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The catalyst deactivation and the simultaneous formation of
compounds in commercial SO2 oxidation catalysts have been stud-
ied by combined activity measurements and in situ EPR spec-
troscopy in the temperature range 350–480◦C. The applied feed
gas compositions were 0.2% SO2, 4.5% O2, 15% CO2, and∼80% N2;
and 0.2% SO2, 4% O2, 7% H2O, 14% CO2, and∼75% N2. These con-
ditions simulate flue gas from coal fired power plants with and with-
out water. It was shown that in both dry and wet flue gas, the V(IV)
compound K4(VO)3(SO4)5 precipitates below the temperature of
catalyst deactivation. However, for a given catalyst composition, the
deactivation temperature in the wet flue gas was strongly influenced
by the structure of the support, whereas similar behaviour was not
observed in the dry flue gas. Thus, one of the studied catalysts, with
a particular pore structure, most probably a V(III) compound, pre-
cipitated first during deactivation in the wet flue gas, while the V(IV)
compound, K4(VO)3(SO4)5, only precipitated with a further lower-
ing of the temperature. Water vapour seems therefore to have a sig-
nificant influence on the performance of the SO2-oxidation catalyst.
A qualitative explanation is given for the formation of both V(IV)
and V(III) compounds during deactivation. c© 1997 Academic Press

INTRODUCTION

The industrial catalyst for SO2 oxidation, which is the key
process in the production of sulfuric acid, is well described
during operating conditions by the molten-salt/gas model
system M2S2O7/V2O5–SO2/O2/SO3/N2, where M=Na, K,
Cs, or a mixture of these (1, 2). The oxidation of SO2 takes
place at 440–460◦C as a homogeneous reaction in the liquid
phase of a molten salt mixture consisting of V2O5 dissolved
in pyrosulfates and dispersed on an inert porous support
of kieselguhr (3) and hence is a Supported Liquid Phase
(SLP) catalyst. Fundamental technical problems in the pro-
duction of sulfuric acid regarding catalyst performance at
lower temperatures are still unsolved. The sudden loss of
activity at temperatures below ∼420◦C remains, despite

1 To whom correspondence should be addressed. E-mail:
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thorough research efforts, a major problem. This means
that the actual working temperature of the catalyst must
be 50◦C higher than the temperature which would allow a
99.8% conversion of SO2 in a once-through multi-bed re-
actor process and would thereby enable the elimination of
the high-cost interstage absorption of SO3.

The constant demand for abatement technologies includ-
ing flue gas desulfurization processes has led to the devel-
opment of several processes for SO2 removal (4), which,
however, are often sources of secondary pollution, gener-
ating e.g. wastewater, gypsum, or slurries. An exception is
the so-called SNOX-process which involves catalytic oxida-
tion of SO2 into commercial grade sulfuric acid (4), whereby
no waste is produced.

The operating conditions for the catalyst during flue gas
desulfurization are rather different from those applied in
conventional sulfuric acid production. This is partly because
the SO2 concentration is substantially lower (e.g., 0.1–0.2%
SO2 compared to 10% SO2 in conventional sulfuric acid
production). Moreover, the high water vapour content in
the flue gas appears to be of utmost significance mostly due
to its strong influence on the chemical composition of the
catalyst (transformation of pyrosulfate into hydrogensul-
fate). This drastic change of the solvent may in turn influ-
ence the type of catalytically active complexes of vanadium
in the melt.

By controlling the water vapour content in the feed gas,
the influence of water on the catalytic activity for the SO2

conversion can be visualized by Arrhenius plots of appar-
ent reaction rates vs 1/T. The most important feature of
the Arrhenius plot is a break occurring at a specific tem-
perature, thus leading to a sharp increase of the apparent
activation energy (5–8). It is now well established (5, 9–12,
13) that this decrease in catalyst activity during dry con-
ditions of conventional sulfuric acid production is due to
the precipitation of crystalline V(III), V(IV), and mixed
valence V(IV)–V(V) compounds, whereby the vanadium
complex equilibrium is shifted away from the active V(V)
species. The compounds Na2VO(SO4)2, K4(VO)3(SO4)5,
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K6(VO)4(SO4)8, Cs2(VO)2(SO4)3, NaV(SO4)2, KV(SO4)2,
CsV(SO4)2, and β-VOSO4 (5, 13) have all been identified
as deactivation products. The present work is the first to
be published on investigations of SO2 removal over indus-
trial sulfuric acid catalysts in simulated flue gases. Magnetic
resonance spectroscopy, EPR for the study of the reduced
catalysts and NMR for the study of the oxidized catalysts,
is probably the only useful method for in situ studies of
these supported catalysts since the spectra can be obtained
without interference from the solid carrier.

