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The specific conductivities of the sulfuric acid catalyst model
system M,S,0,-V,05 (M = 80% K + 20% Na) were measured at
14 different compositions in the range yy o, = 0-0.3500 and in
the temperature range 250-500°C. The phase diagram of the
M,S,0,-V,0; (M = 80% K + 20% Na) system was constructed
by estimating the liquidus and the solidus temperatures for each
composition from the marked change of the conductivity at the
phase transition temperatures. The melting point of the pyrosulfate
mixture K,S,0,-Na,S,0, (80%-20%) was found to be 378°C. Two
eutectics were found at yyo = 0.175 and xyo = 0.30 with
temperatures of fusion of 314 and 326°C, respectively. The local
maximum exhibited in phase diagram at yy o = 0.25 and t =
338°C probably corresponds to the formation of the mixed cation
compound M;V0,S0,S,0, (M = 80% K + 20% Na). The data
indicate that the lowest temperature of operation for a widely used
potassium and sodium promoted vanadium oxide based common
sulfuric acid catalyst (VK 38, Haldor Topsge A/S) in the oxidized
form is 323°C. The results are considered to be of significance for
the design of new low-temperature molten salt catalysts for SO,
oxidation and flue gas desulfurization. © 1994 Academic Press, Inc.

INTRODUCTION

The characterization of molten salt mixtures related to
the sulfuric acid catalyst is considered to be the methodi-
cal way for understanding the catalyst’s performance and
for providing the basis for catalyst improvements. The
industrial catalyst for oxidation of SO, to SO;—the key
step in the sulfuric acid production and in the flue gas
desulfhurization—is a supported liquid phase (SLP) cata-
lyst. It consists of a molten salt mixture of vanadium
pentoxide and alkali pyrosulfates dispersed on an inert
support (1). The liquid—gas system M,S,0,/V,0,-S0,/
0,/S0O,/N,, where M is a mixture of about 80% K and
20% Na, describes well the active part of widely used
commercial sulfuric acid catalysts, e.g., VK 38 from
Haldor Topsge A/S, Denmark.
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The catalytic oxidation of SO, to SO, takes place as a
homogeneous reaction in the liquid phase of the catalyst
in the temperature range 420-600°C. At lower tempera-
tures the catalyst deactivates. It was for a long time as-
sumed that the deactivation was due to the precipitation
of vanadium (1V) compounds (1-3). Recently, it was
shown by investigating catalytic activity and compound
formation in unsupported M,S,0,~V,05 (M = Na, K, Cs)
molten salt systems (4) that crystalline vanadium (IV) and
(III) compounds indeed are formed in these melts during
SO, oxidation at the temperature where the deactivation
starts. It was also shown (4) that the temperature of pre-
cipitation decreases as (i) the atomic number of the alkali
promoter increases, (ii) the alkali-to-vanadium ratio in-
creases, (iii) the SO;/SO, ratio increases, and (iv) more
of the alkali promoters are mixed. Furthermore, in situ
ESR investigations of the catalyst VK 38 (5) also con-
firmed that the vanadium (I1V) compound, K,(VO),(SO,)s
(4), indecd is formed during catalyst deactivation.

The ultimate goal of research in this field is the develop-
ment of a catalyst which will be active at temperatures
below ca. 420°C, where the existing catalysts start to
deactivate. The limiting temperature for the catalyst activ-
ity might be the liquidus temperature for the particular
M,S,0,-V,0; mixture that corresponds to the oxidized
form of the catalyst melt, i.e., at low partial pressure of
S0, characteristic for the last bed of industrial converters.
Knowledge of the phase diagrams for the M,5,0,~V,0;
systems is therefore considered essential for the design
of new low-temperature catalysts.

Several studies (6-9) of the phase diagram of the
V,0-K,S,0; binary system show marked discrepancies.
This is demonstrated by the variation in the values pub-
lished for the liquidus temperature at xy,o, = 0.5, namely,
590 (6), 490 (8), and 430°C (9). Also the composition of
the eutectic is very uncertain and values of 92 (6), 85 (7),
90 (8), and 78 (9) mol% K,S,0, have been proposed. The
large descrepancy is believed to have been caused either
by the use of impure K,S,0, (contaminated by KHSO,,
as mentioned earlier (10)) or because of use of open cell
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measuring systems giving rise to decomposition due to
evaporation or reactions with atmospheric moisture.

