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Abstract

Sulfur dioxide oxidation on vanadium catalysts in sulfuric acid production may cause phase transitions in the catalyst active component.
These phase transitions involve crystallization of vanadium(IV), and may influence catalyst activity. In the present study, we show that
reaction mixture flow through a fixed catalyst bed is accompanied by the moving front of crystal phase, which decreases SO, conversion
at reactor outlet. Front profile and its movement velocity depend on the chemical composition of active component, support porous
structure, catalyst particle size, and other parameters. Based on the Gibbs—Volmer theory, we suggest a simplified mathematical model,
which (qualitatively and quantitatively) describes experimentally observed dynamics of front generation and movement, as well as related
changes in the bed activity. The model allows us to predict catalyst behavior in an industrial scale reactor, and to optimize catalyst properties.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the early 1930s, sulfuric acid production has been
based on SO, oxidation to SO3 over vanadium catalysts.
Despite continuing attention to this reaction for many years,
researchers could not explain and thus predict some specific
reaction phenomena such as

e asharp decrease of catalyst activity at a low sulfur dioxide
conversion [1,2];

e a sharp change of the Arrhenius dependence at low
temperatures [3];

e activity hysteresis with respect to conversion and tempe-
rature [4-6].

Note that SO, oxidation to SO3 over vanadium catalysts
accompanies some other industrial processes such as
DeNO, with ammonia or regeneration of cracking catalysts
[7,8]. However, the above-mentioned phenomena are inher-
ent solely in the catalysts for sulfuric acid production. The
reason is that under reaction conditions, the catalyst active
component is a melt, and reaction goes on in the bulk of
this melt.

Studies performed at the Institute of Catalysis and fo-
cused on the active component performance, reaction mech-
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anism, and catalyst state in situ, unambiguously show that all
phenomena we are concerned with are related to phase tran-
sitions, occurring in the active component. These phase tran-
sitions involve crystallization of species of vanadium(IV)
[6].

Active component melt is represented by the system
M;S,07-M>S04-V,05, where alkaline admixtures M
(M = K, Na, Cs) act as promoter. In accordance with the
detailed reaction mechanism [9], the catalytic cycle occurs
in the coordination sphere of binuclear complexes of vana-
dium(V). However, there is a side process, which yields
reduced vanadium species, which are mostly vanadium(IV).
The reaction mechanism may be schematically presented as
follows:
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0, SO3
3
(1

At low temperature and conversion vanadium(I'V) content
in the melt ®1, becomes so high that vanadium(IV) crystal-
lizes into a separate phase V¢ *+. Crystal phase vanadium
does not participate in the main reaction, so catalyst acti-
vity decreases. As reaction temperature (or SO3 content)
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Nomenclature

c, C molar portions of SO, inside catalyst
grain and on its surface

Degr apparent coefficient of reagents diffusion
in the gas phase inside the catalyst grain

Dy diffusion coefficient

g geometry factor

k Boltzmann constant

No number of vanadium atoms

r radius reduced to spherical crystal size

Ar diffusion layer thickness

r relative pore radius expressed as 1/rp

ro radius of binuclear vanadium complex

Fer critical nucleus size

Tp radius of support pores

r over critical radius of crystal phase nucleus

r* critical nucleus radius ratio to pore radius

Rer apparent radius of catalyst grain

S supersaturation

T temperature (K)

Vo molecular volume

VL melt volume

w reaction rate in the catalyst grain
(Cms/ Seat 8)

Wi reaction rate on the catalyst grain

surface (cm?/ Scat S)

Greek symbols

y bulk density of catalyst bed (g/cm?)

Y cat catalyst specific weight (g/cm?)

8 vanadium portion in crystal phase

n effectiveness factor

Oeq equilibrium concentration of A\ R

eL content of V4t in liquid phase
(molecules/cm?)

O solubility of compounds V#* in the melt

A specific heat evolution (grad)

& dimensionless coordinate along reactor

P dimensionless coordinate of grain radius

o interface energy

T conditional residence time (s)

o} edge wetting angle

10 modified Tiele module

2 frequency factor

increases, the crystal phase partially or completely
dissolves, depending on reaction conditions.

As reported in [10], the crystallization process is the
reason for catalyst activity decrease in the low temperature
zones in industrial apparatuses (in particular at the second
stage of a two-stage contact), and this essentially reduces
catalyst operation life. Therefore, phase transitions in the ac-
tive component of catalysts for sulfuric acid production are
of both practical and theoretical interest.
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Fig. 1. Schematic diagram of isothermal plug flow reactor.