EXPERIMENTAL

Catalysts

The commercial catalysts investigated were VK-WSA,
VK38, and VK58, manufactured by Haldor Topsøe A/S,
Denmark. The VK-WSA is applied in the flue gas desul-
furization process and has the same chemical composition
as VK38 (molar ratio K/Na/V= 3/0.8/1, V2O5= 6.5% w/w)
but a smaller average pore-size of the support. The VK58
catalyst has a modified chemical composition (molar ra-
tio K/Cs/Na/V= 3/1/0.25/1) including Cs in addition to K
and Na as promoters. The catalyst pellets were crushed
to a size of 1–1.5 mm and placed in the flow reactor or
in the high-temperature EPR cavity cell, as described in
(5, 9, 13).

Flue Gas Generation System

Feed gas with a composition similar to dry flue gas
(without NOx) was prepared by mixing SO2 (>99.9%), O2

(99.8% O2, 0.2% Ar+N2), CO2 (>99.7%), and N2 (<40 ppm
H2O+O2) either by individual flowmeters (5) or by pre-
mixing the gases in an evacuated special steel gas bottle
followed by external heating at the bottom to obtain a uni-
form gas mixture by convection. A flow diagram is shown
in Fig. 1. The absence of NOx corresponds to the condition
of the SO2 oxidation in the SNOX-process where NOx is re-
moved upstream (4). The SO2 concentration was monitored
by UV-spectrophotometry on a Perkin–Elmer Lambda-9
or a Hitachi U3000 spectrophotometer, using a gas cu-
vette (quartz Suprasil, Hellma GmbH) with a path length
of 100 mm. The concentrations of O2, CO2, and N2 were
checked by gas chromatography on a Shimadzu GC-8APT
chromatograph equipped with Supelco Chromosorb 102 or
5Å molecular sieve columns.

Wetting of the flue gas was achieved by bubbling the
dry gas to saturation through water which was contained
in two flasks connected in series and immersed in a ther-
mostat controlled at the appropriate temperature. With a
thermostat temperature of 40◦C a 7% water vapour con-
tent was achieved. The water vapour concentration was
measured by a Jenway 5075 humidity meter. All 1/8′′ stain-
less steel tubes in the experimental setup were heated

to 80–90◦C by wrapped heating tape in order to prevent
condensation.

EPR and Catalytic Activity Setup

For the activity measurements and compound isolation,
the gases were led (Fig. 1) to a molten salt reactor made
of Pyrex glass. The reactor cell was mounted in a double-
walled canthal-wire-wound quartz-tube furnace (5). The
temperature was controlled to within ±2◦C and measured
by a chromel–alumel thermocouple placed at the reactor
cell area containing the catalyst sample. The reactor exit
gas stream was passed through stainless steel tubes to a SO3

trap made of borosilicate glass and placed in an antifreeze
bath at −35◦C cooled by an immersion cooler before flow-
ing to the spectrophotometer. Here the SO2 conversion was
monitored by on-line UV-spectrophotometry, and the con-
version was always below 15%. Thus the reactor could be
considered differential.

For the EPR investigations, a setup almost identical to
that described above was used, but the SO3 cooling trap
was replaced with an acid absorber of 98% w/w sulfuric acid.
The flue gas was led to a quartz reactor flow cell as described
in detail in (9) which fits into a Bruker ER4114HT high-
temperature X-band cavity mounted in a slightly modified
JEOL-JES-ME 1X EPR spectrometer connected to a PC-
based acquisition system. The temperature was measured
by a 1-mm nonmagnetic chromel-constantan thermocouple
placed in contact with the catalyst bed. The field calibration
was performed with an external Mn(II)-standard and, to
correct the signal intensity for the temperature dependence,
an internal separate ruby crystal was applied. The space
velocity was adjusted to be in the range 5000–10000 h−1, so
the conversion over the catalyst bed was always below 15%.

RESULTS AND DISCUSSION

Catalytic Activity

The three catalysts investigated are all designed for use in
the manufacturing of sulfuric acid. The same type of catalyst
is also used for flue gas desulfurization and therefore the
chemical composition is probably not optimized for the flue
gas cleaning process. The VK38 type is a general purpose
catalyst promoted by both Na and K and is to be used in a
wide range of beds and environments. VK58 is an advanced,
typical last bed catalyst promoted by a mixture of Na, K, and
Cs. The VK-WSA catalyst, although chemically identical to
VK38, is designed specifically for use in humid gases with
a modified porous support of kieselguhr. The specifications
of the catalyst can be seen in Table 1.

