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Abstract. Water splitting by Sulfur–Iodine (S–I) cycle is one of the promising thermochemical processes
for hydrogen production due to its high efﬁciency. The decomposition of H2SO4 to produce SO2 is the
reaction with the highest energy demand in the S–I cycle and it shows a large kinetic barrier. Sulfuric acid is
highly corrosive and its endothermic decomposition needs elevated temperatures ([800 °C). Henceforth,
before the scale-up of the process plant there is a need to explore various materials of construction under very
harsh acidic environments and phase changing conditions. Corrosion studies on some of the possible
materials of construction (SS-304, SS-310, SS-316, Inconel-800, Alloy-20, Inconel-600, Incoloy-800H,
Hastelloy C-276) were performed in detail and the most corrosion resistant material is suggested for the
construction of sulfuric acid decomposition unit. The studies were performed at low temperatures (60 °C and
120 °C) as well as at high temperatures (700 °C, 800 °C and 900 °C). The corrosion rates were determined
using weight loss method at low as well as high temperature and by using electrochemical method at low
temperature (80 °C). The phase changing condition was more severe and resulted in higher corrosion rate.
Hastelloy C-276 showed the least corrosion rate.
Keywords. Sulfuric acid; S–I cycle; hydrogen; materials of construction; corrosion.

1. Introduction

I2 ðlÞ þ SO2 ðgÞ þ 2H2 OðlÞ ! 2HIðaqÞ þ H2 SO4 ðaqÞ
H2 SO4 ðgÞ ! H2 OðgÞ þ SO2 ðgÞ þ 1=2 O2 ðgÞ
2HIðgÞ ! H2 ðgÞ þ I2 ðgÞ

The most attractive alternative to fossil fuel is
hydrogen that is projected to become the energy carrier of the future because, from the perspective of zero
emission energy production systems, hydrogen as a
fuel will allow sustainable development. Unfortunately direct water dissociation is a non-practical way
of obtaining hydrogen, due to the small value of the
equilibrium constant for the reaction:

H2SO4 decomposition is the most endothermic reaction in the cycle and requires a temperature exceeding
800 °C. Usually, sulfuric acid decomposition reaction
is divided into two sub-reactions:

H2 Oðg) $ H2 ðgÞ þ 1=2 O2 ðgÞ

SO3 ðgÞ ! SO2 ðgÞ þ 1=2 O2 ðgÞ

Thermochemical cycles are a suitable means of overcoming this problem. The so-called S–I thermochemical process originally proposed by General Atomic,1,2
turned out to be one of the most promising one. It
operates at moderate–high temperatures (25–900 °C)
and it includes the following three reactions:

Due to the high temperature operation and acidic
environment, it is necessary to focus on the materials of
construction of sulfuric acid decomposition section for
the success of the process. Because of the importance of
materials of construction in the process, researchers
worked in this ﬁeld to understand the effect of corrosion

