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A B S T R A C T

In this study, we investigated the production of precipitated calcium carbonate (PCC) particles from desulfur-
ization gypsum (DG) waste using a new experimental apparatus that is divided into two main parts: carbonation
and stabilization zones. The solution was circulated via a pump from the stabilization zone to the carbonation
zone where different types of Venturi tube were used for the reaction of CO2 with solution to produce PCC
particles. The effects of CO2 flow rate, circulation rate, and Venturi types on the properties of the produced PCC
particles were studied using X-ray diffraction (XRD), scanning electron microscopy (SEM), and particle size
analyses. The conductivity and pH values of the solution were monitored during the carbonation. In addition, the
reactivity of selected PCC was determined to evaluate its use as a sorbent in a desulfurization unit. The ex-
perimental results indicate that the Venturi tube had a strong effect on the reaction time and properties of PCC
particles. The use of a Venturi tube resulted in a decrease in the time required for producing PCC particles, which
were smooth, well-crystallized, and nano-sized cubic crystals. However, when no Venturi tube was used, hollow
spherical crystals formed along with cubic crystals. It was found that the reactivity of selected PCC particles
produced using Venturi tube was rather higher (52× 10−4 min−1), indicating that the PCC can be used as a
sorbent in the desulfurization unit.

1. Introduction

Three types of gypsum wastes, desulfurization gypsum (DG), phos-
phogypsum (PG), and red gypsum (RG), are generated from different
industrial applications. While DG is generated from a power station, PG
and RG are respectively generated from phosphoric acid production [1]
and ilmenite ore processing to obtain TiO2 particles [2]. DG is produced
through a reaction between the sulfur gas and lime or limestone sor-
bents in a desulfurization unit where sulfur gas is captured as an in-
organic material in a power station. DG and PG wastes mainly consist of
CaO, SO3, and H2O, as well as small impurities (Fe2O3, SiO2, and
Al2O3), making them useful in many industrial areas such as chemistry
(as an adsorbent for removing fluoride [3] or phosphorus [4]), agri-
culture (as a soil amendment [5]), construction (wallboard or fire-re-
sistant panel manufacturing [6], prefabricated building material [7],
and sulfoaluminate cement [8,9]).

Moreover, the gypsum wastes all have a good potential to be eval-
uated for CO2 capture because they contain high Ca content. Many

recent studies [10–27] have been investigated to determine the po-
tential of GW to capture CO2 via mineral carbonation, which is one of
the carbon capture and storage technologies. This method is based on a
reaction between CO2 and an alkaline metal (such as Mg or Ca) to
produce stable inorganic carbonate materials using a one-step or two-
step mineral carbonation process. Calcite, aragonite, and vaterite
crystals are the polymorphs of CaCO3 particles, which can be prepared
using different production conditions. Vaterite crystals have been ob-
tained using the one-step carbonation, and when the two-step carbo-
nation was performed according to Song et al. [10], all particles were
formed as calcite crystals. In a follow-up study [16], due to an increase
in the amount of ammonia, vaterite became the major phase in pro-
duced CaCO3 particles; the aragonite and vaterite crystals were ob-
served by scanning electron microscopy (SEM) and X-ray diffraction
(XRD) analyses, respectively, in the presence of ethanol in water under
excess ammonia conditions. Furthermore, calcite with twinned pseudo-
spherical crystals have been prepared in the presence of polyacrylic
acid using the one-step process [20].
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Both NH4OH and NaOH have been used as an extracting agent to
promote DG carbonation. The effects of these extracting agents on the
properties of CaCO3 particles have been investigated by previous re-
searchers [15,28]. They observed untransformed DG particles together
with a mixture of vaterite or calcite crystals in the presence of NH4OH,
whereas when NaOH was used as an extracting agent, all produced
particles showed sharp peaks in an XRD graph corresponding to the
calcite crystals. Furthermore, reaction temperature and CO2 flow rate
had strong influences on the conversion of DG to nano-sized CaCO3

particles using the one-step process conducted at a temperature of 40 °C
with CO2 flow rate of 0.138 l/min [18].