Thus, reliable fundamental data such as the conductiv-
ity as well as the phase diagram of the M,S,0,-V,0;
(M = 80% K + 20% Na) molten salt system are not
available in the literature. The aim of the present study
was to construct the phase diagram of this system from
conductivity measurements, one of the few applicable
useful methods for the high-temperature study of these
hygroscopic, viscous, and very dark melts. A similar
study has recently been carried out on the Cs,5,0,—V,0;
system (11), where a maximum was found at xv,o, = 0.33
in the phase diagram corresponding to the formation of
a dimeric V(V) compound. This compound has been
shown to be Cs,(V0),0(50,), (12).

EXPERIMENTAL

Chemicals

Pure and dry K,S,0, and Na,S,0, were obtained by
thermal decomposition of the corresponding peroxodisul-
fates (10), K,S,04 was from Merck, Pro Analysi, and
Na,S,0;4 was from Fluka, Pro Analysi. The purity of the
molten pyrosulfates was checked by Raman spectroscopy
as described previously (4). The nonhygroscopic V,0q
(Cerac, Pure 99.9%) was used without further purification.
All handling of chemicals took place in a nitrogen filled
glovebox with a water vapor content of about 5 ppm
achieved by continuous recirculation through external
molecular sieves. The pyrosulfates were kept in sealed
ampules and opened only in the dry atmosphere of the
glovebox.

Conductivity Measurements

For measuring the conductivity a borosilicate glass cell
was used. It consists of two compartments connected
through a capillary tube and a neck with a standard taper
joint on top for the addition of the materials. A gold elec-
trode is sealed vacuum tight into each compartment. Gold
is apparently the only metal resistant to the melt. The
conductivity cell has been described in detail elsewhere
(13).

The cell was filled with chemicals in the glovebox and
thereafter it was evacuated and closed by sealing the stem.
After a composition was measured the stem was cut open
in the glovebox and the composition was varied by addi-
tion of chemicals through the taper joint. The cell was
then resealed before it was placed inside a metal block
furnace regulated to within +0.1°C. The furnace and its
regulation has been described previously (14). The tem-
perature of the melt was measured by a controlled
chromel-alumel thermocouple or by a Pt-100 platinum
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resistance thermometer placed directly at the capillary
tube.

The resistance between the electrodes was measured
with a precision better than 0.1% by using a Wheatstone
bridge at 2 kHz as described earlier (15), or by using a
Radiometer CDM-83 conductivity meter. The cell con-
stant, &, was determined in a thermostat at room tempera-
ture by measuring the resistance of a standard solution
of known conductivity (13). Values from 100 up to 220
cm ™' were obtained as cell constants. Finally the conduc-
tivity, «, is calculated from the equation x = /R, where
R is the measured resistance of the melt. For each compo-
sition the conductivity was measured as a function of
temperature in the range 250-480°C. The temperature was
reduced in steps of 10 or 20°C down to the lowest measur-
ing temperature, and the resistance was measured each
time until it was larger than 10° Q due to crystallization.
The temperature was then raised in steps of 1-5°C in
order to detect a possible subcooled state of the melt. By
increasing the temperature both the crystallized and the
liquid + solid region were investigated. Sometimes it was
very difficult for the subcooled melt to crystallize—it took
several days—especially for melts with a high content of
V105 (i.e., Xv,0, > 0.20). The optimum temperature for
crystallization of the subcooled melt was in the range
280-310°C depending on the composition, xy.o,.

METHOD

The conductivity of ionic melts is related exponentially
to the temperature

where « is the conductivity, A, is a constant, E, is the
energy necessary for the ionic migration, the so-called
activation energy, R is the gas constant, and T is the
absolute temperature. A plot of In « vs 1/7T is usually a
straight line in a limited temperature range and the slope
is proportional to the activation energy, E,. When the
phase changes from the liquid to the solid state, the activa-
tion energy is expected to change and a different slope is
obtained. In the intermediate liquid + solid region the
dependence of In « vs I/T will deviate from these lines
since the composition of the melt changes. Break points
on the In x vs 1/T plots will therefore indicate phase-
transition temperatures.