H2 SO4 ðgÞ ! H2 OðgÞ þ SO3 ðgÞ

*For correspondence
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on the materials.3–13 Edouard Asselin et al.14 used
potentiodynamic polarization method as well as weight
loss method to study the corrosion behavior of niobium
(Nb) in sulfuric acid at 75 °C and 95 °C. They found that
the higher concentration acid solution (40–80%)
resulted in less corrosion compared to lower concentration solutions (20–40%). They concluded that Nb
formed a passive ﬁlm in concentrated sulfuric acid at
temperature below 95 °C and oxidation and dissolution
were the factors responsible for corrosion. Nigam
et al.15 investigated the electrochemical behavior of Fe11.0Al-0.5, Fe-10.5Al-0.9C and Fe-10.5Al-0.8C-0.2Ce
(in wt%). The Ce-alloyed iron aluminide exhibited
superior surface ﬁlm properties as compared to the iron
aluminides due to the surface passivity and modiﬁed
electrochemical behavior. McCafferty16 studied the
validity and limitations of the Tafel extrapolation
method for the determination of corrosion rates. They
compared the experimental corrosion rates determined
by the Tafel method and the non-electrochemical
method (i.e. weight loss method) for titanium in boiling
1 M sulfuric acid. They concluded that the Tafel region
of the polarization curve can be extrapolated back to the
steady-state open-circuit corrosion potential to give the
open-circuit corrosion rate with some conditions
applied.
In this study, an attempt was made to test the
selected materials for the preliminary studies in the
expected actual environment of the sulfuric acid
decomposition in S–I cycle. Two corrosion measurement techniques were used: (a) Weight loss method
and (b) Electrochemical method (Tafel slope method).
There are some beneﬁts and limitations of both the
methods such as weight loss method is direct but
time-consuming whereas electrochemical is a fast
method.17 One of the limitations of electrochemical
method is non-availability of the electrode which can
work at higher temperature ranges. This limitation of
electrochemical method sustains us to use it only for
ﬁrst category of the materials i.e., for materials which
comes in contact with only liquid sulfuric acid. The
aim of the study was to investigate the corrosion rates
of the selected test coupons (SS-304, SS-310, SS-316,
Inconel-800, Alloy-20, Incoloy-800H, Hastelloy
C-276) in sulfuric acid at liquid phase (low temperature, 60 °C and 120 °C), vapor phase (high temperature, 700–900 °C) as well as at phase changing
conditions (high temperature, 700–900 °C) using
weight loss method and using electrochemical method
at low temperature, 80 °C (SS-304, Alloy-20, Inconel600, Incoloy-800H, Hastelloy C-276) and thus to
suggest an appropriate material of construction for
sulfuric acid decomposition section in S–I cycle.
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2. Experimental
2.1 Weight loss method
In the weight loss method, test coupons (supplied by
Sarbi Engineering & WHG Pvt Ltd, India) were
immersed in the sulfuric acid (95–98 wt%, Fisher
Scientiﬁc) at given operating conditions and measured
the weight loss to evaluate the corrosion rate. The
preparation and cleaning procedure of test coupons
was followed according to the ASTM G1 guidelines
and the method mentioned by Knapp in The Corrosion
Handbook.18 In the low temperature test procedure,
corrosion tests were conducted at temperatures, 60 °C
and 120 °C. The setup used for this test was a glass
beaker sealed with a rubber stopper in which the
material specimen coupons were placed. The beaker
was heated using water bath at 60 °C and oil bath was
used at 120 °C. The specimens were kept suspended in
sulfuric acid at the said temperature for a certain
exposure time. After exposing the specimen in sulfuric
acid for required exposure time, the specimen was
treated with 25% sodium hydroxide ? 200 g/l zinc
dust at boiling temperature (for iron alloys) or with
18% hydrochloric acid at ambient temperature (for
nickel alloys).18 The duration of treatment is up to
5 min followed by mechanical scrubbing. Once it can
be ensured that all the corroded parts of the specimen
have been removed by the above described process
then the specimen was weighed and this weight was
compared with the initial weight of the specimen to
calculate the weight loss in a particular exposure
period and thus, the corrosion rate. Testing of the
materials at higher temperatures i.e. at 700, 800 and
900 °C was carried out in the experimental setup as
shown in Figure 1. Materials were hung at the three
different locations in the quartz vessel, inside the
sulfuric acid, above the sulfuric acid and at the surface
(or interphase) of the sulfuric acid where materials are
exposed to liquid phase, vapor phase and liquid plus
vapor phase (mixed phase or phase change condition)
respectively. The specimen coupon was hung in quartz
vessel using teﬂon coated wire and the required temperature was achieved using electric heater. The
vapors of sulfuric acid were collected in a separate jar
with NaOH solution.
Equation 1 was used to ﬁnd out the corrosion rates
by weight loss method.14
r ¼ 8:76  107 ðW/A  T  qÞ

ð1Þ

where, r is average corrosion rate in lm/yr, W is the
weight loss in grams, A is specimen area (cm2), T is
the exposure time in hours, and q is the density of the
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Figure 1. (a) Experimental setup. (b) Specimen coupon.

r ¼ 3:28  ððM  icorr Þ=n  qÞ

ð2Þ

where, M is the atomic weight of the metal, n is the
number of electrons exchanged for the reaction, and q
is the density of the metal.
3. Results and Discussion
3.1 Corrosion testing using weight loss method

Figure 2. Schematic diagram of the apparatus for electrochemical method.

material. Each test was performed in triplicate and
data showed reproducibility within 10%. Average
values were obtained and used in the calculations.
2.2 Electrochemical method
Electrochemical method is also known as Tafel slope
method. In this method corrosion rate analysis was
done by the extrapolation of Tafel slope. Experiments
were conducted using the conventional three-electrode system as shown in Figure 2. The electrochemical cell contains a glass cell module, a graphite
counter electrode an external Ag/AgCl reference
electrode (saturated KCl ﬁll solution), and the
working electrode (WE). The potential scan rate was
2 mVs-1 and nitrogen was used for deaerating the
system. Equation 2 relates corrosion rate (lm/yr) to
corrosion current density, icorr (lA/cm2) through
Faraday’s law.14