The performance of the catalysts in both wet and dry sim-
ulated flue gas in the temperature range 350–470◦C can be
seen in the Arrhenius plots of Fig. 2. The wet flue gas consists
of 0.2% SO2, 4% O2, 7% H2O, 14.1% CO2, and 74.8% N2,
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FIG. 1. Flow diagram of the experimental setup.

and the dry flue gas of 0.2% SO2, 4.5% O2, 15.1% CO2,
and 80.2% N2. Besides obvious differences in activity, all
curves exhibit the same features: in the high temperature
region an apparent activation energy of around 75 kJ/mol is
found. However, at a certain temperature (breakpoint tem-

perature, Tb) a steep decrease in the activity is observed,
leading to an apparent activation energy of ca. 230 kJ/mol.
The apparent activation energies above and below the de-
activation temperature are in good agreement with previ-
ous investigations on model melts and supported catalysts
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FIG. 2. Arrhenius plots for industrial sulfuric acid catalysts in (A) 0.2% SO2, 4.5% O2, 15.1% CO2, and 80.2% N2 (dry flue gas) and in (B) 0.2%
SO2, 4.0% O2, 7.0% H2O, 14.0% CO2, and 74.8% N2 (wet flue gas).

(5, 7, 11, 15–17). Earlier investigations of similar catalysts
in unconverted sulfuric acid synthesis gas (i.e., 10% SO2,
11% O2, and 79% N2) have shown that this drop in activity
can be attributed to precipitation of crystalline compounds
of vanadium in the oxidation state III and/or IV (5, 9, 13).
The actual breakpoint temperatures are listed in Table 1. It
should be noted that the Tb of both VK38 and VK58 is un-
affected by the water vapour content, whereas in the case
of VK-WSA, Tb decreases by 30◦C in the presence of water
vapour. It is remarkable that the structure of the support
has such an influence, but the desired deactivation tempera-
ture below 350◦C is still not reached.

With respect to the activity in the high temperature re-
gion, Fig. 2 shows that both VK58 and VK-WSA seem
almost unaffected by the water vapour content, whereas
VK38 performs rather poorly in the dry gas. As previously
stated in (5), it should be noted that the turnover frequen-
cies displayed in Fig. 2 are only relative and not the highest
attainable.

In Situ EPR Spectroscopy

In situ EPR spectroscopy is one of the few direct methods
available to follow the content of V(IV) in operating cata-
lysts, since only the paramagnetic [Ar]3d1 V(IV) species are
detectable. Thus V(V) ([Ar]3d0) is diamagnetic and V(III)
([Ar]3d2) resonates far from the field applied here due to
the zero field splitting of the electronic spin state. Earlier
EPR investigations (9) have shown that the inert support
of kieselguhr is also EPR silent. In situ EPR spectroscopy
has previously been shown to be useful for monitoring the
catalyst deactivation in sulfuric acid synthesis gas (9, 13).

The EPR spectra of the three catalysts in the two gas
types can be seen in Figs. 3–5. In all cases a very broad
isotropic line is observed at high temperature, gavg≈ 2.01
and 1Bpp≈ 200–500 G. Such high g-values have earlier
(9, 13, 14) been observed by us and others (10) for the
broad line at these temperatures, but similar high values
around g= 2.0 can also be found (18) for other VO2+
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FIG. 3. EPR spectra of VK38 catalyst at various temperatures in (A) 0.2% SO2, 4.5% O2, 15.1% CO2, and 80.2% N2 (dry flue gas) and in (B) 0.2%
SO2, 4.0% O2, 7.0% H2O, 14.0% CO2, and 74.8% N2 (wet flue gas). For convenience the signal intensity of the spectrum measured at the lowest
temperature in (A) has been reduced by the indicated factor. Insert: Apparent line width (1Bpp) vs temperature. The dotted line represents the
temperature Tp where a marked change in the linear relationship is observed.