In the present study, we consider the influence of phase
transitions involving vanadium(IV) on the fixed catalyst bed
activity. We also suggest a mathematical model, describing
the dynamics of phase transition in the catalyst bed.

2. Experimental

Phase transitions were studied in a fixed bed reactor rep-
resented by a glass tube 5.1 mm in diameter and 100 mm
long (see Fig. 1). Catalyst consisted of 0.1-1.0 mm grains
(kinetic regime) or cylinders (5 x 5, mm; industrial type,
inner diffusion regime). For isothermal conditions, the cata-
lyst sample (0.5-1.0 g) was divided into 810 equal parts to
be separated by inert heat carrier particles of the same size:
crushed quartz (0.5-1.0 mm) or silica cylinders (5 x 5, mm).

Reaction mixture containing SO, and oxygen in helium
was supplied into the reactor preheated with air. We followed
the SO, conversion at the reactor outlet, starting and outlet
mixture being analyzed with GC. Starting mixture composi-
tion was 1% SO3, 4.5% O,, balance helium. The only excep-
tion was an experiment presented in Fig. 2, when the starting
reaction mixture contained 0.25% SO,, 2.5% O, balance
He. In all experiments, reaction temperature was 693 K.

At a certain moment, the reactor was isolated, and quickly
cooled to room temperature. In each section of catalyst bed,
we determined the amount of V(IV) in the crystal phase. In
order to obtain information on the dynamics of the crystal
phase front along the catalyst bed, we repeated the exper-
iments, varying time on stream, other conditions being the
same.

Each section of catalyst (small or larger fraction) was
thoroughly ground and mixed for averaging. ESR was used
to determine the amount of V4T in the crystal phase. The
ESR spectrum of V4T in the crystal phase is represented
by a single line, and its intensity serves to determine the
amount of Vgt [1,11]. Spectra were recorded with ER
200D “Bruker”.

According to [11], the close environment of a para-
magnetic ion is preserved under quick cooling. Special ex-
periments in the high temperature cell show that line shape
and width remain the same. Singlet signal intensity, cor-
rected for g-factor and temperature, also remains the same.
Therefore, one may conclude that the crystal phase amount
measured at room temperature quantitatively corresponds
to that existing under reaction conditions.



B.S. Bal’zhinimaev et al./Chemical Engineering Journal 84 (2001) 31-41 33

a

By ’
H ”"ﬂ‘."_‘“
- 45

=
=

o -K/V
0.2} o-Cs/V

1 ! 33— 1 |

0 1 2 20 40 60 th

SO, conversion
<
N

0 0.5 £ 1.0

Fig. 2. Time dependence of SO, conversion (a) and crystalline phase
amount § vs. catalyst bed length & at moments marked by an arrow (b).
Samples 1 (r = 0.3s) and 5 (r = 0.125s); catalyst fraction 0.5-1.0 mm;
feed gas: 0.25% SO,, 2.5% O, and He for balance.

All catalyst samples contained the same vanadium quan-
tity equal to 7.5 £ 0.1wt.% (see Table 1). We varied
potassium to vanadium atomic ratio (K/V), and silica sup-
port pore size. In sample 5, cesium was introduced instead
of potassium. Silica support of a bi-disperse structure was
used to prepare samples 1 and 5, which contained mostly
fine pores with a radius of 10 nm.

Typical experimental results are shown in Fig. 2. They
were obtained with samples 1 and 5. Fig. 2a shows how
SO, conversion at reactor outlet depends on time. Fig. 2b
gives V41 distribution over the whole catalyst bed at time
moments shown with arrows. In this figure as well as in the
next ones, the crystal phase distribution over the bed is given
in coordinates §(£), where £ is a dimensionless coordinate
over the reactor length, and §(§) is determined as a ratio
of singlet signal amplitude to its amplitude at the front bed
(¢ = 0), where conversion is close to zero and thus almost
all vanadium stays in the crystal phase.

Table 1
Properties of studied catalysts

Sample M M/V Support pores radius, r, (nm)
1 K 2.7 ry =10, r, =400

2 K 6 500-1000

3 K 2.7 500-1000

4 K 6 50-80

5 Cs 3 r1 = 10, r, =400

According to the figure, reaction mixture flows through
the catalyst bed generates a crystal phase front, which with
time moves through the bed. This transfer is accompanied by
conversion decrease. Experiment shows the transfer rate to
change with time. At the beginning it is fast, then it gradually
decelerates, and at last the front stops. Since the front posi-
tion becomes static, conversion becomes constant in time.