The calculated corrosion rates using weight loss method
are shown in Table 1. The given temperature range was
below the boiling point of the sulfuric acid. Sulfuric
acid (95 wt%) reacted with the materials in its liquid
state. Time of exposure was kept 4 h for the materials
react at 60 °C whereas it was decreased to 2 h with the
increase in the temperature. It was observed that corrosion rate increased with increase in temperature. At
both the temperatures SS-310 shown the highest corrosion rate (2.53 * 103 lm/yr at 60 °C and 5.32 * 103
lm/yr at 120 °C) whereas Inconel-800 exhibited lowest
corrosion rate (0.71 * 103 lm/yr at 60 °C and
3.47 * 103 lm/yr at 120 °C). SS-310, SS-316 showed
ﬁne pits formation and rough surface whereas discoloration occurred on the surface of Inconel-800 and
Hastelloy C-276 after corrosion test.
With the same materials (SS-304, SS-316 and Inconel800) experiments were conducted at the higher temperatures (700 °C, 800 °C and 900 °C) as reported in
Table 2, Table 3 and Table 4. Studies have been conducted at higher temperatures because the similar environment is required for sulfuric acid decomposition in
S-I cycle. At these conditions sulfuric acid reacted with
the materials in both phases i.e. vapors only and liquid
plus vapor (mixed phase). At the elevated temperatures,
time of exposure was 1 h. According to Table 2,
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Table 1. Corrosion rates of SS-310, SS-316, SS-304 and Inconel-800, Hastelloy C-276.
Sl. no.
1
2
3
4
5
6
7
8
9
10

Materials

Temperature
(°C)

Exposure area
(cm2)

Time of exposure
(h)

Weight loss
(g)

Corrosion rate
(lm/yr) * 103

SS-310
SS-316
SS-304
Inconel-800
Hastelloy C-276
SS-310
SS-316
SS-304
Inconel-800
Hastelloy C-276

60
60
60
60
60
120
120
120
120
120

3.35
7.45
5.04
4.62
4.62
3.03
7.74
5.32
4.94
4.94

4
4
4
4
4
2
2
2
2
2

0.0032
0.0021
0.0037
0.0013
0.0006
0.0028
0.0057
0.0043
0.0032
0.0025

2.53
0.74
1.95
0.71
0.32
5.32
4.07
4.46
3.47
2.91

Table 2. Corrosion rates of SS-304.
Sl. no

Nature of the acid
environment

Temperature
(°C)

Exposure
time (h)

Exposure area
(cm2)

Weight loss
(mg)

Corrosion rate
(lm/yr) * 103

1
2
3
4
5
6

Vapor
Vapor
Vapor
Liquid and vapor
Liquid and vapor
Liquid and vapor

700
800
900
700
800
900

1
1
1
1
1
1

2.452
2.787
3.045
2.452
2.787
3.045

15.79
21.23
22.05
24.23
48.27
65.13

7.05
8.34
7.93
10.82
18.96
23.42

Table 3. Corrosion rates of SS-316.
Sl. no.

Nature of the acid
environment

Temperature
(°C)

Exposure
time (h)

Exposure area
(cm2)

Weight loss
(mg)

Corrosion rate
(lm/yr) * 103

1
2
3
4
5
6

Vapor
Vapor
Vapor
Liquid and vapor
Liquid and vapor
Liquid and vapor

700
800
900
700
800
900

1
1
1
1
1
1

4.632
3.875
4.447
4.632
3.875
4.447

16.64
21.78
21.11
23.29
44.48
51.18

6.45
7.74
5.93
8.84
16.98
21.12

corrosion rate of SS-304 was 7.05 * 103 lm/yr at 700 °C
and 7.93 * 103 lm/yr at 900 °C in vapor phase whereas
it was increased to 10.82 * 103 lm/yr and
23.42 * 103 lm/yr at 700 °C and 900 °C respectively in
mixed phase. Figure 3 shows one-hour exposure of SS304 to the acidic environment at 800 °C. It was observed
that more corrosion occurred on the surface which was
exposed to phase changing condition (mixed phase). As
per Table 3, SS-316 was treated with sulfuric acid in
both phases at higher temperature range, 700–900 °C. At
the same temperature, 700 °C, corrosion rates were
6.45 * 103 lm/yr and 8.84 * 103 in liquid and mixed
phase respectively. There was an increment in the corrosion rate at 900 °C in both the phases. The same
behavior in corrosion rates was observed in Inconel-800
in both the phases in the temperature range of 700–900
°C as shown in Table 4. Corrosion rates varied from

