not an ideal process
of CaS0O4-2H,0 — CaS0,4-0.5H,0 as mentioned above.

Experimental data got from non-isothermal analysis of
Gl and G2 at different heating rates (3, 5, 7, 10, 15 and
20 K min™") at negligible Py,0 are shown in Fig. 7. The
transformed fractions («) were calculated as the whole
mass loss (Fig. 4b), which corresponds to the transition
from gypsum to y-anhydrite.
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Fig. 7 Transformed fraction () versus temperature curves for the
dehydration (gypsum to y-anhydrite) of G1 (a) and G2 (b), heating
rates: 3, 5, 7, 10, 15, and 20 K min™"'

A lot of kinetic methods are ready to describe mathe-
matically the data, involving at least one kinetic triplet of
parameters [31]. Because of the inconsistency of gypsum
dehydration kinetics models reported, two ‘model-free’
kinetic methods were employed to calculate the activation
energy (E,) in non-isothermal analysis. The first one is the
iso-conversional method of Flynn, Wall and Ozawa as
shown as [31]

In(B) = In[Af (2)/(do/dT)] — Ea/RT, (2)

which involves measuring the temperatures corresponding
to the fixed values of « at different heating rates, f, and
plotting In(«) against 1/7. The slopes of such plots give
—E.J/R.

The second one is the ‘general method’ as shown as [31]

In(de/dT) = In(Af(2)/) — E./RT. (3)

From a number of («, 7) values from one non-isothermal
experiment, the left side of equation may be calculated
and plotted versus 1/7. The slopes of such plots also give
—E.JR.

The calculated E, values at autogenous Ppy,o (CaSOy-
2H,0 — CaS04-0.5H,0) and at negligible Py,0 (CaSOy4-

@ Springer

2H,0 — y-CaSO,) are presented in Tables 2 and 3,
respectively. The discrepancy of E, values by ‘Flynn, Wall
and Ozawa’ and ‘general’ method indicates the influence of
kinetic methods chosen. The E, values of Gl at both
autogenous and negligible Py, are smaller than that of G2,
which may attribute to their crystalline characteristics and
impurities.

At autogenous Ppy,0, the E, values of 161 & 8 kJ mol ™!
(G1) and 194 + 18 kJ mol™' (G2) at low « by Flynn, Wall,
Ozawa method (Table 2) are reasonably in the range
(145—247 kJ mol™") attributed to a nucleation and growth
reaction kinetics [20], while at high «, the E, values of
111 & 12 kJ mol ™" (G1) and 136 =+ 11 kJ mol~' (G2) are
slightly smaller than that.

The E, values of 154 kJ mol™' (G1) and 169 kJ mol "
(G2) at low heating rate and 157 kJ mol ! (Gl) and
173 kI mol™' (G2) at high heating rate by ‘General’
method are also reasonably in the E, range following
nucleation and growth reaction kinetics. During the fitting,
it was found that the data were dispersive at both low and
high «. So the present E, values here are the fitting results
of medial o (0.2—0.6).

At negligible Py,0, the E, values of 78 £ 6 kJ mol !
(G1) and 79 & 7 kI mol™' (G2) at higher o by Flynn,
Wall, Ozawa method (Table 3) are slightly smaller than the
values (80—97 kJ molfl) attributed to a boundary control
[20]. Whereas, the E, values of 130 & 11 kJ mol ™! (G1)
and 136 £ 13 kJ mol™' (G2) at lower o are close to the
values attributed to a nucleation and growth reaction
kinetics. In both autogenous and negligible Py,o, the dif-
ferent E, values of low and high o obtained from method of
Flynn, Wall and Ozawa suggest dehydration kinetics is a
function of the degree of dehydration [11, 22, 23].