We observe visually how catalyst color changes from
green at reactor inlet (high degree of vanadium reduction)
to yellow at reactor outlet (most vanadium has valence 5).

2.1. Effect of active component chemical composition

Fig. 3 demonstrates the character of bed activity evolution
with time, and crystal front positions at time moments shown
with arrows for samples 2 and 3 differing solely in the ratio
K/V. Experiments show that in sample 3 (K/V = 2.7) in
1h vanadium is crystallized over the whole bed, while in
sample 2 (K/V = 6) only half of the catalyst is crystallized
in 3 h. Note that as ratio K/V increases, front transfer inside
the catalyst bed decelerates.

The promoter also influences the crystal phase front
dynamics. According to experimental data shown in Fig. 2,
samples promoted with cesium are crystallized to less extent
than those promoted with potassium. In the Cs-containing
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Fig. 3. Time dependence of SO, conversion (a) and crystalline phase
amount § vs. catalyst bed length £ at time moments marked by an arrow
(b). Samples differ by K/V ratio: 6 (sample 2, T = 0.65), 2.7 (sample 3,
7 = 1.65); catalyst fraction 0.5-1.0 mm.
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Fig. 4. Time dependence of SO, conversion (a) and crystalline phase
amount § vs. catalyst bed length £ at time moments marked by an arrow
(b). Samples differ by pore radii of support: 10 and 1000nm. 7 = 0.5s;
catalyst fraction 0.5-1.0 mm.

sample, the front stops rather quickly, and thus catalyst bed
activity is stabilized. In the bed of K-containing sample, the
front moves during the whole run.

2.2. Effect of support porous structure

Support porous structure also has an essential influence
on the crystal phase front dynamics (see Fig. 4, samples 1
and 3). At the same residence time, almost all vanadium
changes to a crystalline state in 1 h on the support with wide
pores (500—1000 nm). When the support has fine pores (pore
radius 10nm), after 2 h the front is still localized near the
bed inlet.

2.3. Catalyst particle size effect

Front movement peculiarities become even more com-
plex, if reaction occurs over the large catalyst particles,
when SO; oxidation is governed by the inner diffusion
regime. Experiments with small particles (0.5-1.0 mm) and
large particles (5 x 5, mm) (see Fig. 5) show that with
small particles the crystal phase front transfers inside the
bed faster than with large particles. Thus, we have a para-
dox: sample activity under the kinetic regime is lower than
under the inner diffusion regime.

SO, conversion

-
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Fig. 5. Time dependence of SO, conversion (a) and crystalline phase
amount § vs. catalyst bed length £ at time moments marked by an arrow
(b). Particles of sample 2 differ by size: 5 x5, mm (1, 2) and 0.5-1.0 mm
(3,4). t =0.6s.

2.4. Prehistory effect

Experiment with sample 1 is of interest (see Fig. 6).
When we supply the reaction mixture with the flow rate
of 1.6cm3/s onto the oxidized sample, we observe some
decrease of catalyst activity leading to a quasi-stationary
conversion X = 0.86. As flow rate increases to 2.3 cm3/s,
conversion decreases to X, = 0.76. If onto the oxidized
sample we supply reaction mixture with a 2.3cm?3/s flow
rate, then conversion stabilizes at X3 = 0.68. This value
is noticeably lower than the one we obtain with a stepwise
flow rate increase. Conversion values are in agreement with
the crystal phase front position. The deeper the front inside
the bed, the lower the conversion at the outlet. Experiment
shows that final front position (and thus quasi-stationary
catalyst activity) depends not only on reaction conditions,
but also on the prehistory of events.

Generalizing experimental results, we may conclude that
many factors affect the crystallization dynamics, the front
profile, its movement along the bed, and catalyst deactiva-
tion. Among these factors are:

e catalyst chemical composition;
e support porous structure;
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Fig. 6. Time dependence of SO, conversions (a) and crystalline phase
amount § vs. catalyst bed length & at time moments marked by an
arrow (b). Sample 1, fraction 0.5-1.0 mm, weight: 0.5 g. Volume velocity:
1.6cm?/s (1) and 2.3 cm?/s (2, 3).

e catalyst particle size;
e prehistory of events occurring in the catalyst bed.

