
1. Introduction
The reduction of sulfuric acid to sulfur dioxide: 

H2SO4(l) → SO2(g) + H2O(g) + ½ O2(g)              (1)

is a chemical process of fundamental, environmental and 
industrial interest [1], because it can be used to recycle 
the spent sulfuric acid [2], a major by-product in chemical 
industry. Also, this reaction plays an important role in all 
of the sulfur-based thermochemical cycles for hydrogen 
production, including: the hybrid sulfur cycle, developed 
by Westinghouse in 70-80’ [3,4], the sulfur-bromine 
hybrid cycle, also called Ispra Mark 13 [5] and sulfur-
iodine cycle, developed by General Atomics Co [6,7].

This reaction takes place in two steps: the non-
catalytic thermal decomposition of sulfuric acid to sulfur 
trioxide and water vapour, at temperatures of 350-400°C, 
followed by the thermo-catalytic reduction of sulfur 
trioxide to sulfur dioxide and oxygen at temperature 
above 800°C:

H2SO4(l) → SO3(g) + H2O(g)                            (2)

SO3(g) → SO2(g) + ½ O2(g)                            (3)

The endothermic reduction rate of SO3 to SO2 
(Eq. 3) is very low even at high temperatures. In order to 
increase the reaction rate, the presence of a catalyst is 
needed. The catalyst used in this reaction has to fulfill two 
major conditions: sufficient activity so that the reaction 
proceeds with a conversion as high as possible and the 
ability to maintain this conversion for an extended period 
of time [8], that can be achieved by a stable structure of 
the catalyst.

Investigations on catalysts for sulfur trioxide reduction 
to sulfur dioxide have started since the 70-80’, over 30 
catalysts being studied [8-11]. Various oxides (SiO2, Al2O3, 
ZnO, CuO, NiO, Fe2O3, MnO2, Cr2O3, V2O5, TiO2) have 
been studied by Dokiya et al. [9], showing for the first time 
that Fe2O3 can be used as catalysts in SO3 reduction to 
SO2, recent studies [12,13] confirming this fact. Catalytic 
activity has been reported [14,15] for platinum on metal 
oxide supported materials, being studied Pt/Al2O3, 
Pt/TiO2 and Pt/ZnO2 commercial catalysts, with platinum 
loadings of 0.1-0.2 wt.%, suggesting that palladium, as 
noble-metal phase, can be used instead of platinum 
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in high temperature stability test [14]. Although noble 
metal/oxide catalysts have a high catalytic activity, 
economically should be developed non-noble metal 
catalysts [16], so that increasing number of studies are 
heading towards complex metal oxide catalysts such as: 
FeAlO3, Fe3Ti3O10 [16], Fe2(1-x)Cr2xO3 (0 ≤ x < 1.0) [17], 
Cu/Fe/Ti/Al2O3 [18], FeTiO3, MnTiO3, NiFe2O4, CuFe2O4, 
NiCr2O4, 2CuO•Cr2O3 [19].

In this work, experimental research concerning 
sulfuric acid reduction reaction to sulfur dioxide and 
oxygen in the presence of commercial catalysts: Pd/
Al2O3, Pt/Al2O3, α-Fe2O3 was performed in order to 
determine the H2SO4 to SO2 conversion degree for each 
catalyst.

2. Experimental procedure  

2.1. 

Catalytic reduction of sulfuric acid to sulfur dioxide was 
tested on the experimental plant shown in Fig. 1. Using a 
peristaltic pump, concentrated sulfuric acid was pumped 
in a tubular quartz reactor placed into an electric furnace 
(Nabertherm, B170 model). Once inside the heated 
zone, H2SO4 vaporized and decomposed to SO3 and 
H2O vapour. They pass over the catalyst bed, in the 
middle of it temperature was continuously measured, 
fixed into the reactor between two beds of quartz wool, 
where sulfur trioxide is reduced to sulfur dioxide. At the 
exit of the heated zone, unreacted SO3 recombined with 
H2O forming sulfuric acid which is collected into a water 
cooled trap. A gaseous mixture consisting of SO2 and O2 
was bubbled in 0.1 N NaOH solution for SO2 absorption. 
Oxygen was determined by gas chromatography using 
a GCL 90.8 type apparatus equipped with catarometric 
detector.

