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Abstract

The reactivity of flue gas desulphurization gypsum with ammonium carbonate has been studied in the temperature range
(20-50) °C. Mechanism of this reaction was suggested and the kinetics parameters characterizing the reaction were deter-
mined. A mathematical model suitable for the prediction of the conversion of gypsum was proposed. The reaction is of the
second order. Influence of the size of gypsum particles on the relationship between the surface and volume of the particles
is not significant. From the obtained experimental results, it follows that the reaction does not proceed at the surface of the
solid gypsum particles, but in the liquid phase between dissolved gypsum and ammonium carbonate. The diffusion of the
dissolved gypsum through the liquid film formed at the surface of the solid gypsum particles is the rate-limiting step of the

conversion reaction.

Keywords FGD gypsum - Reaction mechanisms - Ammonium sulfate - Desulphurization

Introduction

Gypsum (CaSO,-2H,0) is a natural mineral. It is, however,
also well known as a by-product (co-fertilizer material) of
technologies producing phosphate fertilizers (Parrish and
Ogilvie 1939; Kongshaug et al. 2000), technologies used
for the production of TiO, (Géazquez et al. 2014), and oth-
ers. From the “non-chemical” purposes, manufacture of
sanitary wares that are deposited after decommissioning and
become waste can be mentioned. Recently, a large portion
of gypsum has started to be generated from desulfurization
of flue gas (FGD) when slurry of ground limestone is used.
Under oxidizing conditions, from CaCOj;, water, oxygen,

>4 Vladimir Danielik
vladimir.danielik @stuba.sk

Institute of Inorganic Chemistry, Technology

and Materials, Faculty of Chemical and Food Technology
STU in Bratislava, Radlinského 9, 812 37 Bratislava,
Slovak Republic

Research Institute of Chemical Technology VUCHT, a.s,
Nobelova 34, 836 03 Bratislava, Slovak Republic

Present Address: Institute of Organic Chemistry,
Catalysis and Petrochemistry, Faculty of Chemical

and Food Technology STU in Bratislava, Radlinského 9,
812 37 Bratislava, Slovak Republic

and SO,, the so-called flue gas desulphurization gypsum
(FGDG) is formed (for details, see, e.g., Wikipedia 2018;
Reijnders 2016). Properties and utilization of gypsum are
well described by Wirsching (2000); prefabricated gypsum
building components, gypsum plaster, and gypsum con-
structing materials generally, are main application areas
(about 70%). Another area is to use gypsum as a fertilizer;
directly as a water suspension, or a raw material for the pro-
duction of other sulfur containing fertilizers, mainly in the
form of ammonium sulfate and blends containing it. It can
be also used as a component for neutralization of red mud
(Kurdowski and Sorrentino 1997).

In the past, before introduction of the desulfurization
process, SO, escaped into the atmosphere and formed the
so-called acid rains. Paradoxically, acid rains containing sul-
fur moieties (mainly SO42_) have been useful for fertilizing
and growing of plants. Today, we need to use, instead of
acid rains, sulfur containing fertilizers, e.g., (NH,),SO,, and
combination with other compounds, e.g., NH,NO; (ammo-
nium sulfate nitrate fertilizers, ASN). (NH,),SO, can be pre-
pared directly by the reaction of sulfuric acid and ammonia,
but also using the conversion reaction:
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CaSO,(s) + 2 NH;(g) + CO,(g) + H,O()
= (NH,),S0,(aq) + CaCO;4(s), ()

CaSO,(s) + (NH,),CO;(aq) = (NH,),SO,(aq) + CaCOs(s).
@)

