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Abstract. In this study, the effects of polystyrene (PS) latex addition on the
particle morphology and the pore content of calcium oxide (CaO) were
investigated. The CaO particles were prepared using an ultrasonic nebulizer-
assisted spray-pyrolysis method with variation of the PS/Ca(NOs),"4H,0 mass
ratio in the precursor. Good crystallinity of CaO was obtained at 825 °C of
synthesis temperature under 2 I/min of nitrogen gas flow, which was confirmed
by Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD).
According to scanning electron microscope (SEM) characterization, the CaO
particles synthesized with 0 and 25 wt% PS addition had an almost spherical
shape with an average size of 1.58 and 1.48 um, respectively. In addition,
macropores were formed in the CaO particles prepared with 25 wt% PS addition
that had an average pore diameter of 583.26 nm. Meanwhile, the CaO particles
prepared with 75 wt% PS addition had a random shape and an average size of
1.41 pm. The mesopore content was investigated by Barret-Joyner-Halenda
(BJH) analysis, which showed improvement of the pore size from 3.45 nm to
5.42 nm for 0 and 25 wt% PS addition, respectively, which is proportional to the
pore volume, pore surface area, and the capacity of SO, retention.
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1 Introduction

Recently, the development of flue-gas desulfurization (FGD) materials and
systems to support eco-industrial environments has received great attention
from industry. Several FGD techniques have been developed involving the
development of sorbent materials. Calcium oxide (CaO) and calcium hydroxide
(Ca(OH),) are promising sorbents for capturing hazardous flue gases such as
carbon dioxide and sulfur dioxide. Numerous investigations have been
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conducted to optimize CaO or Ca(OH), performance in reducing SO,, from
investigation of the effect of temperature [1], investigation of the reaction
kinetics between CaO and SO, [2], the effect of catalyst addition [3], composite
formation [4], to the investigation of surface area through the development of
fabrication methods such as ethylene glycol (EG)-assisted synthesis [5], sol-gel
synthesis [6], thermal decomposition [7], and spray-drying or pyrolysis [8,9].

The adsorption ability of sorbents depends on their active surface to interact
with the gas, which is affected by the total surface area, size and volume of the
particle pores. Therefore, controlling the particle morphology to reach a high
surface area is crucial. A high surface area of the particles can be achieved by
reducing the particles to the nanometer scale, resulting in nanoparticles.
Fabrication methods that can be used to produce nanometer-sized sorbent
particles are thermal decomposition [7] and sol-gel synthesis [10]. However, the
use of nanoparticles has some disadvantages, not only related to health and
environmental problems but also because of the use of additional materials that
make the process more inefficient [11]. Another way to increase the adsorption
ability is to modify the shape or morphology of the particles.

Spray-pyrolysis is known as a method that allows the morphology of the
particles to be controlled [12]. This is the most facile of the methods mentioned
above. By using this method, the particle morphology can be formed to become
porous or hollow by way of the addition of easily decomposed materials such as
polystyrene (PS) [13-15]. In many cases, porous particles improve
photocatalytic performance and have better adsorption properties than dense or
non-porous particles [11,15,16].

Furthermore, to the best of our knowledge, little has been published on CaO
morphology prepared by PS-assisted spray-pyrolysis and its ability to capture
SO,. Therefore, our aim in this research was to synthesize porous CaO by
spray-pyrolysis using PS latex and to investigate the effect of PS addition on the
particle morphology, specifically pore content and pore volume.

2 Experimental Method

200-nm PS particles were synthesized by liquid-phase synthesis [13] using
styrene monomer and potassium peroxydisulfate (KPS, Merck) as an initiator in
distilled water. In brief, firstly styrene monomer was washed in a 2M NaOH
solution for 30 min. The mixture was then kept for several minutes to separate
the styrene from the NaOH solution; the washed styrene monomer had a
transparent-yellowish color. At the same time, distilled water was heated to a
temperature of 80 °C and vigorously stirred at 600 rpm in a three-neck reactor.
After that, the styrene monomer was added to the heated water, producing a
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2-wt% solution of styrene. Then the solution was stirred for 15 minutes to
ensure the styrene monomer was evenly spread in the reactor. To start the
polymerization reaction, the KPS solution was added to the styrene solution and
the process was kept for 10 hours under nitrogen atmosphere.