As can be seen from the schematic diagram, Fig. 1, 
the tubular reactor has an input and an output section 

with inside diameter of 6 mm and 300 mm length, while 
the SO3 reduction section has the inside diameter 
of 10 mm and 250 mm length.

Collected sulfuric acid was determined by standard 
acid-base titration using 0.1 N NaOH solution. H2SO4 to 
SO2 conversion degree was determined from the ratio 
between the flow rate of SO2 formed in reaction and the 
flow rate of concentrated sulfuric acid fed into reactor.

In the reduction tests of sulfuric acid to sulfur dioxide, 
the catalytic activities of the following commercial 
catalysts: 5 wt.% Pd/Al2O3 (industrial catalyst produced 
in Russia), 0.5 wt.% Pd/Al2O3 (Sigma-Aldrich), 0.1 wt.% 
Pd/Al2O3 and α-Fe2O3 (Alfa Aesar) were determined. 
Tests were performed at 800-900°C (the temperature of 
catalyst bed) at atmospheric pressure, 96 wt.% sulfuric 
acid was fed into reactor with a flow rate of 9 mL h-1. 
The amount of catalyst loaded into reactor was 1 g 
for alumina-supported catalysts and 0.5 g for α-Fe2O3. 
Catalytic activity is expressed through the H2SO4 to 
SO2 conversion degree obtained at different times on 
stream.

In order to determine the influence of temperature on 
H2SO4 to SO2 conversion degree, tests at 800°C, 850°C 
and 900°C at atmospheric pressure, were performed. 
96 wt.% H2SO4 was fed into the reactor with 9 mL h-1 
flow rate. In these tests, 5 wt.% Pd/Al2O3 catalyst was 
used.

Before loading into the reactor, 5 wt.% Pd/Al2O3 
catalyst pellets, were crushed and sieved. In tests, 
granules with size between 0.4 and 0.8 mm were used. 
0.5 wt.% Pd/Al2O3 and 0.1 wt.% Pt/Al2O3 catalysts were 
used as spherical pellets, with size between 2 and 
4 mm, and α-Fe2O3 as powder. The crushing and sieving 
of 5 wt.% Pd/Al2O3 catalyst was possible because the 
relatively high palladium concentration (5 wt.%) makes 
that all pellets have practically the same Pd loading. 
The crushing of 0.5 wt.% Pd/Al2O3, or 0.1 wt.% Pt/Al2O3 
catalysts was not possible because of the occurrence 
of pellets without metal, respectively pellets that contain 

Figure 1. Schematic diagram of the experimental plant.

Laboratory tests for sulfuric acid reduction 
to sulfur dioxide
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only metal and the experimental conditions could not be 
reproduced.

The alumina-supported catalysts were loaded into 
the reactor at room temperature, a flow of hydrogen was 
turned on and temperature was increased to 400°C in 
1 h, maintaining that temperature for 2 h, and then in 
flow of helium, the temperature was increased to the 
required value for reaction in 1 h. For iron oxide, the 
temperature was increased from room temperature to 
the required value for reaction in flow of helium in 1 h. 
For both cases, the helium was maintained even after 
starting the sulfuric acid feeding.

2.2. Analysis of catalysts
The catalysts samples, before and after reaction, 
were analyzed by X-ray diffraction (XRD). X-ray 
powder patterns were obtained using a D8 Advance 
Diffractometer, sealed Cu tube equipped with an 

incident beam Ge 111 monochromator, λ = 1.54056 Å. 
The powder diffraction data was recorded in the range 
of 10-85° 2θ with 0.02° 2θ step size.

Surface characteristics of catalysts, before and 
after reaction, were determined by the BET method, 
using nitrogen adsorption at 77 K on an automated 
SORPTOMATIC 1990 instrument. The catalyst samples 
were outgassed at 200°C for 2 h before the analysis. 
BET surface areas were calculated in the range 
of P/P0 between 0.03 and 0.3, and total pore volume 
was determined at P/P0 of 0.95.