Table 2 Kinetics methods and E, values calculated for the non-
isothermal analysis at autogenous Pp,0(CaSOy - 2H,0 — CaSOy-
0.5H,0)

FGD gypsum Method E,/kJ mol™!
Gl1 Flynn, Wall, Ozawa

Low o (0.1-0.4) 161 £ 8

High « (0.5—-0.9) 111 £ 12
Gl General

Low heating rate, f = 2 154

High heating rate, f = 15 157
G2 Flynn, Wall, Ozawa

Low o (0.1-0.4) 194 + 18

High « (0.5—-0.9) 136 + 11
G2 General

Low heating rate, f = 2 169

High heating rate, f = 15 173
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Table 3 Kinetics methods and E, values calculated for the non-iso-
thermal analysis at negligible Py,0(CaSOy4 - 2H,0 — y — CaSOy)

FGD gypsum Method E,/KJ mol ™"
Gl Flynn, Wall, Ozawa

Low o (0.1-0.4) 130 £ 11

High « (0.5—-0.9) 78 £ 6
Gl General

Low heating rate, f = 3 82

High heating rate, f = 20 72
G2 Flynn, Wall, Ozawa

Low « (0.1-0.4) 136 + 13

High « (0.5-0.9) 79+7
G2 General

Low heating rate, f = 3 98

High heating rate, f = 20 75

The calculated E, values (‘General’ method) of
82 kJ mol ™' (G1) and 98 kJ mol™"' (G2) at low heating
rate are reasonably in the range (80—97 kJ mol_l) attrib-
uted to a boundary control, while the values of 72 kJ mol ™'
(G1) and 75 kJ mol ™' (G2) at high heating rate are slightly
smaller than that [20]. The close E, values at low and high
heating rates indicate the ‘General’ method is not sensitive
with the selected heating rate.

It is speculated that the transition of gypsum to hemi-
hydrate follows nucleation and growth reaction kinetics,
while the transition of gypsum to y-anhydrite is controlled
by a phase boundary mechanism in this research condition.
The E, values in non-isothermal analysis are no kinetics
model included and thus the dehydration kinetics are just
speculated from E, values. So model involved method
would be applied to investigate the dehydration kinetics in
isothermal analysis.

Isothermal analysis

Experimental data got from isothermal analysis of G1 at
both autogenous Py,o (75—95 °C) and negligible Py,o
(70—95 °C) are shown in Fig. 8. The transformed fractions
(o) were calculated as the whole mass loss, which corre-
sponds to the transition from gypsum to anhydrite.
Experimental data have been tentatively fitted with models
with acceleratory o-time curves and deceleratory o-time
curves based on geometrical, diffusion and order of reac-
tion mechanism [27]. But poor fittings imply that those
mechanisms are not adequate to describe the process. Then
data were fitted with Avrami equation, model with sig-
moidal a-time curves, under general form as [5, 31]

a=1—exp ™), (4)
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Fig. 8 Transformed fraction (o) versus time curves for the dehydra-
tion (gypsum to y-anhydrite) of G1, a at autogenous Py,o, temper-
ature range 75—95 °C; b at negligible Py,0, temperature range
70-95 °C

Table 4 Rate constants k and corresponding correlation values R
obtained by fitting of transformed fraction versus time data with the
Avrami equation and linear fitting, at autogenous Py,o, G1

Temperature/°C ~ Avrami equation fitting  Linear fitting

R? k R? k
75 09937 420 x 107*  0.9989 2.88 x 107>
80 09913 638 x 107*  0.9992 4.07 x 107°
85 09881 9.55 x 107*  0.9995 6.01 x 1073
90 09862 151 x 1072 0.9998 9.18 x 107>
95 09795 217 x 107> 0.9985 1.24 x 1072

where k is the rate constant, and n is the parameter
describing the dimension of the reaction mechanism.

In the first fitting run, the n distributed between 2
(70 °C) and 1.5 (95 °C). So in the second fitting run, the
n was fixed to 2. For the linear profiles of data (except for
low and high «), linear fitting was also employed with o
values from 0.1 to 0.9. The fitting curves are presented in
Fig. 8 and the rate constant k and the corresponding
correlation value R* for each temperature are shown in
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Table 4 (at autogenous Py,0) and Table 5 (at negligible
Py,0), respectively.

Rate constants k obtained from the various temperatures
were plotted against temperature as In k versus 1/7, i.e., the
logarithmic form of the Arrhenius equation:

Ink = InA — E, /RT. (5)

Under this form, the slope of plot provides the E, (Fig. 9).

The In k is linearly dependent on 1/7 (Fig 9), which
clearly indicates that the dehydration follows a single
mechanism within the experimental temperature range.