In a simulated thermodynamic model to understand the transfor-
mation of DG to CaCO3 particles using the one-step process [14], the
effect of solid-to-liquid ratio on the carbonation was negligible and
CaCO3 particles could be produced with a high conversion rate
(> 99%) using the following conditions: ammonia-to-DG molar ratio
of> 2.5 and CO2-to-DG molar ratio of> 1 at ambient temperature.
Moreover, an increase in reaction temperature resulted in a decrease in
the absorption property of CO2, indicating that a longer reaction time is
needed for CaCO3 production from DG. In addition to the conversion of
RG to calcite crystals at ambient temperature [25], synthetic siderite
(FeC3) particles can be obtained from the RG using the two-step process
[29], but specific conditions such as high CO2 pressure (10 bar) and
reaction temperature (150 °C) are required.

In the literature, different reactors such as high-pressure jet homo-
genizer [30], mixed flow reactor [31], draft-tube reactor [32], and jet
flow reactor [33] have been used to produce CaCO3 particles. Previous
studies have revealed that compared to the traditional batch reactor,
these reactors have superior advantages due to a higher reproducibility
of CaCO3 with desired qualities under controlled chemical conditions
[31].

In this study the reaction of Ca2+ ions with CO2 gas to produce
precipitated calcium carbonate (PCC, CaCO3) particles was carried out
in a Venturi tube, rather than the abovementioned reactors; this does

not only provide a turbulence flow but creates pico-nano CO2 bubbles
during the carbonation. In particular, the Venturi tube has been used to
improve the interaction between air bubbles and fine particles in a
flotation process [34]. To the best of our knowledge, this is the first
time that Venturi tube was used as a carbonation zone and PCC parti-
cles were formed. In the present study, the effects of Venturi tube type,
CO2 flow rate, and circulation rate on the reaction time and properties
of PCC particles were investigated in detail using XRD, SEM, and par-
ticle size distribution analyses. The conductivity and pH values of the
solution were monitored during the carbonation. Control experiments
were performed without using any Venturi tube. The reactivity of the
selected PCC particles was further determined using a pH-stat method,
and the results were compared with those of previous studies.

2. Experimental procedure

2.1. Materials

The DG sample used in this study was collected from a power station
in Adana/Turkey. The chemical composition of DG is as follows:
46.51% SO3, 32.50% CaO, 19.70% H2O, and 1.29% impurities (Al2O3,
MnO, and Fe2O3). CO2 gas with a high purity (99.99%) was purchased
from Cangaz, Adana. Pure water (conductivity: 0.06 ± 0.01 μS/cm)
was used in each experiment. NaOH was of analytical grade and used
without any further purification.

2.2. Preparation of precipitated calcium carbonate crystals from
desulfurization gypsum

Before the carbonation, DG was converted into calcium hydroxide
Ca(OH)2 under the following experimental conditions: 12mol of DG,
2.1 M ratio of [OH]−/Ca2+ (NaOH was used as an OH− source), 1:13 of
solid-to-liquid ratio (g:mL), 300 rpm of stirring speed at a temperature
of 20 °C for 1 h [28]. After the conversion process, a solid/liquid

Fig. 1. Experimental apparatus used in this study (not scaled) and technical drawing of Venturi tubes.
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separation was performed to collect the produced Ca(OH)2 particles.
The experimental apparatus used in this study can be seen in Fig. 1. It
comprises seven parts: a Ca(OH)2 solution tank, Teflon-coated me-
chanical stirrer, pump for liquid circulation, Venturi tube for mixing
solution and CO2, CO2 tube, CO2 flow meter, and data logger to monitor
pH and conductivity values of the solution in the tank. The solution
leaves from the bottom of the stabilization tank and goes into the
Venturi tube via the pump, which can be adjusted to different circu-
lation rates. The CO2 was then bubbled into the Venturi tube, in which
Ca2+ ions react with CO2 to produce PCC particles. Therefore, the so-
lution tank is classified as a stabilization zone, while the Venturi tube is
a carbonation zone.

