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CASE STUDY 107

Sulfur Dioxide Oxidation

THERE EXISTS no better opportunity than SO, oxidation to demonstrate
the complexity and problems that confront the designer in developing
adequate and meaningful design models. Superficially, the system presents
the classically simple case of an adiabatic single reaction with negligible
side reaction. Precise physical and thermodynamic data exist (10).

SO, + 10, —=== SO,

As will be seen, however, the reaction is mechanistically complex, ex-
haustive studies have produced no general agreement on acceptable rate
forms, and the active catalytic component is in the molten state at operating
conditions. This latter fact can cause the apparent effective diffusivity to
change markedly with temperature depending on the way the liquid distrib-

ute$ within the pores (see p. 148").
Problem Statement

The following are typical data obtained from a commercial sulfuric-acid
plant converter using sludge acid as the feed to the burner that precedes the
converter.

Reactor diameter: 35 ft

Feed composition to converter:

Component Mole %,
SO, 6.26
0, : 8.30
CO, 5.74
N, 79.70
100.00
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KINETICS AND MECHANISM 87
Feed rate: 10,858 1b moles/hr

Temperature, °F Inlet
e Exit Catalyst Pressure
Bed No. In Out Conversion Height, ft In. H,O
1 867 1099 68.7 1.276 63
2 851 923 91.8 1.408 51
3 858 869 96.0 1.511 41
4 815 819 975 1.848 36

Develop a model useful for design purposes that will predict bed heights
and produce reasonable agreement with this and other similar operating
data.

Catalyst Properties

Mole Ratio

Wt % Comp/V,0;
V,0; 8.2
K,O 12.3 29
Na,O 1.2 0.43
Fe,0, 1.0
S, =1-2m?/g P, = 0.567 g/ec
V, = 0.35 cc/g pp = 1.1729 g/cc

Size 0.22 in. x 0.40 in. cylinders
Kinetics and Mechanism

The many rate equations that have been proposed over the years for this
interesting vanadium pentoxide catalyst have been reviewed (1-3,8,14). Most
of the commercial catalysts are supported on some type of siliceous material,
such as kieselguhr. Variations in preparing the support can account for much
of the apparent inconsistency in rate data gathered on pelleted catalysts.
Quite obviously, the effectiveness factors of different forms of apparently
similar catalysts can vary greatly. More recent studies using finely ground
catalyst have eliminated intraparticle diffusion as a variable and brought more
consistency in the rate data and mechanistic arguments. It is now generally
agreed that the mechanism involves oxidation-reduction of active V,04
that exists on the support at operating conditions in the molten state (3-5,14).
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Various schemes have been proposed. The following is typical (9).

SO, +2V3* + 0?7 ——= SO, + 2V** (1)
3[0, + V¥ === V" + 0,7] (2)

O,” + V4 —— V5" +207] (3)

O + V4t —— V" 4+ 0%" (4)

Various rate equations can be derived based on this mechanistic scheme
and the designated rate-controlling step. Using fine catalyst, for which the
effectiveness factor is unity, it has been shown that the rate equation based on
Eq. 3 being the slow step with 1, 2, and 4 at equilibrium fits the data most
successfully in the range above 309, conversion (9).

Although this equation correlates data in the range above 30 9 conversion
very well, it is not satisfying for modeling because it is indeterminant at the
limit of zero partial pressure of SO;. An alternate equation that does not
suffer this weakness involves similar arguments, but uses a different mechan-
ism (5). .

With reactions 2 and 3 combined 30, + V** 2 V3T 4+ O7) as rate
controlling and reactions 1 and 4 at equilibrium, a straightforward deriva-
tion yields (3,5,9)

. - Ky Pso,/P [ P 27
(—Fs0,) = Ynk,,. T uPso,/Pso, P, —(i> (CS-7.1)

(KMPSOZ/PSO:g)%]Z | z PSOzKp
or
. 2 Ky Pso [ < Pso >2_
o) =tk o KuPso (P Y (s
(=Ts0,) = Viky, [Pso,* + (KMP802)2]2 L ° Pso, K,/ |

Rate units are g moles SO, conv/(g cat.)(hr), Ky = K;Co,_, and Epm =
k@ Cy?, where Cy? is the total vanadium concentration. Equation CS-7.1
fits the same experimental data with satisfactory precision (7) and has recently
been demonstrated in a separate study on fine catalyst (14) to fit data over a
wide temperature range better than any of the eleven other equations tested.