3. Results and discussion

3.1. Catalytic activity studies
Catalysts activity in 5 hours time on stream, at 850°C is 
shown in Fig. 2. The highest H2SO4 to SO2 conversion, 
79.37%, was obtained using 5 wt.% Pd/Al2O3 catalyst. 
0.5 wt.% Pd/Al2O3 catalyst provided a conversion of 
64.1%, close to that obtained with 0.1 wt.% Pt/Al2O3 
catalyst (66.25%).

Catalytic activity of α-Fe2O3 at 850°C, was tested in 
60 hours time on stream. Results are shown in Fig. 3. 
In the first 5 h, the H2SO4 to SO2 conversion was about 
62%, comparable with that obtained using 0.5 wt.% 
Pd/Al2O3 and 0.1 wt.% Pt/Al2O3. After 60 h, conversion 
decreased with about 10%. This results show that iron 
oxide could be an alternative to precious metal-based 
catalysts.

It is known that the temperature has a major influence 
on sulfuric acid to sulfur dioxide conversion degree. 
Thus, the conversion has been determined at different 
temperatures: 800°C, 850°C and 900°C using 5 wt.% 
Pd/Al2O3 catalyst. A conversion of 72% was obtained 
at 800°C, 79.37% at 850°C and 81.08% at 900°C. As 
it can be seen, an important increase of conversion 
is observed from 800° C to 850°C, but from 850°C to 
900°C, the increase is not significant, which shows that 
reduction of sulfur trioxide to sulfur dioxide using 5 wt.% 
Pd/Al2O3 catalyst can be achieved at 850°C.

3.2. Analysis of catalysts
After removal from reactor, the catalysts were visually 
inspected, the results being the following: the 5 wt.% 
Pd/Al2O3 catalyst used at 800°C for 5 h did not change 
their color, but after reaction at 850°C and 900°C the 
color was changed from grey to brown, the same 
behavior being observed for the 0.5 wt.% Pd/Al2O3 used 
at 850°C; 0.1 wt.% Pt/Al2O3 catalyst used at 850°C for 
5 h did not change their gray color, except a few pellets 
which became darker. Remarkable for these catalysts, 

Figure 2. Catalyst activity based on H2SO4 to SO2 conversion in 
                             5 hour time on stream.

Figure 3. α  –  Fe2O3   catalytic   activity  based  on  H2SO4  to  SO2  
        conversion in 60 hour time on stream.
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is that they did not brake down to produce powder which 
could cause plugging of reactor. Iron oxide, after 60 h 
time on stream at 850°C, changed the color from rusty 
to dark red.

Surface characteristics of catalysts determined by 
nitrogen physisorption are shown in Table 1. A major 
decrease of total surface area after exposure of catalysts 
for 5 h time on stream at 850°C was observed. In the 
case of iron oxide, the surface characteristics of the 
spent sample were not determined because the amount 
of catalyst recovered from reactor was too small to be 
analysed. 

Analysis by X-ray diffraction showed changes in 
crystalline structure of support for the alumina-based 
catalysts, due to transformation of γ-alumina into 
δ-alumina, at temperatures close to 800°C, which was 
also mentioned in other work [14]. This transformation 
explains the loss in total surface area of alumina-based 
catalyst after exposure at reaction conditions.

The X-ray diffraction patterns of 5 wt.% Pd/Al2O3 
catalyst are shown in Fig. 4. XRD pattern of fresh 

catalyst, Fig. 4a, corresponds to γ-Al2O3 and XRD 
spectrum of spent catalyst, Fig. 4b, corresponds to 
δ-Al2O3, respectively. Crystallites size increased from 
62.56 Å for fresh catalyst to 86.36 Å for spent catalyst. 
In Fig. 4b, two peaks were observed at 15° 2θ and 25° 
2θ respectively, which do not appear in Fig. 4a, due to 
formation of aluminum sulfate, with crystallites size of 
292.5 Å. The sulfating of alumina support upon process 
conditions has been also observed for other alumina-
based catalysts [9,11,14].