Each Venturi tube provides turbulence flows during the carbona-
tion. The Reynolds number of the solution is determined using the
following equation.

=
×u D
x

Re (1)

Here, Re is the Reynolds number, u is the circulation rate of the solution
(m/s), D is the internal diameter of the Venturi (m), and x is the ki-
nematic viscosity of the solution (1.0034× 10−6 mm2/s at 20 °C).

The Reynolds number of the solution in the Venturi-1 (V1) was
varied between 20.50×104–116× 104 in the carbonation zone, while
the Reynolds number of the solution was in a range
35×104–18.58×106 in the Venturi-2 (V2) as its internal diameters
were smaller than those of the V1. The concentration of Ca(OH)2 in the
solution of 12 l was 15mM. The solution was stirred at 500 rpm. The
effects of CO2 flow rate, circulation rate, and Venturi type on the pro-
duction of PCC from DG were investigated in detail. The conductivity
and pH values of the solution were monitored using an equipment
(Gondo, PL-700AL) during the carbonation. The CO2 flow was turned
off to complete the carbonation when the conductivity of the solution
decreased almost to zero. Table 1 lists the experimental conditions in
this study. These are denoted as CFx-Rx-Vx. For example, the notation
CF1-R1-V1 indicates that the experiment was performed under CO2

flow rate of 1 l/min, circulation rate of 32.32m/s, and Venturi-1. For
comparison, control experiments were performed at the same condi-
tions without circulating the solution, and the notation VX indicates
control experiment with no Venturi tube.

2.3. Characterization test

The phase properties of the PCC were identified using a Rigaku XRD
equipped with Cu Ka radiation in the 2ø range of 15˚–85˚ with a 0.02

step size, and the patterns were evaluated using a PDXL software for
mineral identification. Debye-Scherrer equation [35] were also used to
determine the crystallite size of PCC. The surface morphologies of se-
lected PCC were further imaged by a SEM, Quanta FEG 650). The
particle size distribution of the PCC determined using a Malvern Mas-
tersizer (300 U) was evaluated based on the SPAN factor, which was
calculated using the following equation.

=
−SPAN d d

d
90 10

50 (2)

where d90, d50, and d10 values are particle sizes indicating 90%, 50%,
and 10% of the cumulative undersize distribution curve belonging to
the produced PCC, respectively.

2.4. Reactivity test

The experimental method used for determining the dissolution rate
of the PCC particles has been explained in previous studies [36–38].
This procedure stimulates the conversion of sulfur gas to gypsum waste
in a wet flue gas desulphurization system. In the present study, 1 g of
selected PCC particles was dissolved in 0.625 dm3 of pure water that
had been stirred at 500 rpm. During the reactivity test, pH of the so-
lution was fixed at 5 by the addition of 0.1 HCl. The amount of con-
sumed acid volume varying time was measured to determine the

Table 1
Experimental conditions for producing PCC from DG.

Experiment Code CO2

(l/min)
Circulation rate Venturi Type

From the solution tank to the Venturi Inlet of Venturi Carbonation zone in Venturi