We may also add such factors as SO, concentration in
the inlet gas mixture. Vanadium content in the crystal phase
increases as SO, concentration grows.

3. Kinetic model for phase transition dynamics

Our kinetic model is based on the classic theory of phase
transitions — the Gibbs—Volmer—Zeldovitch theory. Accord-
ing to the theory, the crystallization process involves such
stages as new phase nuclei generation, and their growth to
macroscopic size through primary and secondary crystal-
lization. Supersaturation S is necessary for the critical nu-
clei generation in the solution. Factor S is determined as a
ratio of the current concentration to equilibrium one for the
dissolved substance.

Critical solution, which precedes the generation of nuclei,
is an oversaturated or metastable liquid. Metastable state life
strongly depends on factor S or in other words on the height
of the free energy barrier required for a critical nucleus to
form (AGg;). Nuclei generation rate I and critical nucleus
size r¢; are determined by the following expressions [12,13]:

AG —gugo’
I=.Qexp< Cr):Qexp _—8%O_ @)
kT (kT)31n* S
_ 20 v9
~ kTln S

3)

Ter

where £2 is the frequency factor, g the geometry factor (for
spherical nuclei g = ?n), vo the molecular volume, o the
interface free energy, k the Boltzmann constant, and 7 the
temperature.

New phase generation rate depends on many factors,
which may be of a random character. For example, crystals
may grow by the addition of V4 complexes to smaller
crystals or through agglomeration of several smaller crys-
tals. As a whole, crystallization is complicated since some
crystals are destroyed when they collide with each other.

In order to describe the dynamics of crystallization occur-
ring in the liquid bulk, one uses a model including material
balance for the crystallizing matter and an equation for the
crystal size distribution [14].

From the mathematical point of view, this problem is
reduced to the solution of an equation in partial derivatives,
which describes the evolution of crystal size distribution in
subsequent generations.

For our system, which is a vanadium catalyst for SO,
oxidation, the supersaturation factor is determined by the
ratio of V4* concentration in the active component melt @y
to its solubility @ :

S
O

“)

Value ®p, and thus supersaturation S, depends on the
process performance conditions such as concentration of
reagents and temperature. When we consider processes
going in the catalyst bed, we must take into account how
concentrations change along the bed, and over the radius
of catalyst particles. Therefore, beside material balance for
the crystallizing substance and crystal size distribution, the
mathematical model for phase transition dynamics in the
catalyst bed should also include equations which describe
the diffusion processes in the particle and evolution of con-
centrations in the bed. Thus, even in the simplest case, if
one considers the elementary volume of melt with a uni-
form supersaturation [15], there are many obstacles related
to the calculation of the distribution density function.

For problem simplification we accepted the following
assumptions:

1. all new phase nuclei appear simultaneously;

2. nuclei growth is limited by the diffusion of complexes
V4t in the melt;

3. nuclei are spherical.

The first assumption means that all nuclei grow in the
same manner. In elementary liquid volume nuclei are of the
same size at each time moment. This assumption is well
grounded, if nuclei generation rate is high, as occurs at S >
1. Such supersaturation is rather typical for the active com-
ponent melt at low temperature and low conversion.

The second assumption is related to melt representation as
a viscous liquid with a very low mobility of vanadium com-
plexes [16]. Their diffusion coefficient is Dy ~ 10-8 cm? /S
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[9]. Therefore, we may use the Nernst equation to describe
the rate of crystal growth [17]:

dr (oL — @eq)DvUO

T 5)
t Ar

where ®¢q is the equilibrium concentration of Vit oat a

given r, Ar the thickness of diffusion layer at the crys-

tal surface. Value ®¢q in the melt is determined by the

Gibbs—Thompson equation:

2
Oeq = O €Xp < 01)()) 6)

kTr

In this case, r in Eq. (5) is understood as some crystal radius
reduced to spherical shape. The situation when dr/dt = 0
corresponds to the quasi-equilibrium system state, which
tends to the true equilibrium at » — oo.

