Catalytic removal of SO: from coal-fired flue gas
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Sulphur dioxide is one of the main air pollutants produced from burning coal to produce
electricity. The adverse environmental and health effects of SO; in the atmosphere have led
to the development and implementation of technologies to remove SO; from the flue gas
streams. Flue gas desulphurisation (FGD) is the main process used to remove SO; from
flue gas, via wet or dry methods, with wet FGD as the most common technology. FGD
requires high reagent input, including water, and produces wet or dry solids that require
disposal or further processing to produce a reusable product!. As such, research into the
catalytic abatement of SO; has been studied since the 1940s, where SO, was either oxidised
to make sulphuric acid or reduced to make solid sulphur. This work aims to develop a
direct sulphur reduction process that catalytically reduces SO; into sulphur for effluents
with low SO, concentrations.
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INTRODUCTION

Conventional energy production technologies will continue to rely heavily on fossil fuels in the decades
to come, leading to significant sulphur dioxide emissions. Sulphur dioxide is one of the major toxic air
pollutants that has adverse environmental and human health effects (Yorifuji et al., 2019). Although
sulphur dioxide has a wide emissions base, the largest source of anthropogenic SO, emissions is coal-
fired power plants. South Africa ranks amongst the highest emitters of SO, and the hotspots have been
identified from coal-fired power stations and smelters (Chinyavanhu et al., 2020). Figure 1 shows the
emissions hotspots relative to common SO, emitters (Dahiya & Myllyvirta, 2019).
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Therefore, a great deal of attention has been focused on imposing stringent emission regulation
standards (EC Commission, 1996; Jin et al, 2016; South Africa, 2018) and deploying
desulphurisation technologies to curb the increase in SO, atmospheric levels (Miszczyk &
Darowicki, 2002). Wet flue gas desulphurisation (WFGD) has been adopted as the state-of-the-art
technology, with a market share of more than 85% in 2019, and is projected to dominate the
market (Flue Gas Desulfurization Market Size Report, 2020-2027, 2018) owing to its high SO, removal
efficiency of approximately 98% (Chang, 2018). Despite the high efficiency of the commercially
available wet-scrubber systems, the tremendous amount of wastewater and unsellable gypsum
produced pose a disposal and environmental problem. Moreover, the flue gas discharged is
highly corrosive due to the saturated water that still contains residual SO»; this causes scaling and
plugging of the scrubbing unit, thus requiring costly corrosion-resistant materials and high
maintenance costs. Semi-dry and dry technologies offer an alternative flue gas desulphurisation
(FGD) route with lower capital and operational costs than WFGD (He et al., 2017) however, they
are less desirable and are less commonly used in industry due to having a less than 50%
desulphurisation rate. Research is on-going on trying to find the best alternative processes and
Sulfacid (Strickroth et al., 2020) and SNOx technologies have emerged as innovations stimulated
by the need for a cost-effective process to capture SO, from low concentration flue gas streams
and convert it to commercial grade H>SO4. With these technologies, fugitive H>SO4 is emitted and
is difficult to capture, leading to secondary acid mist emissions. Therefore, using this technology
where the main target is not the production of H>SO; adds to the emissions control costs and low
SO; concentrations can significantly decrease the performance of H>SO4 production process. At
present, there is increasing research on the use of physical adsorptive technologies, but
conventional adsorbents either lack strong binding sites for SO, capture or require high
regeneration temperatures (Li ef al., 2022; Zhu et al., 2021). A comparison of the current industrial
methods for SO, abatement technologies is shown in Table I.

Table 1. Comparison of SO, abatement technologies

FGD (Neveux et al., 2014) Sulfacid (Sulfacid(R)
Topsoe catalyst process, no date)
Catalyst Vanadium oxide Activated carbon
Function/process Adsorption of SO Oxidise SO2 Oxidise SOz
Active temperature 40 to 50°C 400 to 600°C Up to 80°C
Conversion rate 98% Up to 55% conversion ~ 99.5% conversion in a
after five passes in the  five-bed reactor
reactor
Reagents Lime/limestone, water Water, oxygen, Water, oxygen
Waste product Wet/dry sludge, Wastewater Wastewater
wastewater, CO;
Product Gypsum (disposed due to  Sulphuric acid Up to 60wt%
poor quality) Sulphuric acid
SOz concentration  Less than 0.1vol% More than 1vol% Up to 1vol%