Figure 1 shows the setup of the spray-pyrolysis system that was used to produce
CaO powder. The reactor had three main parts: (i) an ultrasonic nebulizer
working at 1.7 MHz as the atomizer that produces precursor droplets with a
mean diameter size of 4.47 pm (Figure 1b); (ii) a horizontal tubular furnace
with an inner diameter of 3 cm, an electrical heater with a length of 50 cm and
two temperature controls; (iii) a bag filter as the powder collector.
Ca(NO;),-4H,0 (Sigma-Aldrich) was used as raw material to produce the CaO.
As precursor, Ca(NO;), was dissolved in distilled water at a concentration of
10 wt%. PS solution was added to the solution with varying the PS/Ca(NOs),
mass ratio at 0, 25, and 75 wt%. The precursor was then placed into a nebulizer
chamber. Initially, the temperature of the reactor was varied to find the
minimum temperature of the reactor that completely converted the Ca(NOs),
under a nitrogen atmosphere with a flow rate of 2 I/min.
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Figure 1 (a) Schematic of spray-pyrolysis system for producing CaO powder
and (b) precursor droplet size distribution.
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An SO, adsorption performance test was conducted to determine the CaO’s
ability to capture SO, gas. A simple test apparatus was built utilizing the
solubility of SO, in water. The performance test reactor had three main parts: (i)
an SO, production chamber; (ii) a vertical tube (1 cm inner diameter and 20 cm
length) for CaO powder (containing 0.15 g of sorbent and glass beads as
powder cantilever) with a belt heater operating at 310 °C on the outer surface of
the tube; (iii) a water trap containing 100 ml of water. SO, gas was generated by
utilizing the reaction between chloride acid (HCI) and sodium sulfite (Na,SO;)
[17]. 2 M HCI was dropped onto Na,SO; powder with a rate of 1 drop (0.05 ml)
per minute in a closed three-neck flask. The formed SO, was then flowed to a
vertical tube by nitrogen gas flowing at a rate of 0.1 I/min. Finally, the flowed
gases were trapped in the water. The pH of the water was evaluated by pH
analyzer (HORIBA) every 5 minutes.

The morphology of the sample powder was observed by scanning electron
microscopy (SEM, JEOL-JSM-6510LA operated at 10kV). To examine the
chemical bonds and elements in the samples, Fourier transform infrared (Omron
Bruker Alpha) and energy dispersive X-ray spectroscopy (EDS, JEOL EDS)
were used, respectively. X-ray diffractograms (XRD, Bruker D8 Advanced)
were used to analyze the crystal structure of the samples. The pore diameter and
the pore volume were determined using the Barret-Joyner-Halenda (BJH,
Quantachrome BET Autosorb iQ/MP-XR) method. The droplet size and particle
size of the samples were measured by particle size analyzer (PSA, HELOS
Particle Size Analyzer, RODOS).

3 Result and Discussion

Figure 2(a) shows IR spectra of the samples prepared under various
temperatures of the reactor. According to FTIR characterization (Figure 2(a)),
the Ca(NO;), was completely decomposed after the temperature reached 825
°C. A sharp peak below 600 cm” shows the appearance of Ca-O bonding
[18,19], while the observed sharp peak around wavenumber 3656 cm’
corresponds to OH groups in the presence of Ca(OH),[18,20,21]. On the other
hand, there are sharp peaks around 1300-1500 cm™ in the samples prepared at
625 °C. These peaks could indicate the nitride bond that also appears in
Ca(NOs),. The appearance of these peaks shows that the temperature of 625 °C
was insufficient to decompose the Ca(NOs),, resulting in high impurity of the
samples. As the temperature increased to 725 °C, the peak around 1300-1500
cm’ is started to decrease. The high purity of the powder samples prepared at
825 °C was shown by the EDS result (Figure 2(b)). Based on the EDS result,
the elements in the sample were Ca (with the highest fraction), O, and C, while
N had disappeared. The absence of the N element indicates the complete
conversion of Ca(NOs), into the product.
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The existence of the C element indicates the formation of CaCQs, which was
also observed by FTIR. The presence of two peaks around 878 cm™ and 1444
cm’ in Figure 2(b) and 2(c), is related to the appearance of CO;> out-of-plane
bending [7,18]. The appearance of CaCO; may due to a spontaneous reaction of
CaO with CO, from the environments. However, PS addition did not affect the
purity of the CaO samples, as given by FTIR (Figure 2(c)). The FTIR result
shows that the CaO samples with low (25%) and high (75%) PS addition, had
identical IR spectra compared to the 0% PS addition, which implies that the PS
was also completely decomposed. Moreover, the crystal structure of the sample
was shown by the XRD that was performed on the samples with high PS
addition (75%) (Figure 2(d)). The XRD pattern shows that the formation of
multi-phase crystalline was observed, consisting of CaO, CaCOs, and Ca(OH),
crystals [8,22, 23].
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Figure 2 (a) FTIR characterization result of samples prepared at various reactor
temperatures, (b) EDS of powder sample prepared at a synthesis temperature of
825 °C, (c¢) FTIR characterization result of samples prepared with various
concentrations of PS in the precursor, and (d) XRD result of powder sample
prepared at 825 °C with a PS/Ca(NOs), ratio of 75 wt% in the precursor. CaO,
Ca(OH),, and CaCOs peaks correspond to PDF File Cards No. 04-005-4757, 00-
001-1079, and 04-007-8659, respectively.
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The existence of CaCO; and Ca(OH), peaks in the XRD is consistent with the
FTIR spectrum that shows the hygroscopic nature of CaO [24] and the
capability of CaO to capture CO; [8]. Furthermore, the crystal size of the CaO
sample was calculated by using Scherrer’s equation [25], in Eq. (1) as follows:

kA M
" Bcosd

Considering that k£ = 0.9, 1 = 1.54 A (Cu Ko radiation), and f is full-width at
half maximum of the x-ray peak, the crystal sizes (d,,, ) of the CaO and the

Ca(OH), could be determined, which were 48.12 nm (at 26 = 37.34°) and 14.15
nm (at 20 = 34.05°), respectively. The crystal size of the CaO, which was larger
than that of Ca(OH),, shows the original formation of CaO followed by the
formation of Ca(OH), when the as-prepared CaO was exposed to air. The
characteristics of this multi-phase crystal were also shown by the CaO with 0%
PS addition, thus, the purpose of PS addition as an easily decomposed template
material was demonstrated here.

Figure 3 shows an SEM photograph of the morphology of the CaO prepared by
spray-pyrolysis with a Ca(NOs), concentration of 10 wt% with the additional
PS mass ratio varied between 0, 25, and 75 wt%. In general, the obtained CaO
particles had an almost spherical morphology. The incomplete spherical shape
is due to the rapid change in temperature of the droplets, resulting in a high
evaporation rate. As a consequence, the precipitation of the materials in the
droplets worsens, resulting in an incomplete spherical morphology, especially
of small droplets. While the evaporation rate is higher than the diffusion rate of
the particles in the solvent, during the drying process the droplet-to-particle
formation only produces shell formation. Finally, during pyrolysis, the particles
are broken and crushed [26]. On the other hand, the CaO powder without PS
addition (Figure 3(a)) had pores because of gases released during the pyrolysis
process.

The pores give the CaO powder two active surface sides (inner and outer
surface). Meanwhile, the addition of 25 wt% od PS produced larger pore holes
(see Figure 3(b) and Table 1) than the CaO without PS addition. This is due to
the decomposition of the PS itself. However, this did not occur in the CaO
powder with a high concentration (75 wt% of PS/Ca(NQOs);) of PS addition (see
Figure 3(c)), which only showed a hollow on the surface of the particles.
Meanwhile, from the particle size measurement it can be seen that as the PS
concentration increased, the particle size decreased. This is caused by the
decrease of the Ca(NO;); concentration in the droplets while the amount of
decomposed PS particles increased and thus the volume of precipitated particles
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in the droplets also decreased. Based on SEM observation, the macropores of
the CaO with 25% PS addition could reach a size as large as 583.26 nm.

S 14
k) —
lE. DParticIe =1.58 Hm
Q
5
2
s 0.7f
o
2
‘»
c
7}
o
0.0 .
0.1 1 10
Particle Diameter Size [um]
S 141
k) —
e Dparticie = 1.48 ym
o)
5
2
s 0.71
o
2
‘»
c
a
0.0 ,
0.1 1 10
Particle Diameter Size [um]
S 141
k) -
lE. DParticIe =1.41 Hm
0
5
2
.‘E 0.7
o
2
‘?
c
7}
o
00 .