The discussed conversion process of gypsum is not new.
It was carried out for the first time in industrial scale in
Merseburg (Germany) in 1909 (Gopinath 1968). That is
why, it is often called the Merseburg process. The economy
of this process is crucial, and it is derived from a relatively
sophisticated reactor system, the price for ammonia (rather
high) and CO, (low). For long time, the price for gypsum
used to be very low, because it is a waste from the produc-
tion of phosphoric acid from apatite (Gowariker et al. 2009).
A complex analysis of technological feasibility of the Merse-
burg process from FGDG was done by Chou et al. (2005).
The conversion of gypsum might be economically viable
today due to growing expenses related to the deposition of
FGD gypsum and the removal of CO, captured as CaCO,
in this process. Moreover, as aforementioned, ammonium
sulfate is more desired product today than in the past, which
positively influences its price. The latter together with cap-
ture and storage of CO, are reasons for a continuous interest
for improvements and modifications of the Merseburg pro-
cess; see papers published recently: Azdarpour et al. (2014);
Msila et al. (2016); Bao et al. (2017). It is worthy to add that
due to radioactivity of the raw material, mainly phosphates,
not all gypsum as side products from the phosphate ferti-
lizer production are suitable for further applications. Bur-
nett et al. (1996) studied radioactivity represented mainly
by 228U, 22°Ra, and 2'°Pb (determined by high-resolution
gamma spectrometry) of raw materials, gypsum from the
production of phosphate fertilizers, and conversion products
with (NH,),CO;3, i.e., CaCO5 and (NH,),SO, (see the reac-
tion 2). The authors have realized that radioactive elements
remain predominantly in the gypsum and in the CaCOj; cake
after conversion of gypsum. This ascertainment is positive
for the production of (NH,),SO,; however, generally, phos-
phogypsum and waste from bauxite treatment (often called
as red gypsum) are rather risky material both for the con-
struction elements, as well as for utilization as fertilizing
material. On the contrary to phosphogypsum, the FGDG has
much higher quality. Usually, more than 96% of CaCOj; in
limestone are required and measures in the FGD technology
enable removal of heavy elements by proper treatment of ash
(Reijnders 2016).

Of course, if there is a special interest for the production
of (NH,),SO,, from flue gases containing SO,, a direct reac-
tion with ammonia solution and oxygen should be applicated
(Marsulex 2007).

Behavior of the system represented by transformation
of gypsum to CaCO; and (NH,),SO, is very complicated
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due to three active phases: (i) gypsum(S1); (ii) CaCO5(S2);
(iii) water solution of (NH,),CO; and (NH,),SO, (in case
of reacting gypsum with water solution of (NH,),CO;) or
four active phases (G-phase as the 4th) when ammonia
slurry of gypsum reacts with gaseous CO,; eventually, NH,
is also added in the gas form. Gypsum solid phase dimin-
ishes and CaCOys is generated by precipitation. The reaction
rate increases with decreasing of the size of gypsum parti-
cles and stirring (minimizing hindrance against G—L and
L-S transport. Surface reactivity of the gypsum is affected
by the quality of the used limestone and operation condi-
tions of the FGD process. A general guide to description
of multiphase systems with solid reactants and products in
the liquid phase, L-S, and G-L mass transfers can be found
in the textbook of Doraiswamy and Sharma (1984). Xu and
Meakin (2011) have described precipitation/dissolution
phenomena including diffusion-limited precipitation. How-
ever, their approach is too sophisticated for common use.
Morsi and Basha (2015) published a comprehensive review
devoted to mass transfer in multiphase systems focusing on
bubble columns and slurry system. Again, the statement
about demandingness of model and deficiency of reliable
parameters limits this approach. In addition to multiphasic-
ity, various crystallographic modifications of CaCO; (the
most common: calcite, aragonite and vaterite) and their dif-
ferent solubility in water (Plummer and Busenberg 1982)
contribute to cumbersomeness of the system analysis (Song
et al. 2015). Therefore, simplified phenomenological ways
are used for description and modelling of the gypsum con-
version including effect of modifiers (Cordell 1968; Song
et al. 2014; Zhao et al. 2015; Song et al. 2016; Tan et al.
2017; Zhao et al. 2017).

The reactivity of different sources of FGD gypsum was
compared in the paper by Danielik et al. 2016. A method
using the reaction of aqueous suspension of gypsum with
ammonium carbonate solution with the following determina-
tion of the unreacted ammonium carbonate was developed.
It was found out that the reactivity of the FGD gypsum from
different sources is high and it is slightly correlated with the
BET-specific surface (Danielik et al. 2016).

A simplified approach to the kinetics of the conversion
reaction (2) has been discussed in papers of Ganz et al.
(1959); Chalabi and Younis (1975); Elkanzi and Chalabi
(1991). Basic information that follows from the literature is
that the rate of the conversion of calcium sulfate increases
with diminishing size of sulfate particles in the suspension.
On the basis of this fact, the cited authors assumed that the
conversion reaction proceeds mainly on the surface of parti-
cles of calcium sulfate. They assumed that, during the reac-
tion, the surface of gypsum particles is covered with solid
product, viz., calcium carbonate. The reactions taking part
in the conversion process proceed in a three phase system
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(suspension of calcium carbonate in water + gas components
NH; and CO,) and their kinetics is influenced by:

1. mass transport between gas and liquid;
chemical reaction between the solution of ammonium
hydroxide and carbon dioxide under the formation of
ammonium carbonate;

3. diffusion of ammonium carbonate through the layer of
the product, viz. calcium carbonate;

4. the chemical reaction on the surface of unreacted cal-
cium sulfate.