complexes. Since the conversion is low over the catalyst bed,
the V(IV) concentration is relatively high and the broad
isotropic line is therefore attributed to dissolved dimeric
and/or polymeric V(IV) complexes where spin coupling be-
tween neighboring V atoms gives rise to a multiline spec-
trum (13). This phenomenon has previously been observed
(19–21) for dimeric V(IV) complexes at room temperature

where a badly resolved 15-line spectrum superimposed on a
broad central line was found. At high temperature this pat-
tern is expected to be even less resolved for dimers and for
polymeric complexes, the long-range coupling making the
hyperfine structure undetectable. The very weak half-field
peak (at ∼1700 G) found for the forbidden (1ms=±2)
transition in some solid V4+ dimers (22) has not been
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FIG. 4. EPR spectra of VK58 catalyst at various temperatures in (A) 0.2% SO2, 4.5% O2, 15.1% CO2, and 80.2% N2 (dry flue gas) and in (B) 0.2%
SO2, 4.0% O2, 7.0% H2O, 14.0% CO2, and 74.8% N2 (wet flue gas). Insert: Apparent line width (1Bpp) vs temperature. The dotted line represents the
temperature Tp where a marked change in the linear relationship is observed.

detected by us at low field in spectra obtained from samples
and conditions similar to those for Figs. 3–5. However, this
does not exclude the possible presence of dimers (eventu-
ally in equilibrium with polymeric V(IV)) since the high
temperature and the dissolved state for the species may
lead to weakening and broadening of the spectra and the
disappearance of the 15-line feature of the central signal
for V4+ dimers (21).

Below a certain temperature, called Tp, the dependence
of the apparent line width 1Bpp of the spectra in Figs. 3–5
undergoes a marked change, except for the VK-WSA cata-
lyst in the wet flue gas (Fig. 5B). The spectra at the lowest
temperatures exhibit some anisotropy, but their isotropic
g-values and linewidths are close to what has been found
previously for the V(IV) compound K4(VO)3(SO4)5, which
is known to cause deactivation of catalysts in the traditional
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FIG. 5. EPR spectra of VK-WSA catalyst at various temperatures in (A) 0.2% SO2, 4.5% O2, 15.1% CO2, and 80.2% N2 (dry flue gas) and in
(B) in 0.2% SO2, 4.0% O2, 7.0% H2O, 14.0% CO2, and 74.8% N2 (wet flue gas). Insert: Apparent line width (1Bpp) vs temperature. The dotted line
represents the temperature Tp where a marked change in the linear relationship is observed.

gas for sulfuric acid production (5, 9, 13). Thus this com-
pound probably starts to precipitate at the temperature
Tp listed in Table 1. Since 1Bpp is obviously an average
value influenced by several lines, these plots should only
be taken as an empirical way to obtain the temperature
of precipitation, Tp. The error in 1Bpp is estimated to be
10–20% relatively and is highest for the broadest lines ob-
tained at high temperature. Tb and Tp coincide fairly well

in all series except for the VK-WSA catalyst in the wet
flue gas. This is an indication that the loss of the catalytic
activity is usually caused by depletion of the catalytic ac-
tive vanadium species, due to precipitation of crystalline
V(IV) compounds. Such a deactivation process is expected
to be reversible. This is in agreement with the industrial
experience that upon reheating the catalyst the activity is
regained (6), and where the hysteresis behaviour observed
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TABLE 1

Temperature of Deactivation and Precipitation
for Industrial Sulfuric Acid Catalysts

Chemical Average
Catalyst composition (molar) pore size Tb (◦C)a Tp (◦C)b

VK38c K/Na/V= 3/0.8/1 normal 422 415
VK58c K/Cs/Na/V= 3/1/.25/1 normal 379 382
VK-WSAc K/Na/V= 3/0.8/1 small 419 408
VK38d K/Na/V= 3/0.8/1 normal 422 417
VK58d K/Cs/Na/V= 3/1/.25/1 normal 384 386
VK-WSAd K/Na/V= 3/0.8/1 small 387 340–350

a Tb is the temperature at which the breakpoint in the Arrhenius plots
and the compound precipitation (V(IV) and/or V(III)) occur simultane-
ously.

b Tp is the temperature at which precipitation of crystalline V(IV)-
compounds occurs as detected by EPR.

c Feed gas: 0.2% SO2, 4.5% O2, 15% CO2, and ∼80% N2.
d Feed gas: 0.2% SO2, 4% O2, 7% H2O, 14% CO2, and ∼75% N2.

is probably due to the necessary thermal decomposition of
the inactive low-valence vanadium compounds into active
V(V) complexes in solution, at relatively high temperature
(5, 9, 13, 14). The observed hysteresis behaviour means that
diffusion limitation as the reason for the breakpoint and de-
activation is very unlikely.