2.22 * 103 lm/yr to 1.62 * 103 lm/yr in vapor phase in
the temperature range of 700–900 °C whereas in the
mixed phase corrosion rates varied from 4.08 * 103 to
4.51 * 103 lm/yr in the same temperature range. It was
noticed that with increase in the temperature corrosion
rate was increasing. This might be due to the increase in
oxygen diffusion at higher temperature such that more
oxygen reaches the surface of the material by decreasing
the viscosity of the acid and corrode the surface. In the
mixed phase condition, major dissolution of metal and
scratches were observed in SS-304 and SS-316, whereas
discoloration of the surface was observed in Inconel-800.
Table 5 shows corrosion rates of Alloy 20, Incoloy
800H and Hastelloy C-276 in 98 wt% sulfuric acid at
phase changing conditions. Materials were tested at the
temperature range of 700–900 °C. Corrosion rates of
Alloy 20 were 6.28 * 103 lm/yr and 6.82 * 103 lm/yr
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Table 4. Corrosion rates of Inconel-800.
Sl. no

Nature of the acid
environment

Temperature
(°C)

Exposure
time (h)

Exposure area
(cm2)

Weight loss
(mg)

Corrosion rate
(lm/yr) * 103

1
2
3
4
5
6

Vapor
Vapor
Vapor
Liquid and vapor
Liquid and vapor
Liquid and vapor

700
800
900
700
800
900

1
1
1
1
1
1

2.867
3.257
3.621
2.867
3.257
3.621

5.79
10.18
5.34
10.65
13.26
14.87

2.22
3.43
1.62
4.08
4.47
4.51

Figure 3. SS-304 after exposure to (a) vapor phase and (b) phase changing conditions.

at 700 °C and 900 °C, respectively after 4 h of exposure.
More weight loss was found at 800 °C that resulted in a
higher corrosion rate. Figure 4 shows the exposure of
alloy 20 at different phases. Discoloration of the surface
was observed. Dissolution and pitting were observed in
the sample exposed to the phase changing condition as
shown in Figure 4(c). Incoloy 800 H was exposed for
1 h in the temperature range of 700–900 °C. Corrosion
rate was found the lowest (4.82 * 103 lm/yr) at 700 °C
which increased with the temperature, 800 °C
(5.96 * 103 lm/yr) and decreased with further increase
in temperature, 5.42 * 103 lm/yr at 900 °C. Hastelloy
C-276 was exposed in the phase changing condition for
4 h. Higher weight loss (37.85 mg) was found at 800 °C
in comparison to 700 °C (35.24 mg) and 900 °C

(30.13 mg) resulted in higher rate of corrosion at 800 °C.
Increase of Ni content of the alloy helps in the reduction
of corrosion in the oxidizing atmosphere.19 Corrosion
rates decreased when temperature increased from 800 °C
to 900 °C in some materials. It might be due to the
passivation phenomenon which prevents corrosion by
creating a protecting cover against the corrosion and
reduces the further oxidation of the material. Another
possible reason for less corrosion is low oxygen solubility at higher temperature. Pitting and dissolution of
metal were observed in Alloy-20 and scratches on the
surface were visible on the surface of Incoloy 800H.
Uniform thin layer was observed on the surface of
Hastelloy C-276 which might help in the reduction of
corrosion further.

Table 5. Corrosion rates of Alloy 20, Incoloy 800H and Hastelloy C-276.
Sl. no
1
2
3
4
5
6
7
8
9

Material

Temperature
(°C)

Exposure time
(h)

Exposure area
(cm2)

Weight loss
(mg)

Corrosion rate
(lm/yr) * 103

Alloy 20
Alloy 20
Alloy 20
Incoloy 800H
Incoloy 800H
Incoloy 800H
Hastelloy C-276
Hastelloy C-276
Hastelloy C-276

700
800
900
700
800
900
700
800
900

4
4
4
1
1
1
4
4
4

10.128
10.128
10.128
9.875
9.875
9.875
10.104
10.104
10.104

61.23
71.27
65.13
24.23
65.13
48.27
35.24
37.85
30.13

6.28
7.09
6.82
4.82
5.96
5.42
3.82
3.96
3.42
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Figure 4. Alloy 20 (a) Fresh (b) after 4 h of exposure to vapour of sulfuric acid (c) after 4 h of exposure to phase
changing conditions in sulfuric acid.