Chemical reaction rate far exceeds the rate of phase tran-
sition, as is shown in [18] giving rate constants for the stages
of mechanism (1). Therefore, during crystal phase growth
V37 ratio to V4T is maintained at some quasi-equilibrium
value determined by temperature and conversion. In this
case, vanadium(IV) content in the liquid phase is determined
by the formula:

oL =(1— s
L_ NL’

k_q k., k3P -1
F=|1+4—P3|{1+—+4+ —= 7
[+k4 3<+k4+k2Pl)] @)

where § is the vanadium portion in the solid phase at the
current time moment (ratio of the number of vanadium atoms
in the crystal phase to total number Np), V1. the volume of
active component melt, F' a kinetic expression determined by
reaction mechanism (1) and governing the quasi-stationary
state (portion) of reduced vanadium in the melt.

Since the active component melt does not stay in one pool,
but is distributed over the support pores, then the walls of
the support pores are a natural obstacle for crystal growth.
Influence of support pore size on the crystallization pro-
cess was well demonstrated in a previous study [19]. At the
same chemical composition of catalysts and under the same
reaction conditions the crystal phase quantity is lower the
smaller are the support pores.

Let us introduce the dimensionless crystal radius 7, and
express it through support pore radius rp, as 7 = r/rp. Placing
Egs. (6) and (7) into (5), we obtain the equation for crystal
growth:

dr N )
3 = (F(l —a)V—f — o eﬂ/’> 8)

where ap = DyvoNo/ArVirp, B = 20v0/kTrp, deo =
00 V1/ No, VL is the liquid phase volume, Ny the total num-
ber of vanadium atoms, determined by vanadium concen-
tration (usually 7-8 wt.% with respect to V20Os) and sample
weight.

Designating the number of solid phase nuclei as n, and
radius of vanadium monomer as ry, let us express vanadium
portion in the crystal phase as

5= r3(rp/ro)3n ©
No

We might have determined the number of forming new
phase nuclei with formula (2), but we do not know the
frequency factor entering this formula. In practice, it is
very hard to measure the rate of nuclei generation, since
at high supersaturation this process goes with a high rate.
The largest number of nuclei nyax occurs at the maximum
supersaturation Spax. Value npax is estimated from exper-
imental electron microscopy data as 10'°—10'6 nuclei/cm?.
Under condition that all nuclei form simultaneously and
grow independently (i.e. there is no nuclei distribution by
size), nuclei number is proportional to the rate of nuclei
generation, and thus n ~ I(S). Their number is maximum at
the maximum supersaturation nmax = I (Smax). Introducing
max and Smax into (2) we obtain an equation determining
the number of nuclei formed at supersaturation S:

1n2 Spax — In2 S)

10
In2 Spax In2 S (19)

N = Nmax €XP (—b

where b = 13—6n03v(2)/(kT)3.

The new phase nuclei generation process is of a random
character, and goes with free energy AG, which attains a
maximum for the nuclei of critical size. The energy max-
imum condition coincides with the equilibrium between
the crystal and oversaturated liquid around it. However,
this equilibrium is not stable: a growing nucleus turns into
a crystal particle, but the nucleus may also dissolve if it
decreases in size. Therefore, only those nuclei that have a
size larger than the critical one, and whose free energy only
differs by kT from the maximum energy, are able to survive
in the process [14].

Egs. (2) and (10) are true under the assumption that nuclei
generation is homogeneous. In the real catalyst for sulfuric
acid production large liquid—solid interface may essentially
decrease the free energy for nucleus generation according to
classical theory [20]. In the simplest case, the heterogeneity
condition for a spherical nucleus may be expressed as

W = (1 —cos¢)*(2 — cos ), AG = AGM ™My ()
where ¢ is the edge wetting angle, AG"' and AG"™ stand
for the free energy of nuclei generation with and without
interface. Value ¥ (¢), depending on the wetting angle, may
be much less than unity. Active component melt is well
wetting silica surface, and thus the support micropores are
essentially filled. According to [21], the wetting angle may
attain several degrees. Therefore, over the interface, the free
energy for nuclei generation may reduce by several orders
of magnitude. Since wetting depends on many factors such
as reaction mixture composition, temperature, admixtures,
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one can hardly determine it experimentally. Therefore, the
value of W (¢) is adjusted for the possible best agreement
between calculation and experiment. For this purpose, the
value of b in (10) is multiplied by ¥ (¢).

Starting condition for Eq. (8) is written as

t=0: rF=r" 11

where 7* is the ratio of overcritical nucleus radius r to
the pore radius. Number of nuclei with overcritical size is
determined by formula (10), and the value r* follows from
the solution [12] of equation:

AG = AGy — kT (12)
Condition AG corresponds to non-zero root

31)()0
= ——

" kTln S

Comparing value r; with r¢; in formula (3), we may write
Foo <75 < %rcr

Numerical solution of Eq. (12) gives the radius of the critical
size nucleus.