Elkanzi and Chalabi (1991) came to the following conclu-
sions: The absorption of CO, in partly carbonated ammonia
solution is controlled by the reaction between CO, and NHj.
According to them, it follows that the first two steps do not
influence the rate of the conversion reaction. To elucidate
the mechanism of the conversion reaction, they carried out
experiments at the temperatures of 10, 15, and 20 °C. They
added saturated solution of ammonium carbonate in sur-
plus to stoichiometry to the suspension containing 5 mass%
of gypsum. Size of gypsum particles was 50 um; rotation
of mixer was kept at its maximum value 2200 min~!. On
the basis of literature data and their own experiments, they
came to the conclusion that the conversion reaction is of the
pseudo first order. The activation energy of this reaction was
found to be 72 kJ mol~!.

Elkanzi and Chalabi (1991) say that their model (based
on the step 3) is supported by SEM images shown in paper
by Higson (1951). They claim that one can clearly see that
the crystals of calcium sulfate are covered with deposited
calcium carbonate. According to our opinion, these pic-
tures (as well as our results—Fig. 1) disprove validity of the

model presented by Elkanzi and Chalabi (1991), because
the surface of calcium sulfate is not compactly covered by
precipitated calcium carbonate.

In this work, we will present rather different view on the
mechanism of the conversion reaction. We will also present
a model that describes reasonably well the experimental
data.

Experimental

The conversion reaction was studied using energy gypsum
of industrial origin. Its purity was 98.9 wt%, main impuri-
ties being MgSO, and the insoluble impurities. Three size
fractions were used: (0-20), (20-50), and (50—100) pm. Par-
ticle size distribution was measured using a laser particle
size distribution analyzer CILAS 930 Liquid from CILAS
(France). Ammonium carbonate was of purity pro analysis
(LACH-NER, CZ). The concentration of ammonium carbon-
ate in water solution during experiment was determined by
the addition of 1 M HCl and back titration with 1 M NaOH
using methyl red as an indicator.

Experiments were carried out at the temperatures of 20,
30, 40, and 50 °C. Experiments at the temperature of 20 °C
were performed in the following way: exactly, determined
amount of gypsum (ca 30 g) was dispersed in deionized
water (100 mL) for 10 min. This procedure was sufficient
for disintegration of agglomerates of gypsum. Preliminary
experiments showed that the intensity of stirring higher
than 200 min~! is not contributing to the increase of the
conversion rate. Therefore, this intensity was applied in all
the experiments. Under the constant stirring 200 min™!,
200 mL of the ammonium carbonate solution was added.

(b)

Fig.1 SEM image of partly reacted gypsum particles. One can see gypsum particles after a 5 min; b 10 min from the beginning of the reaction
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Concentration of ammonium carbonate solution was chosen
in such a way that a chosen initial molar ratio of gypsum
and ammonium carbonate in the mixture could be achieved
(0.8:1,0.9:1, 1:1, and 1.1:1).

Samples of suspension (10 mL) were taken in chosen
intervals (3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 35, 45, 60, 75,
90, 105, and 120 min). Pure liquid for analysis was obtained
by centrifugation. To 5 mL of pure liquid, 10 mL of 1 M HCl
was added to decompose the unreacted ammonium carbon-
ate. Remaining (dissolved) CO, was removed by heating of
the sample to 60 °C. For back titration of the excess of HCI,
1 M NaOH solution was used (methyl red was the indicator).
The amount of unreacted gypsum was calculated from the
amount of unreacted ammonium carbonate. Standard devia-
tion of the conversion of gypsum determined in this way was
lower than 1%.