in stack gas
BACKGROUND

Direct reduction of SO: to elemental sulphur using either CO (Sr, 1998), CH4 (Berk, 1995), Hs (Paik &
Chung, 1995), (C. L. Chen et al., 2004) or syngas (Ismagilov et al., 2010) as reductants have the potential
to serve as an efficient and cost-effective technique to remove sulphur dioxide from flue-gas streams.
Producing elemental sulphur would have many advantages as it is an inert solid that is easy to handle
and transport to various end-use destinations. The global sulphur market is projected to be worth
US$4.9 billion by 2031, due to the various industrial uses of solid sulphur (Chidanand & Yerukola, 2022).
The use of CO is favourable in that CO is present in flue gases, thus it is simultaneously removed from
the flue gas stream and reduces the amount of reductant needed. Furthermore, Han ef al., (2008)
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investigated the reduction of SO, over Ce1ZrO: using H> and CO as reducing agents and obtained
higher SO, conversions and S yields, 94.4% and 91.3% respectively at 500°C, when CO was used
compared to 92.8% SO, conversion and 71.3% S yield at 800°C when H; was used as the reductant. Their
study also inferred that when syngas is used as the reductant, the ratio of CO/H, should be high. The
reactions for the reduction of SO, are thermodynamically favoured but have very low reaction rates,
therefore, a catalyst is needed to speed up the reaction. To this end, transition metals, rare-earth
elements, metal sulphides, alkaline earth metals, metal oxides and carbon-based materials have been
used to catalyse the reaction. Sulphur yields and selectivity in these reactions remain low due to the
formation of undesirable by-products such as carbonyl sulphide (COS) via the COS reaction mechanism
(Zhao et al., 2015). It is of paramount importance that the catalytic reduction of SO, by CO can be
achieved without the formation of COS due to the toxicity of COS. However, a redox reaction
mechanism can also be followed, depending on the support of the catalyst. This mechanism avoids the
formation of COS completely and is shown in the Reactions 1 to 3 below where [ | represents an oxygen
vacancy in the catalyst and .45 refers to a species adsorbed on the catalyst (Ma et al., 1997).

Cat [O] + CO — Cat [ ] + CO, [1]
Cat [ ] + SO, — Cat [O] + SO, 4 2]
Cat[]+S0,4 — Cat[O]+S 3]

Previous literature work on the catalytic reduction of SO, using various reducing agents over various
catalysts is shown in Table II. This table also shows the reactor conditions, the conversion of SO
achieved and the percentage selectivity of the catalyst to the formation of sulphur.

Table 11. Previous research work on the reduction of SO;

Reference Catalyst % SO % Reaction GHSV CO/SO,
Employed  Conversion Selectivity =~ Temperature Ratio
to Sulphur  (°C)
Wang et al., FexO3/CeO, 100 100 380 17 280 3
(2002) mL/ gcath
Zhaoliang, Jun  Ti1SnOz
and Xiyao, > 95 > 95 350 2 400h-1 -
(2003)
Chen & Weng, 90 to 100 N 12 000
(2005) Cr205/CeO; 100 320 ml/gech 2.5
Han, et al., SnOs, 45 4
(2008b) 80 550 10 000 h 2
Parketal., Sn0,-ZrO, 68 10 000
(2011) 58 450 ml/ge 1
Wang et al., 98 7 000
(2014) FexOs/AC 90 450 mL/gath
Zhang et al., . ~100 500 24 000 2
(2016) CeorTios02 mL/gcath
Feng et al., Activated 95.8 87.35 700 _ 2
(2016) carbon
Geetal., )2018) FeCo/y- 99 99 400 5000 ht 2
ALOs
Ngwenya et Au/TiO 86.4 _ 300 3600 2
al., (2018b) mL/gech
Feng et al., Carbon 100 97.26 500 4
(2019) 1333 h 2
Ren et al. Fe-BFS
7 ~ _ -1
(2020) >95 70 400-600 6 000 h 2

Direct Sulphur Reduction Process
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The direct sulphur reduction process (DSRP) is an alternative process proposed for the removal of SO
from coal-fired power plant flue gas. This process is inspired by using catalytic reduction of SO as
shown in the previous section. The proposed full process design of the treatment of SO, from flue gas
is shown in Figure 2.
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Figure 2. Proposed DSRP for the treatment of flue gas from coal-fired power plants.