Contrary to the case of open cell measuring systems
where sample decomposition due to evaporation and con-
tamination due to reactions with atmospheric moisture
are often encountered, the technique used in the present
investigation permits the high-temperature study of vis-
cous, hygroscopic, and deeply colored melts by avoiding
such difficulties.



314

T (°C)
480 440 400 360 320 280
14 T T T T T T

12 +

10

-lnck

1.1 1.3 1.5 l 1.7 I 1.9
10°/T (K™

FIG. 1.

(D) 0.1500, (E) 0.1748, (F) 0.1873, and (G) 0.2000. (b) xy ¢, (H) 0.2

KARYDIS, BOGHOSIAN, AND FEHRMANN

T (°C)
480 440 400 360 320 280
18 T T T T T ¥
18 +
g
(b) ' ]
o
14 .
12 - j
L T 4
_I.: | N+7.0 |
8F M+60 1
L+5.0 )
6 §
K+3.0 7
4 - <
J+2.0
1+1.0 ]
2 -
H |
O 2 1 1 L L 1 1 1
1.1 1.3 1.5 1.7 1.8

10°/T (K"

Phase transitions in the M,5,0,-V,0; (M = 80% K and 20% Na) system, —In « vs 1/T. (a) xy, o¢ : (A) 0.0000, (B) 0.0500, (C) 0.1000,
250, (I) 0.2398, (J) 0.2500, (K) 0.2697, (L) 0.2873, (M) 0.3000, and (N) 0.3501.

For clarity, the data (except for those in plots A and H) are offset on the ordinate by the specified values. Open circles indicate subcooling.

RESULTS AND DISCUSSION

The specific conductivity of the M,S,0,-V,0; (M =
80% K + 20% Na) binary molten salt system has
been measured at 14 different compositions in the mole
fraction range xy,o, = 0-0.3500 and in the temperature
range 250-480°C. The results of the measurements are
shown in Fig. 1 where the specific conductivity « is
plotted as —In x vs 1/T. There are three branches in
the In x vs I/T plot, representing liquid, liquid + solid,
and solid state of the mixture in the cell. For some
compositions only two branches for the liquid and
the liquid + solid state were observed because the
conductivity of the solid crystallized state was unde-
tectably small.

For all compositions a weakly curved plot was found
in the high-temperature region—the liquid phase of the
system. For the solid phase a sharp almost vertical line
was found in most of the experiments. Table | summarizes
the phase-transition temperatures defined from the break
points observed in Fig. 1.

The subcooled states are shown with open circles in
Fig. 1. The subcooled melts were stable at low tempera-
tures—in one case (F) down to 225°C—until the crystalli-

zation started, followed by a jump in the conductivity to
lower values.

As previously (13, 16) empirical polynomia of the type

= A(x) + B(x)t — 450) + C(x)z — 450)* + D(x)
(t — 450)° have been fitted to the experimental data of
the liquid region at each composition, xy.o,, as presented
in Table 2. Furthermore, for general use, an empirical
equation for the conductivity of the form

m

{
K = 2 Ax" + 2 B,(t — 450y" + > Cx't — 450)
i

has been calculated from the measured conductivities in
the entire temperature and composition range of the lig-
uid. The most satisfactory equation was found to be for
n=2,m=2 and! = 1, and is expressed as

x = 0.32548 — 0.8525x + 0.4127x% + 2.385 x 1073(z — 450)
+ 4.284 x 107%r — 450)*> — 3.361 X 10 >x(+ — 450)

(SD = 0.00444 Q™' cm™') for 0 < xy,o, < 0.3500.
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TABLE 1

Phase-Transition Temperatures for the M,S,0,—V,0;
System (M = 80% K + 20% Na)

Mole fraction Liquidus point Solidus point

Xv,0, t (°0) 1 °0)
A 0.0000 378.0 —
B 0.0500 362.0 —
C  0.1000 342.0 —
D 0.1500 322.0 316.0
E 0.1748 314.0 314.0
F 0.1873 316.0 —
G 0.2000 319.0 —_—
H 0.2250 328.0 315.0
I 0.2398 335.0 321.0
J  0.2500 338.0 326.0
K 0.2697 336.0 325.0
L 0.2873 331.0 —
M 0.3000 329.0 —_
N 0.3501 342.0 3315

Figure 2 shows the conductivity data plotted vs. the
composition of the mixture, XV,04 for three different tem-
peratures, 400, 440, and 480°C. It appears that (i) as ex-
pected, the conductivity decreases with decreasing tem-
perature and (ii) it decreases with increasing amount of
V,0; added to the melt since V,0; in the extrapolated
liquid state has a very low conductivity (0.000435 and
0.002443 Q' cm ™! at 400 and 480°C, respectively (17)).

