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Abstract tion of liquid benzene (B) are comparable
, with those discussed by van de Vusse (egns.
Liquid benzene was sulphonated with gaseous (1) - (8)), with A equivalent to SOy and z = 1.

sulphur trioxide in a tube reactor and in a Pyrosulphonic acid (I) and CGH5(80,}3H a)
new gas—liquid cyclone reactor. The products in the bulk of the liquid ‘convert with bengene
are benzenesulphonic acid and diphenyl to, respectively, the product benzenesulpho-
sulphone (byproduct). nic acid (P) and the byproduct diphenyl
The observed selectivity depends on the sulphone (X).
conversion, the initial benzene concentration In Part I we presented experimental results
and the mass transfer characteristics of the on mass transfer and selectivity in a stirred-
reactor. Minimum diphenyl sulphone forma- cell reactor, in which &y, is low (approximate-
tion was obtained for a low initial benzene ly 1073 m s~ %). In the following, we report
concentration, a low benzene conversion and on sulphonation in a cocurrent gas—liquid
with a high liguid-side mass transfer coeffi- tube reactor, with intermediate ky,andina
cient, as in the cyclone reactor. cyclone reactor, with high k..

As the actual mass transfer rate dunm’
sulphonation could not be measured, the
observed selectivity was related to the mass 2. REACTOR DESCRIPTION
transfer coefficient determined by the simul- v
taneous absorption of CO;’'and O, in aqueous 2.1. Cyclone reactor

v i) 21 5 ol 1as H 3 Nna maan 3
scdium hydroxide sclution. Figure 1 is a sketch of the cyclone reactor in

which the most important dimensions are

indicated. The construction material is 316
1. INTRODUCTION stainless steel. The liquid is fed tangentially

into the reactor A, as shown in Fig. 2. Part of
For mass transfer followed by a fast chemical the cylindrical wall is made of porous stainless

reaction of the type steel (Ugme Carbone Poral ILR 20.30. 39) A
[ JY T . P | At . e
gllb II1IJA LUIE UL sunpuu.l. uxuxluc ala llllllUsUll
Alg) ~ A (1) is introduced into the reactor via this porous
A(l) + zB(1) » zI(]) (2) section.
A +I1Q)) - T'Q) (3) The liquid phase is the continuous phase in
the cyclone reactor except near the cyclone
van de Vusse [1] was the first to point out axis. A gaseous core, due to the strong centri-
that selectivity with respect to I increases petal field generated by the rotating liguid, is
with mcreasmg mass transfer coefficient Ry, present at the cycione axis. The field causes
In view of this observation, we developed a gas bubbles to spiral from the wall to the axis.
new reactor of cyclonic type in which very For U, /v, < 5 X102, the diameter of the gas
high values of &, have been realized [2]. We core is of the order of the diameter of the

showed [3] that the kinetics of the sulphona- upper outlet B, which is known as the vortex 3]
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Fig. 1. Cyclone reactor: A, liquid inlet (4 X 1073 m);
B, gas outlet (vortex) (3 X 1073 m); C, liquid outlet
(apex) (8.66 X 10~® m2); D, gas inlet; E, cone
(120 °); P1, pressure indicator; & = 8°; unit of length,
1073 m,

Fig. 2. Liquid inlet of the cyclone reactor.

Liquid leaves the reactor via the bottom
outlet C which is referred to as the apex. The

cone E prevents gas entrainment in the liquid.

Gas leaves the reactor via vortex B. Liquid
entrainment through the vortex varied
between 12 and 20% depending on the gas
and liquid velocities.

2.2. Tube reactor
A sketch of the tube reactor is shown in Fig.
3. After a length of 0.1 m, the mixture enters

-
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Fig. 3. Tube reactor: diameter, 8 X 1073 m; cyclone
inlet diameter, 5 X 10~3 m. A is the gas inlet and B
the liquid inlet.
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the cyclone inlet. For these experiments the
cyclone inlet diameter was enlarged to 5 X
1073 m.

Because of the high solubility of SOj,
absorption is expected to be practically
complete within the first few centimetres of
the tube reactor. The cyclone only acts as a
gas—liquid separator in this set-up.