The DSRP involves the use of two main reactors; one for the removal of NO, and the second one for the
removal of SO». At this stage, the focus of our research is the SO, removal reactor, beginning with the
development of the catalyst for the SO, abatement. The reduction of SO, via the redox mechanism
results in the formation of pure elemental sulphur. Preliminary studies into the reduction of SO, using
CO found that the sulphur formed in the reactor was in gaseous form, and condensed and crystallised
into yellow/amber needle-like crystals at the exit point of the reactor (Ngwenya, 2018). Further analysis
of the reactor effluent showed that only gaseous unreacted SO,, CO, and CO; products analysed via gas
chromatography. The catalyst used in this work was commercial AUROlite 1 wt% Au/TiO,, where the
TiO, support is characterised as a reducible metal oxide. This characterisation of the support is
important as supports of this nature tend to result in the reduction of SO, occurring via the redox
reaction mechanism in Reactions 1 to 3, thus do not lead to the formation of COS (Rodriguez et al., 2002).
This preliminary study demonstrated the proof of concept in the special ability of Au/TiO> to dissociate
the SO, molecule into elemental sulphur. Henceforward, further development of the catalyst is required
for real-time industrial application.

Experimental Design
As stated in the previous section, the first step in developing the DSRP is designing the catalyst to
operate under real-time reactor conditions. These include:

e Gas hourly space velocities (GHSV) of 60 000 h-'. The preliminary studies worked with GHSV
of 3 600 h! thus higher velocities need to be investigated.

e The temperature of flue gas going into the stack is approximately 140-160°C (Aouini et al., 2014).
The Au/TiO: catalyst had a light-off temperature of 250°C with the highest conversion of SO
at 300°C. Irreversible deactivation was observed above 300°C due to the sintering of the catalyst
(agglomeration of Au nanoparticles to form larger inactive particles). Thus, the active
temperature of the catalyst will need to be lowered to avoid large energy inputs into the process.
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e The presence of water vapour. The proof-of-concept studies did not investigate the effect of the
presence of moisture on the activity of the catalyst. Thus, it is important that the catalyst
developed still achieves high SO, reduction rates in the presence of moisture.

e Gold supported on TiO, exhibits remarkable catalytic activity for various reactions. Originally,
AUROIite (Au/TiO) was used as the catalyst for CO oxidation. Kim & Woo ( 2006) investigated
the performance of Au/TiO; for CO oxidation in the presence of SO, and concluded that SO
poisons the catalyst. This was due to the O and SO, competing for the same adsorption sites
which are presumed to be the interface between the Au and TiO; (Rodriguez et al., 2002). This
poisoning effect however made the Au/TiO; catalyst attractive for the reduction of SO,. The
presence of Au on TiO. was shown to enhance the dissociation of SO, due to the presence of Au
increasing the mobility of the oxygen vacancies between the bulk and surface of this reducible
metal oxide (Bond et al, 2006). The mobility of these vacancies plays a vital role in SO
dissociation by moving the adsorbed O molecules through the surface and bulk of TiO.. Thus,
it was concluded that Au supported on a reducible metal oxide with oxygen vacancies in the
lattice would be a good catalyst for the dissociation, thus reduction of SO into S.

e The amount of CO present in flue gas is noted to be lower than the stoichiometric amount
required for the complete reduction of SO,. An additional reducing agent is required to increase
the conversion of SO». To avoid contributing to CO, emissions, hydrogen will be used as the
additional reducing agent.

Hypothesis

Effect of higher GHSV

The higher GHSV of flue gas means that a higher amount of catalyst is required to achieve appreciable
SO» conversions in the reactor. An increase in the reactive surface area can also be achieved by
depositing the catalyst in a monolith (Figure 3), thus increasing the overall surface area.

Figure 3. Monolith.

Lowered flue gas temperatures

In order to lower the active temperature of the catalyst, some enhancements can be made. It was found
that pre-treating the catalyst in SO for hour lowered the light-off temperature as shown in Figure 4
(Ngwenya et al., 2018a). It was then surmised that this was due to the pre-adsorption of SO, on the
catalyst active sites, pre-empting the dissociation of SO, and thus its reduction into sulphur.
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Figqure 4. Effect of catalyst pre-treatment (Ngwenya et al., 2018a).

The presence of water vapour
The presence of OH- groups on catalyst was observed to prolong the activity of Au/TiO. by
continuously removing carbonates from the surface (Raphulu et al., 2009). It is therefore postulated that
the moisture content in the flue gas would not adversely affect the activity of the catalyst. Conversely,
if hydrogen was supplemented as an additional reducing agent, the reduction of SO, would occur via
Reaction 4.

SO, *2H, = Sy * 2H, 0 [4]

The addition of water may negatively affect the reduction of SO, using hydrogen, as this reaction
produces water vapour according to the Equilibrium Law (Le Chatelier’s principle). The presence or
addition of water may result in a lower drive towards the forward reaction as this produces water
vapour. As such, it is hypothesised that the catalyst life will be prolonged with exposure to water vapour,
however, the formation of elemental sulphur may be affected.