The value of Ky is agreed to be somewhat insensitive to catalyst receipe
in the low range (3,5,7). But a study of a variety of catalysts with varying
Na,O content indicates Na,O content to be an important variable related
to Epm, as shown in Fig. 1.5, p. 27", (7). Conveniently, these data for fine
catalyst of unit effectiveness factor exhibit an isokinetic point. Thus E is a
function of A, and the best fit for the data can be selected by trying different
reasonable values of E;From Fig. 1.5,In A = 7.108707 x 10" *E — 1.365433.
The emphasis on reasonable is essential to prevent any such effort from being
a curve fitting expedition glossed over with a veneer of theory. For the model
to have predictive value, it must be consistent with physical reality. In this




EFFECTIVENESS FACTOR 89

case that means E should lie somewhere between curves 1 and 2 (E = 41,400~
53,800), which is in the range of Na,O content of interest. Interpolating
for the catalyst in question E = 47,000 cal/(g-mole)(°K).

Effectiveness Factor

The complexity of the rate form suggests the need for deriving an effectiveness
factor based on this form. A rather thorough study of effectiveness factors for
the type catalyst being considered has been presented, but a simpler rate
form applicable over modest ranges of conversion was used and an effective-
ness factor derived as follows (6,12,13).

. . Pso,
(=Fs0,) = k,,<P502 Po,* — 120 ) (CS-7.3)
p
Mass-Transfer Balances for Spherical Particle (P = 1 Atm)
d dyso, R
dl'l ( IZ@ISOZ d—:?> = (=50 )RT pp =10 (CS-74)
d dyo, .
dr, ("Z%oz , > ~ 1M~ P50,)RT p, = 0 (CS-7.5)
K <r’2 .. dySoa) + 1~ )RT p, = 0 (CS-7.6)
dr; 3 d

where r; is the radial distance in an equivalent sphere.
From stoichiometry and Eqs. CS-7.4-CS-7.6, expressions for yso, and yo,
can be obtained in terms of ygo, upon integrating.

12
0, = Vo,)s + 3 @I 2 [¥so2 — (¥s0,)s] (CS-1.7)
¥so, = (¥so,)s — 17 150, Dso, — (¥s0.)s] (CS-7.8)
Iso,

where suffix s indicates a value measured at the exterior surface of the
catalyst. Then Eq. CS-7.4 can be rewritten using Egs. CS-7.7 and CS-7.8,
conversion X, and assuming an isothermal particle

d*X 2y0 dX\? 2dx _ DRT(2 — y, X)? R

=ty 2 Po(—Ts0,)

dry 2 — yo X \ dr, nodne 4@y, — 2969914,

(CS-1.9)

where y, is the initial mole fraction SO, in feed and r, = 2r,/D, similarly
values of partial pressures in Eq. CS-7.3 be written in terms of y, and X.




20 CS-107 SULFUR DIOXIDE OXIDATION

Equation CS-7.9 has been solved numerically (13) and (dX/dr)r, =1
evaluated so that the effectiveness factor can be obtained.

observed rate
rate based on concentrations @ exterior surface

n

6yo(2 — }’0)< dX) 1
= | — —- e (CS-7.10
(2 —yOXs)z drk re=1 ¢mf(Xs) )
where
& D,RTk,p, V.\> RTk,p,
» pip _gf k) _—° "pPp S-7.11
P 49 15023600 a,) (2 ISOZ)(3600) € )

f(X),is the rate equation in X and y, without Rp; k , is the rate constant based
on Eq. CS-7.3, g moles/(g cat.)(hr)(atm)' >, V; is the particle volume;and R =
82.06. The RT term converts 12,, to required concentration units.