Therefore, under an assumption that new phase nuclei are
spherical and of the same size we obtain Eq. (8) including
Egs. (9) and (10) with boundary conditions (11). Eq. (8)
describes the growth of the crystal phase at the stage of
primary crystallization.

4. Estimation of model parameters

Kinetic and physical-chemical methods such as NMR,
ESR and HREM were used to estimate the main parameters
that characterize the growth of new phase nuclei, and en-
ter Eq. (8). Thus, according to NMR data [16] and kinetic
experiment [20], the size of vanadium binuclear complex
ro (vo = %‘nrg) is 1078107 cm. The value of @« is
estimated in [19] from the ESR spectra at T = 693K as
~10' of binuclear vanadium complexes in 1cm? of melt.
This corresponds to 0.005 of the total vanadium amount Ny
(No = 2.4 x 102V particles per gram). Kinetic experiments
on the dissolving of crystal vanadium(IV) provided for the
experimental value vy and @ and for ¢ = 107> J/cm?,
allow the estimation of other parameters. Dy/Ar at 693 K
is 1078 cm/s, Ep,/ar = 120kJ/mol, and dissolving heat
g = 20-40kJ/mol [17].

Based on the above given parameter estimates, we mod-
eled phase transitions such as generation and dissolving of
crystal species of vanadium(IV) for a single catalyst particle
in the kinetic regime. Processing experimental data from [17]
with model (8)—(11), we revised our values for the param-
eters. According to Table 2, values obtained with modeling
are similar to those estimated using physical methods. Values
D,/Ar and o are given at T = 693 K. Their activation en-
ergy and heat are equal to 83.6 and 62.7 kJ/mol, respectively.

Table 2

Parameters of kinetic model for phase transitions

37

Parameter Experimental Value calculated
estimate with model

o (cm) 1078-10"7 0.6 x 1077

o (J/em?) 1073 1.65 x 1073

Dy/Ar (cm/s) 10-8 3.0 x 1078

Uoo 0.005 0.0083

Nimax (nuclei/cm?® melt) 105-10'° 1.2 x 1016

w(p) - 0.4 x 1072

5. Phase transitions in the catalyst bed

In order to describe phase transitions in the catalyst bed,
we must expand set (8)—(11) with other equations following
the changing reaction mixture composition both along the
reactor and over the catalyst particle radius. The full math-
ematical model is written as

dc -
Fr W(T, C)yn (13)
T
AMC —-C
T =T, — ME-Co) (14)
Co
1 d d 2W(T, ¢, 8
_2_(2_C>:—‘P 7,69 (15)
p=dp dp Wo(T, C)
dr (1 —=8)Ny/ VL B/
— = ap — 0o €
dr 14 (k_4/kg) P3(1 + (k_2/kz P3)
+(k3 P2/ ka P1))
(16)
with the following starting and boundary conditions:
t=0: r=r% t=0: C=CyT=T,
de
p=0 — =0, p=1: ¢c=C a7
dp

where 7 = [ p*W (&, T, 8)/ Ws(C, T, 8)dp.
Reaction rate is determined from the kinetic equation

1 — P}/P2PK2

kKo PPy
3 eq
1 Py ( ) (18)

T 1+ KoP K P

w

Eq. (18) is presented in [21] as derived from mechanism (1).
As we have already mentioned rate constants for reaction
stages are given in [18].

This model differs from the usually applied one by
Eq. (16), which describes the new phase nuclei growth.
Since crystallization process is slower than inner diffusion,
there is no time derivative in Egs. (13) and (15).
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6. Discussion

We consider how our experimental results may be ex-
plained with the Gibbs—Volmer theory, and how they agree
with the calculations via above-described model.