Figure 3 shows the conductivity isotherms at 480°C of
the Cs,S,0,-V,05 (16), K,S,0,-V,0O; (13), and
M,S,0,-V,0 (M = 80% K + 20% Na) molten mixtures.
The highest conductivity among melts with xy o = 0 is

TABLE 2

Coefficients of the Empirical Equation x = A(y) + B(x)(t — 450)
+ C(xXt — 450)> + D(yXt — 450)° for Different Compositions,
Xv,0,> of the M;8,0,-V,05 (M = 80% K + 20% Na) System

10® Bix) 10° C(x) 10° D(x)
Alx) N 'em™! Q'em™! 0 'em ! SD
Xv,0, N tem™H deg ™) deg™?) deg™Y) - 'em™hH
0.0000 0.32106 2.203 4.241 21.347 0.00092
0.0500 0.28401 2.067 1.980 -6.797 0.00034
0.1000 0.24820 2.024 3.391 —1.684 .00098
0.1500 0.21917 1.879 2.308 -9.467 0.00119
0.1748 0.19228 1.782 3.033 -7.776 0.00054
0.1873 0.17336 1.759 3.790 —4.968 0.00072
0.2000 0.17520 1.745 2,900 -10.433 0.000t1
0.2250 0.15304 1.663 2.834 —15.661 ¢.00180
0.2398 0.14777 1.693 3.764 -13.129 (.00428
0.2500 0.13844 1.606 4.263 —-5.785 0.00049
0.2697 0.11948 1.525 4.776 -1.824 0.00101
0.2873 0.12341 1.551 4.432 -6.031 0.00151
0.3000 0.09809 1.358 5.222 -1.827 0.00089
0.3501 0.07652 1.185 4,734 -0.270 0.00043

“ Standard deviation.
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seen for the (K + Na),S,0; mixture. Apparently the con-
ductivity decreases in the sequence Na,S,0,, K,S,0,,
Cs,S,0,. As the mobility (and hereby the conductivity)
decreases with increasing ionic radius this finding sup-
ports the assumption that M~ is the main current carrier.
With increasing amounts of V,0Ojs in the melt, the conduc-
tivities become more and more similar. Above xy o, =
0.15, the conductivity of the sodium-containing mixtures
is practically identical to that of the potassium melts, and
on going to xv,o, = 0.40, the conductivities of the po-
tassium and cesium melts coincide. This could be an indi-
cation that the melts become more and more alike, i.e..
the same types of conducting complexes are formed in
the various systems.