Velocity (m/s) * Re* Velocity (m/s) * Re* Velocity (m/s) * Re*

CF1-R1-V1 1 32.32 20.50× 104 32.32 20.50× 104 58.09 41×104 V1
CF0.5-R1-V1 0.5 32.32 20.50× 104 32.32 20.50× 104 58.09 41×104 V1
CF0.3-R1-V1 0.3 32.32 20.50× 104 32.32 20.50× 104 58.09 41×104 V1
CF1-R2-V1 1 64.64 58.09× 104 64.64 58.09× 104 518.96 116×104 V1
CF0.5-R2-V1 0.5 64.64 58.09× 104 64.64 58.09× 104 518.96 116×104 V1
CF0.3-R2-V1 0.3 64.64 58.09× 104 64.64 58.09× 104 518.96 116×104 V1
CF1-R1-V2 1 32.32 20.50× 104 93.77 34.98× 104 583.83 929×104 V2
CF0.5-R1-V2 0.5 32.32 20.50× 104 93.77 34.98× 104 583.83 929×104 V2
CF0.3-R1-V2 0.3 32.32 20.50× 104 93.77 34.98× 104 583.83 929×104 V2
CF1-R2-V2 1 64.64 58.09× 104 187.54 69.96× 104 1167.63 18.58× 106 V2
CF0.5-R2-V2 0.5 64.64 58.09× 104 187.54 69.96× 104 1167.63 18.58× 106 V2
CF0.3-R2-V2 0.3 64.64 58.09× 104 187.54 69.96× 104 1167.63 18.58× 106 V2
CF1-RX-VX 1 X VX
CF0.5-RX-VX 0.5 X VX
CF0.3-RX-VX 0.3 X VX

Fig. 2. XRD patterns showing the conversion of desulfurization gypsum (DG) to
calcium hydroxide [Ca(OH)2] particles.
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conversion ratio of PCC particles. The dissolution rate of PCC particles
was then calculated. Afterward, the reaction rate constant was de-
termined using the following equation, according to the shrinking core
model.

− − =X kt1 (1 )
1
3 (3)

where X is the conversion of the PCC particles, t is time (min), and k is
the overall reaction constant (min−1).

Fig. 3. Change in pH and conductivity values of the solution using (a) V1, (b) V2, and (c) VX.
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3. Results and discussion

3.1. Preparation of Ca(OH)2 particles from DG

First, alkali leaching of DG was conducted under the above-
mentioned conditions to produce Ca(OH)2 particles. The XRD analysis
results (Fig. 2) revealed that the conversion of DG to Ca(OH)2 particles,
which were identified as a portlandite mineral, was performed suc-
cessfully. The major peaks were identified at 2θ=18.19°, 28.79°,
34.23°, 47.22°, 50.89°, 54.49°, and 62.61°. This finding is in good
agreement with those of a previous study [26].

Thereafter, the obtained Ca(OH)2 particles were dissolved in 12 l
pure water, and the solution concentration was kept as 15mM, which is
lower than that of the solubility limit of Ca(OH)2 [39]. Before CO2 was
bubbled in the solution, the solution was stirred for 450 s to dissolve all
Ca(OH)2 particles as Ca2+ and OH− ions according to the chemical
equilibrium equation given in a previous study [40]. The pH and con-
ductivity of the solution were measured as 12 ± 0.01 and

6 ± 0.01mS/cm, respectively. Subsequently, CO2 with different flow
rates was bubbled into the carbonation zone (Venturi tube) where the
solution and CO2 were mixed. Then the pump was started to circulate
the solution from the stabilization zone (solution tank) to the carbo-
nation zone.

3.2. Production of precipitated calcium carbonate crystals

Fig. 3 shows the changes in solution pH and conductivity in the
stabilization tank during the carbonation. The behavior of conductivity
in the solution during the carbonation agrees well with those of a
previous study, in which three different regions were observed in the
conductivity graph [32].

The conductivity values of the solution at different carbonation
conditions showed a linear decreasing trend, verifying the consumption
of Ca2+ ions [33,39] due to their reaction with CO2. The solution pH
decreased slightly until the conductivity value decreased to almost zero
(0.25 ± 0.01 μS/cm), indicating that PCC production has reached its

Table 2
Precipitation rate (PR) of PCC and required reaction time at different production conditions.