3. MASS TRANSFER CHARACTERISTICS

3.1. k;, in the cyclone reactor

We measured ki, in an almost identical
cyclone reactor, for simultaneous absorption
of carbon dioxide and oxygen in a 2.07 M
sodium hydroxide solution [2]. From the
results (Fig. 4) it can be seen that kg is
extremely high and can be described to a first
approximation by

ky ~ U2 (4)

Owing to the high solubility of SO3, a major
fraction could possibly have already been
absorbed during the bubble formation period
of the porous wall. This would mean that the
relevant ky, for SO3 transfer differs, at least in
principle, from the k;, measured with carbon
dioxide. To clarify this point, we must first
consider &y, in the cyclone reactor during
bubble formation.

Physical absorption during bubble forma-
tion is described by [4]

m(t) = 8.57 coDY/2¢2/3¢7/6 (5)

where

oo 003 o 08 | 3
Fig. 4. ky, as a function of U for CO2 in 2,07 M
NaOH solution in a cyclone reactor with v; = 5.97 m
g1 (curve 1) and v; = 9.15 m s~ (curve 2) and in a
tube reactor for Uy, = 1 m s~ (curve 3) and Uy, =

1.75 ms~1 (curve 4).



d(n/6){dp(t)}®
¢ = coﬁstant =—.M (6)
. at .
and ¢ is the age of the bubble, The absorption
rate per unit area at time ¢ follows from . -
1 dm(t)

3 ‘ (7)
w{dp(2)}* dt
Differentiation of egn. (5) and substitution
into eqn. (7) leads, after elimination of ¢
th;ough eqn. (6), to

J(t) =

: 1/2
J(t) = 1.526%(%) (8)

The average value of J during the first r
seconds of bubble formation is obtained as

-1

T = m(r) f (a0 dt] (9)
(V]
From eqns. (5), (6) and (9) it follows that
' DA 1/2
Tyt = 2. 180,4( M) (10)

Equation (10) has been confirmed exper-
imentally to within 20% [5]. The residence
time 7 of the bubble at the surface depends
on ¢ and on the bubble diameter at t = 7.
Defining dy,(7) = d},, we obtain

_m dg (1)
T 6 o

Letting n be the number of bubbles at the
wall per unit area, the fraction a of surface
coverage is given by

m
=n-—d2
a n 4 b
and ¢ becomes
(1 _f')Ul 1
o 4

Combining egns. (10) - (12) gives

¢ = di (12)

Toe = 1.51 Mngm 13)
or |

(k_L)mf 2.18(%) 1/2 =1.51 ;t_{_'ll‘(_l___f_) §

| (19

Estimates of the parameters given in eqn. (14)
are needed for an evaluation of (Ry)y. The’
value of f, in sulphonation experiments is
typically about 0.1 and thus 1 —f' > 0.9. The
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diffusion coefficient of 8O3 in dichloroethane
is 2X107° m? s~! [6]. The bubble diameter

dy can be expected to be of the order of 2 X
104 m [3]. Although « is unknown, it must
be positive and less than or equal to unity. In
Fig. 5, (k,,)u is presented as a function of U,
for selected values of ad,,.

To0s T O j
—— Ug[mis]
Fig. 5. Mass transfer coefficient during bubble forma-
tion at the cyclone wall, as a function of Uy for some
values of adp;1 —f" = 0.9; Dy = 2x107° m2 571,

A comparison of the kg, values given in
Figs. 4 and 5 indicates that the liquid-side
mass transfer coefficients before and after
bubble release are of comparable magnitude.

3.2. k;, in the tube reactor
Different types of flow patterns can be distin-
guished for cocurrent gas—liquid flow in hor-
izontal tubes [7]. Slug flow occurs (Fig. 10.3
of ref. 7) for the range of gas and liquid veloc-
ities used in our experiments. The mass
transfer coefficients realized in this flow
regime have been reported recently.