Ammonium carbonate partly decomposes already at the
temperature of 30 °C. For this reason, the experiments car-
ried out at higher temperatures (30-50) °C were done in a
pressure reactor (Parr 4842, USA). In this case, the solution
of ammonium carbonate was heated in the pressure reactor
to required temperature. Then, the suspension of gypsum in
deionized water was added. Propeller rotation was 200 min~"
as in the previous experiments. After chosen time (10, 30,
60, and 90 min), the reactor was opened and the sample
(10 mL) was immediately mixed with a weight amount of
water—ice mixture (0 °C) and centrifuged. The analysis of
the liquid portion, taking into account the dilution with the
water—ice mixture showed deviation lower than 1% in com-
parison with no cooled and diluted sample. This deviation
was in the range for analytical error (1%) of ammonium car-
bonate determination. The content of unreacted ammonium
carbonate was analyzed as described above.

The obtained kinetic data were treated by own computer
program for estimation of model parameter values using the
Runga—Kautta fourth-order procedure for the solution of dif-
ferential equations (see below) and Marquardt-Levenberg
algorithm for the least-squares minimization. Rate constants
for individual temperatures were estimated independently
(Table 1). Afterwards, activation energy was calculated.

Exact concentration of all solutions [HCl, NaOH,
(NH4),CO;] was analyzed before each experiment.

Results and discussion

Figure 1 shows SEM images of the solid phase sampled from
the reaction mixture after 5 and 10 min from the beginning
of the reaction (T=293 K). It can be seen that gypsum prism
particles are not fully covered with calcium carbonate, which
is in contrary with the mechanism proposed by Ganz et al.
(1959); Chalabi and Younis (1975); Elkanzi and Chalabi
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(1991). This suggests that we have to consider that the con-
version reaction proceeds in the liquid phase.

On the basis of this observation, viz., that the reaction
does not proceed on the surface of solid gypsum particles
(i.e., it does not form a compact layer of calcium carbon-
ate), we proposed the following steps:

1. The dissolution of solid gypsum.

Diffusion (transport) of dissolved gypsum through the
liquid film formed on the surface of solid gypsum par-
ticle into bulk of the liquid phase. The liquid film is
established between the surface of the solid particle
and aqueous solution. It represents the diffusion layer
between the surface of the solid particle and the bulk of
the aqueous solution.

3. The chemical reaction between dissolved gypsum and
solution of ammonium carbonate. Calcium carbonate
that is formed due to this reaction is a gel (hydrated
calcium carbonate) in the first stage. It is a precursor
for formation of different forms of crystals of calcium
carbonate as suggested by Ogino et al. (1987).

4. Transport of ammonium sulfate from the boundary layer
into bulk of the reaction mixture and the transport of
ammonium carbonate from the bulk to the boundary
layer.

Due to intensive mixing, we can neglect the step (4)
as the rate determining. Dissolution of gypsum can be

described as a reversible reaction:

CaSO,(s) = Ca**(aq) + SO; (aq)K,(20 °C)

5o 3)
= 3.14 x 107 (Linde 2002),
which can be also written in a simplified form:
CaSO,(s) = CaSOy(aq). 4)

We assume that after a short time from the beginning
of the reaction, the concentration of dissolved calcium
sulfate on the boundary of the liquid film formed on the
surface of solid particles will be constant and it equals the
solubility of gypsum under given conditions. The follow-
ing conversion reaction proceeds on the outer boundary
of the liquid film:

CaSO,(aq) + (NH,),CO;(aq) = CaCO5(s) + (NH,),SO,(aq).
®)

or when using ions that are present in the solution, it can be
written as follows:

Ca’*(aq) + CO3 (ag) = CaCO,(s). 6)

As the electroneutrality has to be established at any point
in the solution, we will consider the diffusion of CaSO,
instead of the diffusion of ions. The notation CaSO,(aq)
does not indicate solvated undissociated CaSO, species.
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The solvated ions Ca?" and SO,*~ are formed during dis-
solution of gypsum (Eq. 3), however, close to surface these
ions are in stoichiometry (required by condition of electric
neutrality). Therefore, we have used the simplified formula
CaSO,(aq) expressing the dissolved gypsum. The same
holds for reactions (4, 7, 8). Simultaneously, we assume that
there is an equilibrium between solid and dissolved “calcium
carbonate” on the outer boundary of the liquid film:

CaCO;(aq) = CaCO;,(s, calcite)K (20 °C)

7
= 3.3 x 10~ (Benjamin 2002), )

or

CaCO;(aq) = CaCOj;(s, vaterite)K (20 °C)
= 1.3 x 10~® (Plummer and Busenberg 1982).
®)

Solubility of calcium carbonate is only a rough estima-
tion, because the intermediate products of precipitation of
calcium carbonate, as they are described by Ogino et al.
(1987), have higher solubility than calcite (equilibrium
phase of calcium carbonate under given conditions), e.g.,
the solubility of vaterite is by order higher than the solubility
of calcite (Plummer and Busenberg 1982; Railsback 2017).