Exp. Code PR (μM/s) Reaction Time (s) Exp. Code PR (μM/s) Reaction Time (s) Exp. Code PR (μM/s) Reaction Time (s)

CF1-R1-V1 30.77 390 CF1-R1-V2 31.58 380 CF1-RX-VX 32.43 370
CF0.5-R1-V1 23.08 520 CF0.5-R1-V2 26.09 460 CF0.5-RX-VX 15.38 780
CF0.3-R1-V1 14.81 810 CF0.3-R1-V2 16.22 740 CF0.3-RX-VX 12.37 970
CF1-R2-V1 36.36 330 CF1-R2-V2 42.86 280
CF0.5-R2-V1 19.35 620 CF0.5-R2-V2 30.77 390
CF0.3-R2-V1 18.18 660 CF0.3-R2-V2 26.67 450

Fig. 4. XRD patterns of produced PCC particles using (a) V1, (b) V2, and (c) VX.
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end point, while the solution pH was around 10, which is similar to that
determined in a previous study [32]. These findings are in line with
those of previous studies [41,42], which indicated that all Ca2+ ions in
solution were totally carbonated as PCC before a hatched region in the
pH graph where steep changes in pH occurred. Thereafter, a decreasing
trend of the solution pH was observed.

The decrease in pH from around 12 to 7 was due to the absence of
Ca2+ ions in the solution. Thus, the accumulation of H+ and HCO3

−

ions made the solution acidic [33,42,43]. This resulted in the dissolu-
tion of Ca2+ ions from PCC particles, which is proved by the con-
ductivity value of the solution that showed an increasing trend [33].

For this reason, the reaction was complete when the conductivity of the
solution decreased to almost zero.

Ulkeryildiz et al. [33] indicated that the precipitation rate of PCC
can be determined using Ca2+ ion, Ca(OH)2, or CO2 consumption rate
according to the overall reaction for PCC production. In this study, we
determined precipitation rate based on Ca2+ ion consumption, which
can be predicted using the conductivity value of the solution. It was
assumed that all Ca2+ ions were totally carbonated when the con-
ductivity value was about 0.25 ± 0.01 μS/cm. The maximum pre-
cipitation rate of PCC in the absence of Venturi tube was calculated to
be 32.43 μM/s, whereas when Venturi tubes were used, the reaction

Fig. 5. SEM images of PCC produced at various experimental conditions: a) CF1R1V1, b) CF0.3R1V1, c) CF1R2V1, d) CF1R1V2, e) CF1R2V2, f) CF0.3R2V2.

Fig. 6. SEM images of PCC produced at various experimental conditions: a) CF1RXVX b)CF0.3RXVX.
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was completed in a shorter time because of higher reaction rates, as
shown in Table 2.

The precipitation rate of PCC was found to be 30.77, 31.58, and
32.43 μM/s under the conditions of CF1-R1-V1, CF1-R1-V2, and CF1-
RX-VX, respectively. At the CO2 flow rate of 1 l/min, there was no re-
markable change in the precipitation rate of PCC when Venturi tubes
(V1 or V2) were used and when no Venturi tube was used (VX). When
the CO2 flow rate decreased from 1 l/min to 0.5 l/min, the precipitation
rate of PCC using V1 and V2 decreased from 30.77 and 31.58 μM/s to
23.08 and 26.09 μM/s, respectively. These rates are 1.5 and 1.7 times
higher than the precipitation rate of PCC for VX at the CO2 flow rate of
0.5 l/min. This difference can be explained by the Reynolds number as
follows: An increase in the Reynolds number of the solution led to an
increase in the rate of mass transfer during the carbonation, and
therefore, the reaction was completed in a shorter time. The effect of
the circulation velocity on the precipitation rate of PCC is significant.
For example, under CO2 flow rate of 0.3 l/min and circulation velocity
of 187.54m/s (Re: 69.96× 104), CO2 was produced in 740 s. However,

Fig. 7. Particle size distribution of produced CaCO3 particles using (a) V1, (b) V2, and (c) VX.