0.1 1 10
Particle Diameter Size [um]

Figure 3 SEM image and particle sizes of CaO particles with (a) 0 wt%, (b) 25
wt%, and (c) 75 wt% of PS/Ca(NO;), mass ratio in the precursor, prepared at a
synthesis temperature of 825 °C.
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The mechanism of particle morphology formation affected by the PS latex
concentration is shown in Figure 4. As described above, the CaO synthesized
with zero PS had an incomplete spherical shape due to the high evaporation rate
of the water, thus the diffusion and assembly of the precursor was poor, leading
to imperfect precipitation. This also occurred in the CaO prepared with a low
concentration of PS (25%). However, beside the poor assembly of the precursor
in the droplets, the rapid PS decomposition also contributed to the final shape of
the CaO. In a previous research, Nandiyanto et al. (2013) investigated the routes
of particle morphology due to the PS concentration. At 20-55% PS, the particle
morphology became a porous surface structure, almost identical to our result
(Figure 3(b)). The differences that occurred could be due to incomplete self-
assembly of the PS particles because of the high solvent evaporation rate [11].
Not only having a contribution to macropore formation, the PS decomposition
may also cause mesopore formation due to its position inside the droplets. On
the other hand, for a high concentration of PS addition, two particle shapes were
found. A large hollow existed on the surface of the larger particles (> 1um). The
large amount of solvent in the droplets gives an opportunity for the precursor to
diffuse and rearrange itself. Meanwhile, the large amount of PS decomposition
breaks the smaller particles as a result of the poor assembly of the precursor,
resulting in an irregular particle shape (Figure 3(c)).
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Figure 4 Illustration of CaO particle formation mechanism as a result of PS
latex addition to the precursor.
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Table1 Mesoporous content of CaO particles prepared by various PS
concentrations in the precursor.

Sample PS/ Ca(NO;), Pore volume Pore diameter  Pore surface area
P (Wt%) (cclg) (nm) (m/g)
1 0 0.041 3.45 8.289
2 25 0.123 5.42 12.934
3 75 0.034 3.11 6.132

In addition, the role of PS decomposition in the pyrolysis process can also be
seen from the size and volume of the pores, as summarized in Table 1. From the
pore measurement, it can be observed that there was a significant increase in
mesopore diameter and volume from the sample without PS addition to the
sample with 25 wt% PS addition. In addition, a logarithmic differential pore
volume vs. pore diameter plot is depicted in Figure 5. From the figure, the
significant difference between the 25% PS addition and the other CaO samples
can be observed. The high volume of pores with an average diameter larger than
50 nm was demonstrated in the CaO with 25% PS addition, which could
indicate the existence of macropores, which is consistent with the SEM image
(Figure 2(b)). Meanwhile, the volume of the mesopore content varied for all
prepared CaO samples. The pore formation was contributed by the explosion of
PS as described in Figure 4. The increased pore volume and pore size also
affected the surface area of the pores. The largest pore surface area was 12.934
m®/g, found in the CaO prepared with 25 wt% PS addition.
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Figure 5 Logarithmic differential pore volume distribution for CaO samples
prepared with different PS latex concentrations.



Effect of Polystyrene Latex Addition on Size and Pore Volume 249

& b
m Blank Test ((\c)lj.ﬁ
® CaOo (PS 0 wt%) .
4 CaO (PS 25 wt%) L
v CaO (PS 75 wt%) . ‘D," &

-
oo N
I I

Mass of SO, dissolved
in water trap [x 10 g]
S

0 25 50 75
Time [min.]

Figure 6 Profile of SO, dissolved in water during adsorption performance test.

Figure 6 shows the result of the SO, adsorption performance test, which was
calculated based on the amount of SO, dissolved in water by pH evaluation. The
low pH level of the water showed an excess of H' due to the formation of weak
H" and HSOj5™ electrolytes as a result of SO, dissolution in water with the acid
dissociation constant k =13x10" at 291 K [17]. Based on the test result