Dissolved gypsum diffuses through the layer of liquid film
and reacts with ammonium carbonate under the formation of
CaCO;. If we assume that reaction (7) is in equilibrium, we
can (on the basis of experimental data) calculate the amount
of diffusing calcium sulfate as a function of time. Flow of
calcium sulfate through the liquid film calculated from all
experiments carried out at the temperature of 20 °C for
gypsum powder having size (0-20) um is shown in Fig. 2.
Similar curves were also obtained for the other fractions of
gypsum powder. It can be seen that, at the beginning, the
flow of dissolved gypsum increases and reaches maximum
after several minutes. Then, it falls down. After 30 min, the
reaction is so slow that the molar flow is almost zero. This
behavior can be explained by a saturation of the liquid phase,
i.e., closeness to equilibrium of the studied reaction system.
Consequently, a driving force for the dissolution of gypsum
diminishes and the reaction rate approaches zero.

We assume that the increase in the flow of dissolved gyp-
sum in the beginning of the experiment is caused by non-
stationary conditions. Maximal solubility of gypsum (Eq. 3)
has not been reached yet. As the concentration of dissolved
gypsum increases, driving force of diffusion increases, as
well. When saturated concentration on the surface of gyp-
sum particles is achieved, the driving force of diffusion is
constant. In this case also, the flow of dissolved gypsum
related to unit surface will be constant. The decrease of the
flow of gypsum is caused by diminishing of the surface of
undissolved gypsum. This scenario might be complicated
by the formation of different structures of CaCO; species

0.03 : : :

AniIAt | (mol/min)

0 50 100
t/ min
Fig.2 Molar flow of the dissolved gypsum through the diffusion layer

vs. reaction time for the fraction (0-20) pm. Full line represents the
formal description of the experimental data

CCaS04,a9 >
P CS CaS04,aq

Fig.3 Scheme of concentrations of dissolved CaSO, in the liquid

film formed on the surface of gypsum particle. CSCASO4,aq is the satu-

rated concentration at the surface of solid gypsum particle (x=ryg);
Ccaso4,aq 18 the concentration of dissolved CaSO, on the boundary of
the liquid film at the distance x=r¢+ 6 from the solid particle

(hydrated CaCO,, vaterite, calcite, and aragonite) which
have different solubility.

As can be seen from Fig. 2, stationary state is achieved
after approximately 6 min. At this moment, the concentra-
tions of gypsum at the surface of solid particle and on the
outer boundary of the liquid film are constant. Meaning of

these concentrations is illustrated in Fig. 3. ¢, denotes
aS04,aq

the saturated concentration at the surface of the particle
(x=rg). Concentration ¢c,g04 54 0N the external boundary of
the film layer can be estimated on the basis of equimolar
ratio of CaSO, and CaCO;, and it is proportional to the solu-
bility of CaCOj in the solution. This reasoning follows from
the fact that deciding factor for precipitation of CaCOs is the
concentration of Ca2*(aq) ions, while their ratio in gypsum
and calcium carbonate is 1:1.

As mentioned above, stationary state is reached after
short time (several minutes). In stationary state, the rates of
all three processes are equal; thus
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ry=r,=speed of diffusion (r; is the rate of reaction i).
For the rate of reaction (5), Ts 40 related to unit surface of
the gypsum, one can write:

_do;  dn(CaSO,,aq)

=_ 2 = 9
'S5 Sar Sdt ’ ©)

where dn(CaSO,, aq) is the change of the amount of sub-
stance of dissolved CaSO, on the external boundary of the
liquid film. § is the current surface of solid gypsum at a
given time, and @ is the extent of the reaction.