Choice of catalyst

Rodriguez et al., (2015) showed that Au/CeOx-TiO2 and Au/CeOx are better catalysts than Au/TiO,for
the CO oxidation reaction and the Au/CeO,-TiO2 > Au/CeOx > Au/TiO; order of activity has been
reported. Moreover, the turnover frequencies (TOF) for CO oxidation are shown to be approximately
three times higher in Au/CeO,-TiO: than in Au/TiO; (Park et al., 2009). Herein, we expect a similar
trend in activity; the cooperative effects of gold-ceria interfaces should improve the conversion of SO,
to elemental sulphur. In terms of catalyst cost, Au/CeOx-TiO2 would be the most expensive because
more reagents are used in the synthesis step and the process of producing a mixed oxide matrix is more
complex than synthesising single metal oxides. However, this economic constraint will be offset by the
high catalytic activity of this catalyst as studies show that neither Au/CeOx nor Au/TiO, come close to
matching the catalytic activity of the Au supported on CeO,-TiO, mixed-oxide catalyst (Park ef al., 2009).
The use of CeO, would also see to the added beneficiation of the cerium, one of the rare-earth elements
available in South Africa.

Reaction mechanism

As discussed, the redox reaction mechanism is followed in the reduction of SO,. This occurs as
summarised in Reactions 1 to 3 when CO is used as the reducing agent. This reaction is
thermodynamically favourable with a Gibb’s free energy value of AGe = -173.7 k] mol-'. A comparison
of the possible reactions that may occur thermodynamically are shown in Figure 5. These reactions are
Reactions 4 to 6:

30



—

SOsg)* 2C0, 3o+ 2C0s [5
SO2(g)+ 3CO2—> COS(g)+ 2CO2(g) [6
SO2(g)+ 2H2—> H2S(g)+ 2H20(g) [7

—_—

These reactions are thermodynamically favourable as exhibited by the positive slopes of the linear
curves. Despite the side reactions having more positive slopes than the desired reactions, the following
are noted:

1. For the reduction using CO, it has been demonstrated that the type of catalyst determines the
reaction mechanism followed. In previous work ( Ngwenya et al., 2014), it was observed that
with this mechanism no COS was formed, therefore it was concluded that the Au on reducible
TiO; favoured the redox mechanism. It is important to point out that the CO used for the
reaction is the one already present in flue gas. This CO would consequently react in the
atmosphere to form CO,, therefore this suggested process would not contribute to any further
CO; emissions.

2. Thereduction of SO, using hydrogen is also expected to follow the redox mechanism, beginning
with the adsorption and dissociation of SO, on the Au-support interface, consequently
circumventing the formation of H>S. The products from this reaction are also favourable:
sulphur solid and water vapour with no CO; released.

50
40 .77 S0,y +3C0g) = 2C0) + COS
,,/ . SOz¢g) + 3Hz(g) = HaS(g) + 2H30(,
ot 1
30 S02(g) + 2C0¢g) = 2C0z(5) +5529)
1
520 SO2g) + 2Hag) = 352 + 2H20¢g)
o
b
=}
~10
0
10
0 5 0 15 20 25 30 3

109T (K)
Fiqure 5. The chemical equilibrium constants as a function of the inverse of temperature for the possible SO

reduction reactions.
CONCLUSION

Current industrial desulphurisation technologies pose environmental and economic challenges that
need to be addressed, hence alternative technologies need to be investigated. DSRP presents a more
economic and environmentally friendly process for SO, abatement and has attracted a lot of attention
over the years. The choice of catalyst plays a pivotal role in improving the efficiency of the DSRP process
as it determines the mechanism followed during the reaction and the products. The redox mechanism
is followed when SO is reduced over reducible metal oxide catalysts producing desirable solid sulphur.
The sulphur product is easy to handle, transport and store with a lucrative market value. Stoichiometric
values of the reducing agent are also required for high SO, conversions, thus the CO in flue gas is
suggested to be supplemented with hydrogen as this yields environmentally-friendly products. The
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high gas hourly space velocities of flue gas can be accommodated by increasing the surface area of the
catalyst bed using monoliths. The use of mixed reducible metal oxides is expected to give the highest
activity despite the high cost of their production. The techno-economic analysis of this process is
required to determine the viability of the industrial application. Despite the world slowly moving away
from burning coal for electricity production, many countries still rely on coal-fired power plants.
Therefore to reduce environmental impact of this type of energy production, the DSRP needs to be
developed for industrial application.
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