As the reaction mixture passes through the catalyst bed,
its composition along the reactor changes. With the growing
conversion, V4 content in the melt decreases, and so does
supersaturation S. Fig. 7 shows how supersaturation changes
with reactor length at different time moments regarding
phase transitions going in the catalyst. Starting profile (curve
1) at + = O corresponds to the situation when there is no
crystal phase. In the inlet layers, where X ~ 0, supersatu-
ration and thus nuclei generation rate attain their maximum
values. Therefore, supersaturation is quickly removed owing
to a simultaneous generation and growth of a large number
of relatively small (r ~ 4 nm) nuclei. To an order of magni-
tude the time of nuclei growth (and thus the time of super-
saturation removal) is equal to r /ap (ap ~ 10-8 cm/s), and
for r ~ 10 nm it is ~100s. In this time, almost all vanadium
in the inlet layers undergo a transition to crystal phase. In
the next layers (owing to lower S) nuclei numbers sharply
decrease. For supersaturation reduction, nuclei must grow
to a larger size than in the previous layers. As a result, crys-
tallization along the reactor decelerates, and a crystal phase
front forms, whose profile is rather sharp. As inlet layers are
deactivated, conversion over each cross-section decreases,
and thus S in the following layers increases. Therefore, new
nuclei intensively appear and grow, and § increases in the
deeper layers. However, in each next time moment, the S
value does not attain its maximum typical for the inlet lay-
ers, since some part of the vanadium is already in the crystal
phase. Therefore, the crystallization front spreads out, and

0.5 1.0

g

Fig. 7. Calculated supersaturation profile along catalyst bed at time mo-
ments (min): 0 (1), 12 (2), 20 (3).

its movement decelerates with time. Thus at its greatest,
at + = 12 min, nuclei generation rate is by two orders of
magnitude lower than /I,x, and at # = 20 min, it is lower by
three orders of magnitude. Eventually, the number of form-
ing nuclei is so low that nuclei must grow to very large size
to remove the supersaturation, required for the further front
movement. However, the walls of support pores may limit
this growth. Thus, in fine pores crystallization may stop at
the stage when supersaturation is still rather high. As a result,
front movement stops completely, and catalyst activity
becomes constant.

A high sensitivity of nuclei generation rate to supersat-
uration explains the experimentally observed dynamics of
generation rate and front movement, its dependence on the
active component composition, porous structure, size of
catalyst particles, and catalyst prehistory.

6.1. Effect of chemical composition of
active component

Experiment shows that phase transition dynamics can be
influenced by a promoting element, its amount and thus
atomic ratio between vanadium and promoter. According to
our concept, the explanation is as follows.

If atomic ratio K/V increases at a constant vanadium
content in the catalyst, active component melt volume in-
creases proportionally, and vanadium concentration in the
melt decreases. If other conditions are the same, in the sam-
ple with K/V = 6 supersaturation with V** is twofold
lower than in the sample with K/V = 2.7. A twofold
decrease of S decreases nuclei generation rate by 3—4 orders
of magnitude. As a result, crystallization is less intensive,
and thus the front is slower moving in the sample with higher
ratio K/V.

At the same ratio M/V samples with cesium are far more
stable than samples with potassium (see Fig. 2). We refer
to studies [22-24] considering the stability of pyrosulfates
of alkaline metals. SO3 solubility in the active component
melt (Henry constant) increases in the order Li, Na, K,
Rb, Cs. This means that in the same series, the reduced
vanadium portion decreases. Therefore, Cs-containing cat-
alyst should be more resistant to reduction, and thus more
stable.

According to the above-mentioned dependence, Na-
containing samples should be less resistant to crystallization
than K-containing ones. Indeed, in Na promoted samples
the degree of vanadium reduction is very high, and so they
are practically inactive in SO, oxidation.

However, samples, where K is partially substituted by Na
demonstrate a higher resistance to crystallization than sam-
ples containing solely K [19]. ESR spectra analysis shows
that in this case, in the presence of Na, a considerable por-
tion of vanadium(IV) stays in the melt, and does not change
to crystal phase. Most likely, sodium introduction into the
active component increases the solubility (® ) and thus
decreases supersaturation.
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6.2. Porous structure effect

As we have already noted support pore size limits the
growth of generated nuclei and crystal particles. In wide
pores (rp ~ 103 nm) nuclei easily grow to large size, and
thus supersaturation is completely removed. The front
quickly propagates along the bed, deactivating the whole
catalyst. According to the Gibbs—Thompson equation (6),
a quasi-equilibrium concentration of V4t in the boundary
layer of a nucleus with r ~ 5 x 10>-5 x 103 nm differs
from the true equilibrium concentration (solubility & ;) by
several percent only. At the same time, if the nucleus radius
r ~ 10nm, V4t content in the boundary layer exceeds ©
by 20-fold. Therefore, in fine pores crystallization may stop
at the stage when supersaturation is still rather high. As a
result, front movement decelerates, and only the inlet layers
of the catalyst bed, which are responsible for the maximum
supersaturation, suffer from crystallization. In deeper lay-
ers, where S usually is 20-30, the size of critical nuclei is
8-9nm, and thus is comparable with the radius of support
pores. In this case, either there is no phase transition or
phase transition goes at a very low rate.