Because we assume a stationary state, it holds

dn(CaS0,, aq) = —dn®(CaS0,, aq), (10)

dns (CaSO4, aq)

11
Sdt ’ b

I'ss =
where dn5(CaS0O,, aq) is the change in the amount of sub-
stance of dissolved CaSO, at the surface of solid particle.
The amount of dissolved gypsum can be written as follows:

dn®(CaSO,,aq) = ny(CaSO,,s) X df (CaSO,,s),  (12)

where ny(CaSO,,s) is the amount of solid gypsum added to
the reaction system in the beginning of the experiment and
J(CaSO,,s) is the conversion of gypsum. Surface of the solid
phase diminishes in the course of the reaction and it can be
approximated as follows:

s (v\ [ n(Caso,s)\
===) = —~], 13)
So ( Yo > ny(CaS0Oy,,s)
where S is the surface of the solid phase (gypsum) in time ¢
and S is the surface at the beginning of the reaction, t=0.
Similarly, V and n(CaSO,,s) are the volume and the amount
of substance, respectively, in time ¢, while the index zero
marks these parameters at t=0. The coefficient x depends on
the shape of particles and their size distribution.

Parameters in relationship (13) (the change in surface and
volume of the particles) were determined from the flow of
dissolved gypsum (Fig. 2). Size distribution of particles was
also taken into account. Change in the amount of solid gyp-
sum was calculated using iteration procedure as a function
of CaSO, that diffused through the film layer. As a result, we
obtained diminishing of larger solid particles and complete
dissolution of smaller particles as a function of time. In the
next, surface and volume of unreacted particles at given time
could be obtained. The dependence of the surface of undis-
solved (unreacted) particles as function of their volume related
to the volume in zero time is shown in Fig. 4.

As can be seen from Fig. 4, the data can be described well
by the power law, which corresponds to relationship (13). Rea-

sonably good fit of the experimental data with proposed model
suggests that the model describes physical reality. For size

@ Springer

fraction of gypsum particles (0-20) pm, the exponent x equals
0.91; for fraction (20-50) pm, it equals 0.87; and for fraction
(50-100) pm, it equals 0.86. These values are rather close.
When all data were treated together, the exponent x was 0.88.

The proposed model is based on elementary reactions (4),
(5), and (7). Then, for reaction (5), we can write

rsgs = kg5 X ¢(CaS0O,,aq) X ¢((NH,),CO5,aq). (14)

Combining the assumption about equilibrium of reaction
(3) with relationships (11), (12), and (14), and taking into
account relationship (13), we finally get the rate equation for
the conversion of gypsum:

df(CaSO4,s) e < c(CaSO4, s) )0'88

dr co(CaS0y,s) as)
¢(CaS0,,s) x ¢((NH,),CO;,aq)
¢o(CasS0y, s) ’
where
K = kgs X Sy X K, (CaCO, ) x M(CaS0,), (16)

where M(CaSO,) is the molar weight.

As seen from Eq. (16), the solubility product of the gyp-
sum is not included in the overall rate constant k'; it does
not influence the reaction rate in the studied time range.
The change in solubility of gypsum with the temperature
influences the reaction rate during the first minutes, while
the steady state (the saturation level of gypsum under given
conditions) is not achieved.

The values of the rate constants are summarized in
Table 1. The temperature dependence of the rate constant is
described by Arrhenius equation:

In VV,

Fig.4 Dependence of the surface and volume change of the undis-
solved gypsum for all studied fractions. (squares): fraction (0-20) um;
(circles): fraction (20-50) pum; (triangles): fraction (50—100) pm



Chemical Papers (2018) 72:2631-2639

2637

Table 1 Rate constants k' calculated for different temperatures

6/ °C 20 30 40 50
k'/(dm® mol™" min~")  0.77 1.40 1.50 2.09

ks s/ 425x10° 9.39x10° 1.25x10* 2.23x10*
(dm? mol™! min™1)?

ks s/ 1.62x10* 3.37x10* 4.23x10* 7.12x10*
(dm? mol™" min~")°

ks s/ 532 1345 194.3 359.5

(dm? mol™" min~")°

#Solubility product for vaterite
bSolubility product for calcite
“Solubility product for amorphous CaCO;

E
Ink=1nA - —.
n n RT 17

The parameters for the overall rate constant k' are as
follows::

A = (3.359 + 0.0001) x 10*dm® mol~' min~!, (18)
E = (26.0 = 0.6) kJ mol™'. (19)
1.0 T T

t/ min

f(CaSO,,s)
[
[$,]