Fig. 8. Dissolution behavior of selected PCC particles versus time.

Table 3
Comparison of the reactivity value of selected PCC particles with a limestone used in previous studies.

Sample Chemical Composition (%) Reaction Rate Constant (min−1)

CaCO3 MgCO3 Fe2O3 Al2O3 SiO2 K2O

Yatagan Limestone [34] 95.29 1.72 0.38 0.75 1.54 0.12 24×10−4

Yenikoy limestone [36] 97.10 0.41 0.37 0.61 1.29 0.08 29×10−4

Kemerköy limestone [36] 98.45 0.37 0.38 0.14 0.54 0.02 31×10−4

T-MW1 [36] 98.79 0.90 0.13 0.03 0.06 0.00 28×10−4

T-MW2 [36] 87.70 10.15 1.42 0.22 0.42 0.01 19×10−4

T-MW3 [36] 95.46 4.17 0.22 0.04 0.06 0.00 22×10−4

Marble waste [37] 97.80 1.20 0.66 0.08 0.12 0.10 2.9× 10−4

This paper 99.63 ND ND 0.26 ND ND 52×10−4

ND: not determined.
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when the circulation velocity of the solution was 1167.63m/s (Re:
18.58× 106), almost all Ca2+ ions transformed into PCC particles in
450 s. Significantly higher precipitation rates of PCC were realized
using V2, compared to using V1, except for the carbonation test at the
CO2 flow rate of 1 l/min.

Researchers [32] found that in multiple experiments, CO2 solubility
remained constant when temperature and ion concentration were un-
changed; hence, they pointed out that the time required for PCC pro-
duction is highly dependent on the CO2 flow rate. However, the ex-
perimental findings obtained in the present study are not consistent
with those of the previous study [30]. When the V1, V2, and VX results
were examined, it was obvious that the carbonation zone where Ca2+

ions and CO2 gas reacted to produce PCC is important. Furthermore, the
geometric property of the Venturi had a strong influence on the pre-
cipitation rate of PCC and led to an acceleration of the carbonation
mechanism. Thus, PCC could be produced in a shorter time using
Venturi tubes than without Venturi tube (VX).

Fig. 4 shows the XRD patterns of PCC produced under different
experimental conditions. The major peaks observed at 29.41˚, 47.50˚,
and 48.50˚ prove the production of calcite polymorph of CaCO3 under
all experimental conditions. Other peaks in the pattern correspond to
calcite crystal, and no characteristic peaks representing portlandite
mineral as an impurity were observed in the XRD pattern. This indicates
the high quality of the PCC. However, the intensity of the major peak
representing the calcite mineral differed. This is related to the experi-
mental factors involved in the PCC production. Moreover, the use of
Venturi in the carbonation process did not affect the crystallite size of
the produced PCC, which varied between 31.99–58.01 nm; when no
Venturi was used, the crystallite size of PCC was in a range of
35.01–40.21 nm. The crystallite size of PCC determined using the
Scherrer equation can be seen in Table S1 in the Appendix.

Fig. 5(a)–(f) shows the SEM images of the PCC particles produced
using V1 or V2. Clustered cubic crystals were observed in the SEM
images. As understood from these SEM images, these observations
agree with the XRD results, as PCC containing cubic shapes was iden-
tified as a typical calcite crystal; this was also observed in previous
studies. [44,45]. However, the size of these crystals showed a difference
depending on the circulation rate of the solution. An increase in the
circulation rate of the solution resulted in the production of PCC that
contained small cubic calcite crystals (Fig. 5c–e); these crystals are
smaller than those obtained using lower circulation rates (Fig. 5a–d).

The SEM images given in Fig. 6(a)–(b) indicate that the PCC pro-
duced using VX did not have a uniform crystal structure, and a mixture
of hollow spherical and cubic crystals was formed. In addition, the size
of that crystals was higher than that of the PCC produced using V1 or
V2. By comparing the SEM images of Figs. 5 and 6, it was found that the
use of Venturi as the carbonation zone had a great influence on the
crystal structure of PCC and resulted in producing PCC with a uniform
crystal structure compared to the PCC obtained with no Venturi tube.