Table 5 Rate constants k and corresponding correlation values R?
obtained by fitting of transformed fraction vs time data with the
Avrami equation and linear fitting, at negligible Py,0, G1

Temperature (°C) Avrami equation fitting  Linear fitting

R? k R? k
70 0.9962 7.86 x 107> 0.9985 5.67 x 1073
75 0.9945 123 x 1072 0.9995 8.53 x 1072
80 0.9954 1.86 x 1072 0.9968 121 x 1072
85 0.9788 2.69 x 1072 0.9975 1.54 x 1072
90 0.9673  4.04 x 1072 0.9953 2.14 x 1072
95 0.9449 527 x 1072 0.9981 2.64 x 1072

Fig. 9 Arrhenius Ink versus

The result agrees with some other reports [5, 10]. The E,
values at autogenous Py,0 (88 == 1 kJ mol~! with Avrami
equation fitting and 79 4 2 kJ mol~' with linear fitting)
are both reasonably close to the range (80—97 kJ mol ")
attributed to a boundary control [20]. The E, values at
negligible Py,0 (79 = 1 kJ mol™' with Avrami equation
fitting and 64 + 3 kJ mol ™" with linear fitting) are slightly
smaller than that. It is reasonable that the E, values at
autogenous Py, o are slightly bigger than those at negligible
Py,0 for the elevated Py,o [6].

The E, values in isothermal analysis are quite close to
75 £ 8 kI mol™' [14] and 81 kJ mol™' (FGD gypsum
sample) [26], which were both fitted with the two-dime
nsional Avrami expression. However, the E, values are in
general smaller than those reported in the range of
90—96 kI mol™' [10, 16, 20], 100.5 £ 1.2 kJ mol ™’
(¢ =0.1-0.7) [11], 109 + 12kJ mol™" [5], 108—
116 kJ mol ™! [6] and 119 =+ 11 kJ mol~! [24]. The dif-
ferences for E, values with those found in references are
reasonably due to different experimental conditions, such
as temperature range, Py,0 and fluxing type [5]. The
sample origin (FGD gypsum) may also play an important
role in dehydration kinetics. The impurities such as fly ash
may accelerate gypsum to dehydrate, and thereby decrease
the E, values.

a .35 b
1/T plot for gypsum (G1) to
y-anhydrite conversion at ol "’:f 05996 - -45F R =0.9989
autogenous Pp,o a Avrami : E, = 88(1) kJfmo E,=79(2) kJ/mol
equation fitting, b linear fitting, x sl ~ 50f
and at negligible Py,o, 58 5
¢ Avrami equation fitting, solb ss|
d linear fitting ’ ’
55t 60l
0.00270 0.00275 0.00280 0.00285 0.00290 0.00270 0.00275 0.00280 0.00285 0.00290
1/T/IK 1/T/K
c d
-35+r
—40rF R =0.9993 R*=0.9966
E,=79(1) ki/mol E, = 64(3) kJ/mol™
45F 40
=~ =~
5 -50f S st
-55¢
5.0
6.0
0.00265 0.00270 0.00275 0.00280 0.00285 0.00290 0.00270 0.00275 0.00280 0.00285 0.00290 0.00295
1/T/K 1/T/K
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Conclusions

The dehydration behavior of FGD gypsums depends on
temperature and Py,0. One-step process (i.e., CaSOy:
2H,0 — y-CaSO,) occurs at negligible Py,0 in non-
isothermal condition and below 100 °C in isothermal
condition, while two-step process (i.e., CaSO4-2H,O —
CaS0,4-0.5H,0 — y-CaSO,) occurs at autogenous Ppy,o in
non-isothermal condition and above 100 °C in isothermal
condition (at autogenous Pp,0).

The E, values suggest that the dehydration process of
gypsum at low Py, (CaSO42H,0 — y-CaSOy) is mainly
dominated by boundary control mechanism, while it is
mostly controlled by nucleation and growth mechanism at
high Py,0 (CaSO42H,0 — CaS04:0.5H,0).

The differences of the three FGD gypsums on crystalline
characteristics (size and habit) and impurities such as fly
ash and limestone likely result in the discrepancies of
dehydration behavior among them.
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