6.3. Effect of catalyst particle size

Phase transition dynamics become far more complex
if reaction occurs on large particle under inner diffusion
regime. In this case, there are concentration gradients not
only along the catalyst bed, but also along the radius of cata-
lyst particles. Vanadium redox state along the particle radius
is easily observed visually, since the particle cross-section
shows a color change from green at the surface to yellow
in the grain center. It is not easy to get crystal phase distri-
bution over a catalyst particle experimentally. Calculations
with the above-described mathematical model show that
supersaturation at the particle surface exceeds that inside
the grain. As a result, we have crystal phase front moving
from the grain surface to its center. According to Fig. 8,
front profile over the catalyst particle 6(p) is similar the
front profile over catalyst bed §(&).

Therefore, in a bed of large catalyst particles the crystal-
lization front moves in two directions, towards the particle
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Fig. 8. Calculated profile of crystalline phase along catalyst grain radii
at time moments (min): ¢ = 9 (1), 27 (2), 39 (3). p = 0 corresponds to
center of particle with R = 2.2 mm.

p

Fig. 9. Calculated surface of bed supersaturation in a system of coordinates
fixed in the center of an inlet layer particle with Rer = 2.2 mm.

center and also along the bed. Fig. 9 shows the surface of
catalyst bed supersaturation in a system of coordinates fixed
in the center of the inlet layer particle. Calculations are done
at zero time, when there is no crystal phase. In the particle
center § is essentially lower than 1, and thus even in the in-
let layers of the bed catalyst is not completely deactivated.
At the same time, the front moves further over the particle
periphery. As a result, the profile §(£) for larger particles is
more spread out than for small particles. This situation gives
a paradoxical result: activity per unit catalyst weight under
inner diffusion regime may be higher than that under kinetic
regime. This is most probable if the catalyst support has
wide pores, where the front moves quickly. This particular
situation is realized in sample 2 (Fig. 5). In this case, reac-
tion rate decrease caused by inner diffusion deceleration is
less than catalyst activity decrease caused by crystallization.

Figs. 10 and 11 show experimental results and calculation
estimates for large catalyst particles. Though experimentally
we did not measure the distribution §(p) but some value
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Fig. 10. Crystalline phase amount § and SO, conversion vs. catalyst
bed length & at time moments (min): 12 (2), 20 (3), line 1 corresponds
to § = 0. Sample 2, fraction 0.5-1.0mm, v = 0.7s. Experimental data
(points) and modeling (lines).
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Fig. 11. Time dependence of SO, conversion (a) and crystalline phase
amount § vs. catalyst bed length £ at time moments marked by an arrow
(b) (min): 60 (2), 180 (3), line 1 corresponds to § = 0. Sample 2 in size
5 x 5, mm, 7 = 0.7s. Experimental data (points) and modeling (lines).

averaged over each particle, nevertheless our simplified
model quite accurately reflects the dynamics of phase tran-
sition in the bed of industrial catalyst particles and related
catalyst activity evolution.

6.4. Prehistory role

The experiment presented in Fig. 6 shows that crystal
phase front position is determined not only by the final reac-
tion conditions, but also by the sequence of supersaturation
conditions which the catalyst passed through earlier. This
effect is revealed as a hysteresis of catalyst activity with re-
spect to temperature and conversion typical for vanadium
catalysts.

7. Conclusion

Phase transitions in the active component of vanadium
catalysts for sulfuric acid production caused by the crystal-
lization of compounds of vanadium(I'V) may significantly in-
fluence the fixed bed catalyst activity. Reaction mixture flow
through the catalyst bed generates a moving front of crystal
phase, whose propagation inside the catalyst bed causes a
decrease of sulfur dioxide conversion.

Phase transition peculiarities, crystal phase front genera-
tion and dynamics, and decrease in activity are qualitatively
and quantitatively described by the suggested mathematical
model based on the classic theory of Gibbs—Volmer. The
model allows one to predict catalyst behavior, activity evo-
lution along the bed in time in the low temperature zones of
industrial apparatuses.

Since phase transition rate and depth depend on the
chemical composition of active component and on the
porous structure of catalyst support, one can optimize the
key parameters of the low temperature catalyst.
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