The solution was rather insensitive to conversion and feed composition,
and a convenient empirical formula for x as a function of ¢, was obtained

from the calculated data.

N =y + C)NA ¢ + B)) for 3 < ¢, <400 (CS-7.12)

A, = 8.52518
B, = 539.706
C, = 503.004
n= A¢n)™  for ¢, > 400 (CS-7.13)
A, = 3.8299
B, = —0.46748

Since all this work has been already accomplished, it seems reasonable to
apply it directly in the computational program, by calculating the rate at
any point first using Eq. CS-7.1 with # = 1.0. Then equate that rate to
Eq. CS-7.3 and solve for I:’,, in Eq. CS-7.3 for use in Egs. CS-7.11-CS-7.13.

An effective diffusivity for use in Eq. CS-7.9 was determined from the
extensive experimental data reported on a catalyst similar to the subject
catalyst (12).

D150, = 0.0286 cm?/sec
Reactor Model
This reactor is a typical multibed adiabatic reactor with intermediate cooling.

Given good thermodynamic data, which are existent for this system (10),
it should be possible to calculate adiabatic temperatures for the observed
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outlet conversions that agree with measured values for each bed provided
temperatures and compositions are determined accurately. Since in the first
bed, particularly, catalyst surface temperatures will be greater than bulk
temperatures, thermocouples must not touch the catalyst. A location just
above the bed on the inlet and at the inert support-catalyst interface at the
outlet have been recommended (11). Precise methods for analysis are also
suggested (11).

Since SO, converters operate near atmospheric pressure and do not
require high velocities for exterior heat transfer, it is only necessary to
minimize pressure drop in order to minimize power consumption. Thus these
converters are designed for low mass velocities with only about -1 in. of
H,O0 AP/ft of bed. For this reason, unlike high-pressure adiabatic reactors
where larger APs are permissible, interfacial gradients between the catalyst
surface and the bulk phase will occur in the first bed because of high rates.
Accordingly, equations for this phenomenon will be included.

Design Equations

Basis: 1 mole of feed

dngo, _ Pol(— ?SOQ)MF or AZ — A”soz G
az G Pl — ?SOZ)MF

dEn,H)) = (- AHgoMnso,  or  Anso, =
SO2

where n; is the moles of component j per mole of total feed and H; is the
enthalpy of any component j.

kgjsam[(Pj)b - (Pj)s] = (—?soz 6 f“"b X/
han(T, — Tp) = (—Fs0,)(— AHso,) jj/\*’/\/\

where a,, = a,/V;py, b indicates bulk conditions, and s indicates surface
conditions.

Algorithm

1. Select a temperature increment (1°F was found satisfactory).
2. Calculate AHgo, @ T, + AT

AHgo, = a + bT + ¢T> +dT>*
a = 4.1923286 x 10* b = —64.3951192
c = 752214287 x 1072 d = —294166667 x 1073

* Based on curve fits of tabular data (10).
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3. Calculate Hys @ T, and T, + AT
Hy=d +bT+T*+dT?
Basis: enthalpy above 298°K *

a b
SO, —2.651 x 103 7.41333334
SO, —3.4906571 x 103 9.16952383
0, —1.8469429 x 103 5.6429762
N, —1.9181143 x 103 6.27571429
CO, —2.0802286 x 103 5.59059524
¢ d
48 x 1073 —1.33333333 x 10°°
7.73571428 x 1073 —2.1666666 x 10~¢
221428571 x 1073 —5.833333 x 1077
7.71428566 x 10~4 2.3925238 x 10713
5.89285714 x 1073 —1.4166667 x 10~°
4. Calculate ZnJAHJ = an(Han+AT _AHJTH)
2n;AH.
5. Calculate Angg, = ———2 ——
502 (_AH502)

(nso,)s + Ango,

6. Calculate conversion X, , = (o)
Nso0,)o

7. Calculate moles each component per mole of feed
(ns0)n+1 = (M50,)n — Anso,
(nson+1 = (M50,)x + Ango,
(10, )n+1 = (Mo,)n — %An502
(nr)p+1 = (
8. Calculate mole fractions

n
- ( SOz)n+1 , etc.