Figure 4 shows the phase diagram for the M,S,0,-V,0;
(M = 80% K + 20% Na) binary molten salt system,
which is constructed from the marked change in the con-
ductivity at the phase transition temperatures (see Method
section). At mole fractions, xy o, higher than around 0.4,
phase transitions could not be observed, possibly due
to the pronounced tendency for glass formation without
crystallization in this V,0s-rich composition range of the
pseudobinary system. Most probably, the phase diagram
is completed by a line extrapolating to 670°C—the temper-
ature of fusion of V,0s. The temperature of fusion of the
K,S,0,-Na,S,0, (80% K + 20% Na) mixture was found
to be 378°C which—as expected—is lower than both the
melting point of K,S,0, (419°C (18)) and of N32$207 (404°C
(19)). Two eutectics are found at xy,o, = 0.175 and
Xv,0, = 0.30 with temperatures of fusion of 314 and 326°C,
respectively. It should be noted that—as expected—the
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temperature regime between the two breakpoints of a
—Ink vs 1/T plot (Fig. 1), i.e., the liquidus and the temper-
ature of fusion of the eutectic, where a mixture of solid
and liquid is present, becomes increasingly smaller as the
composition approaches a eutectic. Therefore, only one
break is observed in plots F, G, L, and M correspond-
ing to the liquidus temperature (see also Table 1). A maxi-
mum in the phase diagram is found at xv, o, = 0.25 and
with a liquidus temperature 338°C—probably due to the
formation of a compound with the stoichiometry
3IM,S,0,: 1V,05 (M = 80% K + 20% Na). A compound
corresponding to this composition with the proposed for-
mula K,;V0,S0,S,0, has earlier (20) been isolated from
the K,S,0,-V,0; system. If this compound—containing
only K—was formed also in the present pseudobinary
M,S,0,-V,05 (M = 80% K + 20% Na) system, it should
have been formed to a maximum extent at ., 0, = 0. 21.
Indeed a peritectic might be present at this composition
in the phase diagram (Fig. 4), but more measurements are
needed for confirmation. Surprisingly, there is no sign of
formation of dimeric vanadium (V) compounds in this
system, since no maxima are found at xy, = 0.33 or
Xvo, = 0.29 corresponding to the compositions
2M,S,0,:1V,0;, and 2K,S,0, : 1V,04, respectively. In the
phase diagrams of the analogous Cs,S,0,-V,0 and
K,S;0,-V,0;5 systems, a local maximum is found at this
composition (11, 21) and a dimeric compound,
Cs4(VO),0(80,),, has recently been isolated and charac-
terized (11, 12). Attempts to isolate possible vanadium
(V) compounds from the pseudobinary M,S,0,-V,0s (M
= 80% K + 20% Na) molten system by cooling in an
ampoule failed. However, the V(IV)-V(V) mixed valence
compound K(VO),(SO,),, described elsewhere (22), was
found besides an amorphous phase that most probably
contained vanadium (V).

It is well established that in dilute (18) as well as
in more concentrated (13, 23) solutions of vanadium
pentoxide in alkali pyrosulfate melts, V,0; probably
transforms to vanadium (V) complexes of the so-called
oxosulfatovanadate type. Isolation of the potassium
and cesium oxosulfatovanadates KVO,50,, K (VO,),
(804),58,0;, and K,;VO,S0,5,0, (20), and Cs,(VO),
O(S0,), (11, 12) supports the above statement. Further-
more, the formation of trivalent and tetravalent vana-
dium compounds NaV(SO,),, Na,VO(S0,),, KV(S0,),,
K4(VO);(80,)s, CsV(SO,),, and Cs,(VO),(50,),, during
SO, oxidation in M,S,0,-V,0s (M = Na, K, and Cs)
melts (4), points to the existence of vanadium—oxosul-
fato complexes in solution.

A reaction accounting for the formation of a vanadium
(V) complex with the stoichiometry 3M,S,0;: 1V,05 men-
tioned above is (18)

V,05 + 38,02 — 2V0,S0,S,03".
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CONCLUSIONS

The phase diagram of the M,S,0,-V,0s (M = 80%
K + 20% Na) system has been constructed. Two eutectics
were found at xy,o, = 0.175 and xv,o, = 0.30 with tempera-
tures of fusion of 314 and 326°C, respectively. The molten
phase of the widely used Haldor Topsge VK38 commer-
cial catalyst consisted of vanadium pentoxide-alkali pyro-
sulfate mixture has a composition refiected by the ratio
K:Na:V = 3:0.8:1. Therefore, the molten system
M,S,0,-V,0, (M = 80% K + 20% Na) with composition
Xv,0, = 0.21 is most probably a realistic model of the
molten catalyst in its oxidized form, i.e., as found in the
last bed of an industrial catalytic converter, where due
to the low SO, and high SO, partial pressures the redox
equilibria involving vanadium complexes are shifted to
the V(V) side (24). Thus the lowest operating temperature
of the molten salt catalyst in its oxidized form seems to
be around 323°C—the liquidus temperature of the
M,S,0,-V,05 (80% K + 20% Na) mixture with xy o, =
0.21. This result is of significance for achieving the long-
sought goal of a low-temperature sulfuric acid catalyst and
for designing new catalysts for flue gas desulfurization.
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