(Figure 6), the blank test (black-square symbol) shows linear SO, accumulation,
which indicates a constant amount of dissolved SO, between two time points at
a rate of 0.2 mg/min by linear fitting. This rate was utilized to approximate the
amount of SO, captured in the CaO. Herein, the effective retention of SO, is
defined as the amount of SO, that is totally captured in CaO. This is indicated
by the constant level of pH even under SO, flow in N, gas as the carrier, until
the point where pH starts to decrease. Referring to this definition, the effective
retention capacity of CaO can be calculated as 3.32 mg, 3.32 mg, and 1.83 mg
of SO, per 1 g of sorbent for 0, 25, and 75 % PS addition, respectively. In
addition, the different rates of dissolved SO, from the prepared CaO could also
be observed. The CaO prepared with 0% PS addition showed the same SO,
dissolution rate as the blank test. However, the CaO prepared with 25 and 75%
PS-addition showed a lower rate, i.e. 0.159 and 0.092 mg/min, respectively. The
lower rate of uncaptured SO, compared to the blank test, indicates that the
reaction between CaO and SO, was still occurring in the reactor. This
phenomenon may be related to the formed pore size, pore volume and pore
surface area. Comparing the CaO prepared with 0% and 25% PS addition, even
though they have a similar effective capacitance, 3.32 mg SO,/g sorbent, the
uncaptured SO, rate for 25% PS addition was lower than for 0% PS addition.
This phenomenon means that the capturing process of SO, was still occurring in
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the 25% PS addition sample. On the other hand, compared to the 75% PS
addition, which had the smallest pore size, pore volume, and pore surface area,
the samples demonstrated the lowest retention capacitance, which shows
consistency between the pore content and the adsorption ability. However, this
performance test was only a simple approximation in order to observe whether
the modification of CaO’s surface could work properly or not. Furthermore, to
get the definitive value of the retention capacity, a standard test should be
considered.

Table 2 SO, adsorption performance test result of CaO particles.

PS/ Ca(NO;), Effective SO, retention Flow rate of uncaptured
Sample

(Wt%) (mg/g Ca0) SO, (mg/min)
1 0 3.32 0.200
2 25 3.32 0.159
3 75 1.83 0.092

Moreover, to confirm the existence of the reaction between CaO and SO,, FTIR
characterization was conducted on the powder after the adsorption test (Figure
7). Several new peaks were observed in all the post-test CaO samples, among
others, two peaks around 600-700 cm’', sharp and broad peaks at 800-1000
cm’, and peaks at 1000-1200 cm™. The sharp peak around wavenumber 650
cm” and the broad peak around 800-1000 cm™ correspond to the presence of
(SO5™) vibration due to the formation of CaSOj; [3,26,27]. The appearance of a
peak around 670 cm™ indicates Ca-S bonding [3] and the peak at 1000-1200
cm” shows the presence of (SO,>) vibration as the appearance of CaSO,
[3,26,27] .
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Figure 7 FTIR of CaO powder after adsorption test.
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Numerous studies have been conducted to investigate the reaction of SO, in
CaO sorbent; a simple rule of reaction between SO, and CaO was reported.
When there is insufficient oxygen in the system, the reaction between CaO and
SO, leads to the formation of CaSOs; [28]. Furthermore, the resulting fraction of
CaS and CaSO4 may be due to gradual oxidation or a disproportionate amount
of CaSO; [27,28]. In contrast, another work showed that the formation of
CaSQOy could be the direct product of the reaction between CaO and SO, in the
temperature range of 300-600 °C [29]. On the other hand, the CaCO; fraction
that occurs in the samples may contribute to the reaction during sulfation.
Below the decomposition temperature, CaCO; can react directly with SO, to
form CaSO; through the following mechanism: CaCOs + SO, — CaSO; + CO,
[30-32]. Moreover, under sufficient oxygen, CaSO; can be oxidized to form
CaS0,[32].

4 Conclusion

In this work, the effect of PS decomposition on the formation of pores on CaO
particles prepared using spray-pyrolysis was studied. The CaO particles were
used as an SO, sorbent. BJH characterization showed that PS addition promotes
the modification of the pore content in the particles. The size and volume of the
pores increased with a small amount of PS addition (25 wt%), while a decrease
in the total volume of pores was observed at a large amount of PS addition (75
wt%), i.e. 5.42 and 3.11 nm, respectively. The formation of pore surface was
proportional to pore size and pore volume. From the SEM images, it could be
seen that CaO particles without PS addition also had pores, which became
larger at 25 wt% PS addition, while a hollow on the surface of the particles was
observed at 75 wt% PS addition. The SO, adsorption performance test showed a
proportional relation between the size and volume of the pores to the effective
retention of SO,. CaO particles prepared with 25 wt% PS addition gave the best
performance, having a high capacity and a low rate of uncaptured SO,
compared with the CaO prepared with 0 and 75 wt% PS addition.
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