3.2 Corrosion testing using Electrochemical
method
Tafel extrapolation method was used to ﬁnd out the
corrosion potential (Ecorr) and corrosion current density (icorr). Intersection point of Tafel slope after

extrapolation represents the Ecorr and icorr at the corresponding axis. Tests were performed in 98 wt%
sulfuric acid at 80 °C. Polarization curves of SS-304
and Alloy 20 are shown in Figure 5(a) and Figure 5(b)
respectively. Corrosion rates were 13.3 * 103 lm/yr
and 19.7 * 103 lm/yr of SS-304 and Alloy 20

Figure 5. Polarization curves of (a) SS-304 (b) Alloy 20.

Figure 6. Polarization curves of (a) Inconel 600 (b) Incoloy 800 H and Hastelloy C-276.
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Table 6. Data obtained from Polarization curves based on the calculated slopes.
Material
SS-304
Alloy 20
Incoloy 800 H
Hastelloy C-276

Polarization current in (mA)

Ecorr (mV)

ba

bc

B

RP

70
40
1.5
0.9

-575
-475
-425
-300

0.1
0.15
0.2
0.2

0.533
0.35
0.22
0.4

0.036
0.045
0.046
0.057

0.15
0.25
0.5
0.5

Corrosion rate (lm per year)
13.3
19.7
0.42
0.58

*
*
*
*

103
103
103
103

*

Sample calculation of corrosion rate from Tafel slope:
6
-2
icorr = 10 * B/Rp lAcm
2
B is the Stern-Geary coefﬁcient and RP is the polarization resistance in ohm-cm . The polarization resistance (Rp) is deﬁned
as the slope of a potential (E) vs. Current density (I) plot in the vicinity of the corrosion potential (Ecorr) or when the applied
current is nearing zero. For Incoloy 800 H the coefﬁcient B is calculated as
B ¼ ðba  bcÞ=2:303  ðba þ bcÞ ¼ ½ð0:2Þ  ð0:22Þ=½ð2:303Þ  ð0:42Þ ¼ 0:044=0:967 ¼ 0:046
icorr ¼ ðbabcÞ=ð2:3 RP ðba þ bcÞÞ ¼ ð0:2  0:22Þ=ð2:3  0:5  ð0:2 þ 0:22ÞÞ ¼ 0:091 A/cm2
Corrosion rate (CR) in lm/yr= (M icorr)/ (n d F)
where, M is the atomic weight of the metal; n is the charge number which speciﬁes the number of electrons exchanged in
the dissolution reaction; F is the Faraday constant; d is the density of the metal.
3
For Incoloy 800 H, CR = (M icorr)/ (n d F) = (0.091) (4615) = 0.42 x 10 lm/yr.

respectively. Figure 6(a) shows the polarization curve
of Inconel 600. The anodic current does not show
Tafel behavior. It might be due to the formation of
some unknown complex of nickel at some particular
potential values. Tafel slope method cannot be applied
here. There might be a formation of metastable pits
represented by the ﬂuctuation in the curve which make
it unsuitable as a choice for material of construction
for sulfuric acid decomposition section. Figure 6(b)
shows the polarization curve of Incoloy 800 H and
Hastelloy C-276. It was found that Hastelloy and
Incoloy 800 H have the lowest corrosion rate among
the tested alloys using electrochemical method as
shown in Table 6.
4. Conclusions
The highly endothermic sulfuric acid decomposition
in S-I cycle demands high temperatures. Hence,
identifying various suitable materials of construction
to suit the liquid phase, phase changing and high
temperature vapor phase conditions are important for
the overall process development and scale-up. The
sulfuric acid environment is extremely corrosive and
the severity increases with temperature, and it might
be due to high oxygen diffusivity leading to more
oxygen at the surface resulting in high corrosion rate.
In the present work, SS-304, SS-310, SS-316,
Inconel-800, Alloy-20, Inconel 600, Incoloy-800H,
and Hastelloy C-276 material test coupons were
exposed to low (60–120 °C) as well as high temperature (700–900 °C) range as required during the

sulfuric acid decomposition reaction. Corrosion rates
were determined using both weight loss method and
electrochemical method (at 80°C). At higher temperatures (from 800 to 900 °C) corrosion rate
decreased slightly in some test coupons which may be
attributed to low oxygen solubility at higher temperature. Formation of continuous layers by passivation
acted as protective layer against further corrosion in
some coupons whereas pitting and dissolution were
responsible for higher corrosion rate. The exposure of
the test coupons to sulfuric acid phase changing
conditions resulted in high corrosion rates. Among
the tested materials, Hastelloy C-276 shown good
resistance against the corrosion and Inconel-800
exhibited the lowest corrosion rate of 0.71 * 103 lm/
yr at 60 °C and 3.47 * 103 lm/yr at 120 °C in the
liquid phase conditions which make them a suitable choice for the materials of construction for sulfuric decomposition section.
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