0.0 L L

0 50 100
t/ min

When taking into account Eq. (16) and separating the
temperature dependence of the solubility product of calcium
carbonate [K,(CaCO;)], the parameters of the temperature
dependence of the rate constant kg 5 differ on the basis for
which type of CaCO; the solubility products is used. When
we assume that the primary solid product is vaterite, then
using the solubility product of vaterite (Plummer and Buse-
nberg 1982), the parameters of the temperature dependence
of the rate constant kg 5 are as follows:

A = (2.599 + 0.0001) x 10''dm? mol~' min~!, (20)

E= (43.7+2.8)kJ mol™". 1)
Rate constants considering the solubility product of vaterite,
calcite (Plummer and Busenberg 1982), and amorphous cal-
cium carbonate (Clarkson et al. 1992) together with the overall
rate constants k' are in Table 1. For the formation of calcite
and amorphous CaCOj activation energies, E=(37.0+2.9)
kJ mol~! and E= 482+34)kl mol ™!, resulted, respectively.
Comparison of the experimental and calculated values
of conversion of gypsum obtained at 20 °C for all size frac-
tion of gypsum powder are plotted in Fig. Sa—c. Figure 5d

1.0 . . . .

f(CaS0,,s)

© (b)
0 50 100
t/ min

0.5 E

f(CaSO,s)

(d)

00 1 1
0 50 100

t/ min

Fig.5 Comparison of the experimental and calculated values of gypsum conversion at the temperatures 20 °C (a—c) and 50 °C (d). The initial
molar ratio of gypsum and ammonium carbonate was 1:1. Size fraction of gypsum: a (0 —20) um; b, d (20-50) um; ¢ (50-100) pm
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11.0 [ T T : T v T T T T ]
10.5 |- ]
100 | ]
95 ]
90 9 ]
85 ]
80 ]

AV

x 752 z

- [

= 06} §
04 .
0.2+ i
0.0 i
02} -

1 1 1 " 1

0.0031 0.0032 0.0033 0.0034
1TIK?

-0.4
0.0030 0.0035

Fig.6 Temperature dependence of the rate constants of gypsum con-
version. (1): In k', (2): In kg s when the solubility product of vaterite is
assumed. (circles and squares): obtained from exp. data, (solid line):
calculated according to Eq. (17) using the parameters in Egs. 18, 19
and 20, 21, respectively

shows the comparison for the temperature 50 °C. Figure 6
shows the temperature dependence of the rate constant k' for
Eq. (17) and the rate constant kg 5 for Egs. (14, 16) consider-
ing the solubility product (K) of vaterite. It can be seen that
the natural logarithm of kg 5 is approximately 15 times higher
due to low solubility of CaCO;,

From Fig. 5a—d, one can see that the proposed model
describes the experimental data of the reaction of gypsum
with (NH,),CO; (conversion reaction) solution well. The
model is not intended to describe the first minutes of the
reaction when a stationary state in the diffusion layer formed
on the surface of gypsum particles has not been achieved.
The value of the activation energy of the conversion reaction
found in this work is remarkably lower than that reported
by Chalabi and Younis (1975); Elkanzi and Chalabi (1991),
viz., 72 kJ mol™'. Of course, our model is very different
from that presented by cited papers. Because of using more
concentrated reaction mixture, about 9 wt% of gypsum in
our work in comparison with ca. 1.5 wt% used by Elkanzi
and Chalabi (1991), our model is more suitable for techno-
logical purposes.

Conclusions

The experimental measurements of the reactivity of flue
gas desulphurization gypsum with ammonium carbonate
have been performed in the temperature range (20-50) °C.
Mechanism and kinetic parameters of the reaction were esti-
mated. These parameters were used in a mathematical model
which allows predicting the conversion of gypsum. From

@ Springer

the experimental results and the mathematical model, it fol-
lows that the reaction does not proceed at the surface of the
solid gypsum particles. It seems that the reaction proceeds
in a liquid phase between dissolved gypsum and ammonium
carbonate. The model assumes the following steps:

1. The dissolution of solid gypsum.

Diffusion (transport) of dissolved gypsum through the
layer formed on the surface of solid gypsum particle into
bulk of the liquid phase.

3. The chemical reaction between dissolved gypsum and
solution of ammonium carbonate.

4. Transport of ammonium sulfate from the boundary layer
into bulk of the reaction mixture and the transport of
ammonium carbonate from the bulk to the boundary
layer.

The conversion reaction is of the second order. Influence
of the size of gypsum particles on the kinetic parameter x in
Eq. 13 is not significant.
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