The VK-WSA catalyst in wet flue gas represents a spe-
cial case since several runs have shown a “delay” of the
V(IV) precipitation compared to the activity drop, i.e., it
appears at a lower temperature than Tb. The EPR signal
intensity also seems surprisingly weak (Fig. 5B). Double
integration of the EPR spectra was performed and the re-
sult is shown in Fig. 6 for (B) two runs in wet and (A)
one run in dry flue gas. The maximum of the V(IV) con-
centration for the VK-WSA catalyst in wet gas (Fig. 6B)
is probably found close to the breakpoint temperature of
the Arrhenius plot, Tb= 387◦C. If V(IV) had precipitated
below this temperature an increase of the integrated EPR
signal of both solid and liquid V(IV) would have been ob-
served, also below Tb. This behaviour is shown in Fig. 6A
for the catalyst in dry flue gas (Fig. 5A), for which Tb and Tp

coincide fairly well. Hence the decrease (Fig. 6B) below Tb

is probably due to the precipitation of an EPR silent V(III)
compound whereby the concentration of V(IV) (and V(V))
in the solution is decreased due to the coupled redox equi-
libria V(III) ÀV(IV)ÀV(V) of the complexes in solution.
Around 345◦C, precipitation of the V(IV) compound has
commenced, judging by the features of the EPR spectra.
Therefore the relative V(IV) amount increases again until
it becomes constant at around 290◦C (spectra not shown in
Fig. 5). Below 290◦C the catalyst melt becomes totally solid.

Qualitatively, these observations might be explained by
a marked difference in concentration and solubility of the
V(III) and V(IV) compounds versus the temperature. Thus

the V(III) compound has a considerably lower solubility
than the V(IV) compound, judging from previous spec-
trophotometric measurements. Two scenarios are then pos-
sible:

(i) Normally, the equilibrium between V(III) and
V(IV) is shifted to the V(IV) side, which means that the
solubility limit of V(IV) will be reached at a higher temper-
ature than that of V(III), resulting in precipitation of the
V(IV) compound. At this particular temperature, T1, the
first V(IV) crystals are formed, causing a drop in the con-
centration of V(III) due to the coupled equilibrium system.
If the temperature is further reduced, V(III) might reach
its solubility limit too (at the temperature T2), and a V(III)
compound will also precipitate.

(ii) If, on the other hand, the V(III)–V(IV) equilibrium
is shifted towards V(III), compounds of this oxidation state
will precipitate first on decreasing the temperature to T1.
Below T1 the concentration of V(IV) then decreases until
its solubility limit is eventually reached at T2. From T2 to
Tfus, V(III)- and V(IV)-precipitates coexist.

Scenarios like (i) and (ii) can now explain the shapes
of the curves in Fig. 6 and the previous finding of both
blue (V(IV)) and green (V(III)) crystalline compounds
precipitated during the deactivation of the catalyst model

FIG. 6. Relative V(IV) concentration versus temperature for VK-
WSA in (A) dry flue gas and in (B) wet flue gas (two runs). Constant
level indicates Tfus while values for Tp and Tb are taken from Table 1.
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melts in the sulfuric acid synthesis gas (5) and in the wet
flue gas.

Thus, by the activity measurements, only T1 is normally
observed (as Tb) since the turnover frequency of SO2 be-
comes unmeasurably low before T2 is reached. By EPR
spectroscopy, it is the temperature Tp, where precipitation
of crystalline V(IV) compounds commences, that is regis-
tered. Thus Tp coincides with Tb when V(IV) compounds
precipitate first. However, as demonstrated above (Fig. 6),
it is possible to obtain an indication of Tb by EPR alone
even when EPR silent compounds precipitate first.

It still remains to explain why the V(III)–V(IV) equilib-
rium shifs towards V(III), in the case of the VK-WSA cata-
lyst, but not in the case with the other catalysts in the wet
flue gas. Presumably the smaller pores of the VK-WSA car-
rier suppress the growth of V(IV) crystalline compounds.
It is less surprising that this happens in the wet flue gas
because the formation of hydrogensulfate due to the reac-
tion S2O2−

7 +H2OÀ 2HSO−4 is favored by the increasing
partial pressure of water and the decreasing temperature
(23), whereby the oxidation of V(III) by S2O2−

7 to V(IV) is
suppressed. Therefore V(III) compounds might precipitate
before the V(IV) compounds and cause deactivation of the
VK-WSA catalyst in the wet flue gas.

Deactivation products (i.e., crystalline compounds) pre-
cipitated in the small pores of the catalyst cannot be iso-
lated. Attempts to isolate and characterize deactivation
compounds formed in unsupported model melt systems
M2S2O7/V2O5–SO2/SO3/O2/H2O/CO2/N2, where M=Na,
K, Cs, are in progress (24).
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