Analysis by XRD of fresh 0.5 wt.% Pd/Al2O3 shows 
that the catalytic support is a mixture of gamma 
and delta alumina (Fig. 5a), and for spent sample 
(Fig. 5b): the transformation of γ-Al2O3 into δ-Al2O3 and 
the formation of aluminum sulfate in higher amount 
than for 5 wt.% Pd/Al2O3 catalyst. This is probably 
due to the smaller amount of metal dispersed 
on the surface of alumina, which gives it a lower 
stability in the reaction conditions. The crystallites’ 
size increased from 90 Å, in fresh sample, to 122 Å, in 
spent sample.

Table 1. Surface characteristics of catalysts before and after reaction.

Catalyst Total surface area, (m2 g-1) Pores volume, (cm3 g-1) Pores radius, (Å)

Fresh 
sample

Spent 
sample

Fresh 
sample

Spent 
sample

Fresh 
sample

Spent 
sample

5 wt.% Pd/Al2O3 185 82.6 0.53 0.20 80-90 140-155

0.5 wt.% Pd/Al2O3 84 52.0 0.20 0.10 80 117-155

0.1 wt.% Pt/Al2O3 290 73.7 0.35 0.13 20 88

α-Fe2O3 19 - 0.036 - 171 -

Figure 4. X-ray diffraction patterns of 5 wt.% Pd/Al2O3 catalyst: a - fresh sample; b - spent sample.
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Analysis by X-ray diffraction of fresh 0.1 wt.% 
Pt/Al2O3 catalyst reveals that the support is in the form of 
γ-AlOOH (boehmite), Fig. 6a. It is known [20,21] that by 
thermal treatment in air at 400-500°C, the transformation 
of γ-AlOOH into γ-Al2O3 takes place. As it was mentioned, 
before starting the sulfuric acid decomposition process, 
the catalyst has been subjected to thermal treatment, 
therefore γ-AlOOH was transformed into γ-Al2O3. This 
can be observed in Fig. 6b, and also the formation of 
aluminum sulfate.

In Fig. 7, the XRD patterns of iron oxide used at 
850°C, for 60 h are presented. The investigations reveal 
that there are no changes in crystalline structure, only 

the increase of crystallite size from 444 Å (in fresh 
sample) to 623 Å (in spent sample), neither formation 
of iron sulfate.

4. Conclusions
At 850°C, with 5 hours time on stream, the highest 
H2SO4 to SO2 conversion, of about 80%, was obtained 
with 5 wt.% Pd/Al2O3 catalyst, and about 20% lower 
with the other catalysts. The use of 5 wt.% Pd/Al2O3 in 
the reduction process of H2SO4 to SO2 is for the first 
time mentioned in the literature and the best conversion 

Figure 5. X-ray diffractions patterns of 0.5 wt.% Pd/Al2O3 catalyst: a - fresh sample; b - spent sample.

Figure 6. X-ray diffractions patterns of 0.1 wt.% Pt/Al2O3 catalyst: a - fresh sample; b - spent sample.
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obtained in this case can be explained if less formation 
of aluminum sulfate is considered.

Iron oxide was used in a longer time on stream, 
decreasing conversion occurs from about 62% in the 
first 5 hours at about 52% after 60 hours. 

The influence of temperature on conversion was 
determined on 5 wt.% Pd/Al2O3 catalyst: an important 
increase of conversion for 800 - 850°C interval was 
observed, and an insignificant one for 850 - 900°C.

X-ray diffraction analyses show changes in crystalline 
structure of support for the alumina-based catalysts, 
due to transformation of γ-alumina to δ-alumina, as 
well as formation of aluminum sulfate. Less formation 
occurs for 5 wt.% Pd/Al2O3 and much more for 
0.5 wt.% Pd/Al2O3 and 0.1 wt.% Pt/Al2O3. There are no 
changes in structure, neither formation of sulfate for 
iron oxide, because at 850°C the iron sulfate is 
decomposed.
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