The SEM images reveal that larger polycrystalline PCC particles
were formed as a result of the agglomeration of nano-sized cubic
crystals, which are in line with the results obtained from the particle
size analysis as shown in Fig. 7. Table S2 gives the parameters of the
particle size distribution of each produced PCC particles. The d50 value
of the PCC produced using V1 or V2 varied between 7.66 and 11.20 μm,
whereas the d50 value of the PCC produced using VX was higher than
13 μm. However, each produced PCC showed a similar monomodal
pattern. The SPAN factor given in Table S2 indicates that although PCC
with a higher particle size was produced using VX, its distribution was
narrower than the PCC obtained using V1 and V2.

3.3. Reactivity test

Researchers have indicated that the reactivity property of solid
particles is one of the important parameters for the desulfurization unit
design [46]. Therefore, a reactivity test was performed on the PCC

particles produced at the condition of CF1-V2-R2 to evaluate the use of
PCC in the desulfurization unit. Fig. 8 shows the dissolution behavior of
selected PCC particles.

At the 15th min, the conversion ratio of the PCC reached 70%, which
is somewhat higher than those of previous studies [36,37]. Depending
on time, almost all PCC particles dissolved in the presence of HCl acid at
the 100th min. This difference is related to the chemical composition of
the sorbent, which has been explained in detail in a previous study
[36]. An increase in the purity of the sorbent in terms of its constituent
calcite crystals led to an increase in the dissolution rate of the sorbent.
The PCC particles produced herein was mainly composed of Ca, C, and
O elements, and no impurities were observed, according to the EDS
spectrum given in Fig. S1. The reaction rate constant of the PCC was
52× 10−4 min−1, which is rather higher than those of previous stu-
dies, as shown in Table 3.

4. Conclusion

This study focused on the production of PCC particles from DG using
a developed experimental apparatus that comprised of carbonation and
stabilization zones. A Venturi tube was used as the carbonation zone, in
which CO2 gas and solution were mixed to produce PCC particles. The
PCC particles produced herein were characterized by XRD, SEM, and
particle size analyses. The experimental results indicate that the re-
quired reaction time for producing PCC particles using the Venturi tube
was up to two times lower than that without using Venturi tube. All
produced PCC particles were identified as calcite mineral. However,
their crystal structure properties were influenced by the experimental
conditions. The PCC particles produced using V1 or V2 were composed
of uniform clustered nano-sized cubic crystals, while a mixture of
spherical and cubic crystals was formed with no Venturi tube (VX).

The main advantages for the use of Venturi tube as the carbonation
zone compared to the control experiments are summarized as follows:
(i) PCC was obtained in a shorter time with an increase in the circu-
lation rate of the solution, (ii) the precipitation rate of PCC was higher,
and (iii) PCC with nano-sized cubic crystals was produced. However,
the main disadvantage for the use of Venturi tube is that agglomerated
PCC particles were obtained. This problem may be solved by using
ultrasonic treatment or some chemicals. In addition, sodium sulfate was
obtained as a co-product, which can be evaluated in the chemical in-
dustry (detergent or paper industries) [26].

Furthermore, the reactivity of the produced PCC particles indicated
that the use of PCC in the desulfurization unit yielded satisfactory re-
sults compared to those of previous studies in which limestone or
marble waste was used as a sorbent. There was no need to conduct any
mineral processing operations (crushing and grinding); however,
limestone and marble waste must be pulverized by these operations to
obtain a sorbent of below 45 μm before being used in a desulfurization
unit. The evaluation of PCC obtained from gypsum wastes in more
profitable industrial areas such as paper, plastics or food industry will
be investigated in future studies.
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