(ys()z)n +1 (n’r)n i1

* Based on curve fits of tabular data (10).

Nso )+ 1 + (M50 )n+1 + (M0,)n+1 + (Nco,)o + (n,)o
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9. Calculate average mole fractions for increment and average molecular
weight (M)

ySOZ ySOz)n 2()’502)" +1 ; ete.

M, = ZyMW
10. Calculate average bulk partial pressures for increment
pSOz = ySOZP’ th.

11. (a) Calculate rate based on known conditions using Eq. CS-7.1 with
Yy=1landn =1.

3 =A’exp<§ E ) g moles SO,

(g cat.)(hr)(atm)

In A = 7.108707 x 10™% E — 1.365433 31,9
27,200 &,

K_=2. 108 ? -

m 3 x 10 exp( R’T) f\lm
AN
5.14488992 x 103 < <
logio K, = X 48882412% bV &
T 2,

n is determined from Egs. CS-7.11-CS-7.13.
(b) Calculate value of k, from

- 7 +  Pso
(—Ts0,) = kp<PSOzP022 - K:)

(c) Calculate ¢, and #
(d) Calculate new value of rate by correcting original value by multi-
plying by #.

12. Calculate surface temperature

(=?50,)(—AHyo,)

T. =
* hag,

+ T

If T, — T, = 2 or less, go to step 15. If greater than 2, proceed to step 13.
13. Calculate surface partial pressures

(n)(—7s0,)
k sa

ng

n = 1for SO,, 0.5 for O,, and —1 for SO;.

(P — (Py)s =

* Curve fit from Ref. 10.
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14. Go back to step 11.
15. Calculate AZ and Z

AZ = Anso2 G
- Pol —Fso0,)MF
16. Go to desired conversion. Then proceed to next bed.

Operating inlet pressure was used at the inlet of each bed and pressure was
corrected for AP loss for each increment using Eq. 11.8B. With appropriate
values of the parameters for catalyst. Values for k;* and h were obtained
using Egs. 11.12 and 11.15-16 with Np,* = 0.8 and (Ng.)¥ = 1.334, 1.272,
and 1.041 for SO;, SO,, and O,, respectively. Viscosities of the mixture
were determined from

_il [Fsp(M;)°]
=

Uy = "
2 [75(M;)°%]
ji=1
p; = exp (4 + BT)
A B
SO,  —5012 0002019
SO,  —4855  0.002019
) 0, —4172 0001213
ey N,  —465 0002032 N /o
CO, —40571 857 x 107+ =

Results

Because of the lack of experimental data for the catalyst used in the com-
mercial reactor, an effective diffusivity was determined using experimental
reaction-rate data reported in the literature (12). This value (0.286 cm?/sec),
though based on data obtained in the temperature range of 860-968°F,
was used for all four beds. The predicted lengths for beds 1 and 4 were not
acceptable (Table CS-7.1) although values for bed 2 and 3 are reasonable.
The bed length or catalyst volume is the more sensitive parameter, and all
calculations were made to the observed conversion for each bed. If one
calculates to the known length, the values of conversion thus obtained may
appear rather close to the observed value and give a false sense of security
concerning the efficacy of the model.

Experimental values of apparent effective diffusivities, which were deter-
mined for a different V,0; catalyst than used for rate data, are in the range
of bed 4 operating temperature and are approximately 35% of those at
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Table CS-7.1 Comparison of Model Predictions with Operating Data“

Operating
Temp., °F Case 1 Case 2 Case 3
Actual Bed Bed Bed
Bed Conv. Temp. Depth Temp. Depth, Temp. Depth,
No. Depth, Ft In  Out % Do, Out,"F  Ft D1, Out,’F  Ft Do, Out,’F  Ft
1 1.276 867 1099 68.7 00286 1090 0.629 0.027 1090 0.641 0.025 1090 0.657
2 1.408 851 923 91.8  0.0286 926 1.518 0.027 927 1.559 0.025 927 1.614
3 1.511 858 869 960  0.0286 872 1.431 0.027 872 1461 0.025 872 1.523
4 1.848 815 819 97.5  0.0286 820 1.191 0.011 820 1.848 0.011 820 1.848
“E = 47,000.

Temperature into each bed and conversion in and out set at values observed in operating plant.
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higher temperatures such as in beds 1-3. Accordingly, it was decided to deter-
mine the appropriate value for bed 4 by selecting the one that caused the
operating data to be reproduced. Because bed 4 also operates very close to
the isokinetic point, it is rather insensitive to the energy of activation used.
Thus the best-fit-value of 2, = 0.011 cm?/sec given in case 3 of Table
CS-7.1 should be a rather accurate representation of the apparent diffusivity
at operating conditions, and it is 38 9 of that of 0.0286 determined in the
860-968°F range in a separate study (12).

Using the same technique on bed 3 a value of Z,,, = 0.025 cm?/scc
was determined. This value is very close to the value of 0.0286 determined
from laboratory reaction rate data from what appears to be a similar
catalyst (12). Clearly effective diffusivities in the range 0.025-0.029 are
acceptable for beds 2 and 3. There exists no independent evidence that the
effective diffusivities at the conditions of beds 1, 2, and 3 would differ, and
the value of 2, , determined in bed 3 was thus also used for beds 1 and 2.
The results of the calculations are summarized in Tables CS-7.1-CS-7.3.

The effect of changing both 2, , and inlet temperatures are illustrated.
It is important to recognize that the reported operating temperatures could be
in error by 5-10°F. Referring to Table CS-7.3 the effects of small changes
in inlet temperature can be rather dramatic depending on the proximity to
equilibrium. The temperature sensitivity of bed 2 is seen to be much less

Table CS-7.2 Effect of Inlet Temperature on Bed

Depth
Inlet Temperature Calculated
Bed No. °F Height, Ft
1 857 0.684
867 0.657
877 0.644
2 841 1.634
851 1.614
855 1.600
861 1.607
3 848 1.393
858 1.523
868 2.040
4 805 1.724
815 1.848
825 2.102

D1so, same as for Case 3, Table CS-7.1.
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Table CS-7.3 Effect of Possible Errors in Plant Observations

RS Altered Conditions
& X

Actual Operating Temp.  Calc. Bed
Bed Temp., °F  Conv. In Temp. Conv. Depth,

Bed No. Depth, Ft  In Out % °F Out, °F % Ft
1 1.276 867 1099  68.7 867 1099 7165  0.748
2 1.408 851 923 918 857 923 91.85 1.487
3 1.511 858 869  96.0 855 869 96.0 1.459
4 1.848 815 819 975 815 820 97.5 1.848

D150, same as for Case 3, Table CS-7.1.

than bed 3. The model, once established, could be useful in determining the
optimum inlet temperature for each bed.

Table CS-7.3 is the result of some speculative calculations in which the
outlet conversion of the first bed was changed to yield the measured outlet
temperature, and the inlet temperatures of beds 2 and 3 were altered so that
the measured outlet temperatures are obtained. Good agreement again
results for beds 2, 3, and 4; but bed 1, though closer to the actual catalyst
loading, is still 41 % off. It is reasonable to hypothesize that bed 1 becomes
partially deactivated during the early hours of start-up. This is not uncommon
in the first bed of exothermic adiabatic reactors. This hypothesis must be
tested by independent studies of the catalyst.

Improved rate equations, which are appearing in the literature, should be
tested. In fact, it has more recently been shown that a simplified model
involving liquid phase diffusion in the vanadium oxide meit and homo-
geneous reaction is satisfactory for the range of temperatures covered by the
first three beds in this example (15). In the low temperature range corre-
sponding to the range of the fourth bed (<435°C), preliminary experimental
evidence suggests rather profound changes in catalyst composition when
passing between kinetic and diffusion-controlled regimes (15). We are
realizing that SO, oxidation, which initially appeared to be a rather simple
reaction system, is really quite complex; and it has become a dramatic
illustration of the many difficulties in modeling reactions.
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