For the carbon dioxide—aqueous sodium
hydroxide system it was found [8] that

2,025
by - 45} LPIADDY
(1—e€) pdrr
where Ap/AL is obtained from the Lockhart—
Martinelli correlation and e from Hughmark’s
relation. Equation (15) was obtained for
022< Up,< 078 ms ! and 1.13< U, <
5 m s 1. Figure 4 gives the calculated values
of the liquid-side masstransfer coefficient for
the carbon dioxide-agueous sodium
hydroxide (2.07 M) system in our tube
reactor for typical superficial gas and liquid
velocities and at a total pressure of 4 bar. For
these calculations eqn. (15) was assumed to

—5X 107*(15)



42

remain valid for liquid velocities up to 1.75 m
—1
s .

ky, is lower than in the cyclone reactor, but
still high compared with conventional bubble
contactors. As a first approximation, the rela-

tion between k¢, and Uj is given by

ky ~ U (16)

4. EXPERIMENTAL

4.1. Liquid circulation system of the reactor
Figure 6 shows the complete experimental
set-up. The stirred tank ST was filled with 5 X
1073 m3® (diluted) benzene. Liquid was
pumped from the tank to the cyclone reactor
CR by a variable speed gear pump P1. The
liquid flow rate was measured with a displace-
ment meter F1. Liquid that left the cyclone
via the apex passed an over-designed plate-
type heat exchanger HE, which maintained
the temperature of the liquid section constant
to within 1 °C, before it returned to the
stirred tank ST. Part of the liquid was entrain-

ed in the gas which left the reactor CR via the
vortex. This liquid was then separated from
the gas phase in a tower 0.1 m in diameter
containing a de-mister DM and was returned
to the stirred tank. The flow of entrained
liquid was measured with a built-in calibrated
volume (LEFM). The system was continuous
with respect to the gas phase. Liquid conver-
sion per pass through the cyclone was small
relative to the total liquid conversion. There-
fore the system was operated batchwise with
respect to the liquid. A total of about five
liquid samples was taken and then the exper-
iment was stopped. The system was emptied
and washed twice with ethanol to remove all
the reaction products. Afterwards the plant
was washed three times with 1,2-dichloro-
ethane to remove the ethanol.

4.2, Sulphur trioxide storage

A drum SO3D of 0.2 m® stabilized liquid
sulphur trioxide was stored in a separate box
outside the laboratory building. The drum
was placed in a sand bath and the whole box
was maintained at 30 °C with hot air to
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Fig. 6. Experimental set-up.
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prevent polymerization of the sulphur tri-
oxide. The container SO,;S, which was
thermostatted internally with oil at 30 °C
(CTB), was periodically refilled from the
drum with about 0.01 m? liquid sulphur tri- -
oxide. This wag accomplished by redueing the
pressure in SO3S using the vacuum pump VP.
This pump was protected against sulphur tri-
oxide by two cold-traps CT cooled with salt—
ice—water and liquid nitrogen, respectively,
and by a scrubber SC:of 4 in diameter packed
with Raschig rings (packing height 1 m) over
which sulphuric acid was continuously re-
circulated to absorb the sulphur trioxide.

4.3. Gas flow

Nitrogen was dried in-one of two parallel 5A
molectlar sieve beds DC. Whilst one bed was
in operation the other was regenerated with
hot air. Flow controliers FC were used to split
the dried gas into two streams, and each flow
rate was measured by rotameters RM and
manometers PI. One stream (the carrier) was
bubbled through the liquid sulphur trioxide
(in SO38) and immediately thereafter diluted
with the other stream (the supply) to prevent
condensation and polymerization of the
sulphur trioxide downstream. After passing a
back-pressure valve and two back-pressure
flagks, the gas entered the cyclone reactor. All
the gas left the reactor via the vortex and
passed through the sulphuric acid scrubber SC
before leaving the system.

4.4. Tube reactor experiments

The experimental set-up was the same as that
used for the cyclone experiments. However,
in these experiments gas was not supplied to
the cyclone but to the liquid inlet pipe
instead, at a distance of 0.1 m from the
cyclone reactor inlet.

4.5. Stirred-cell reactor experiments

Also shown in Fig. 6 is the set-up for stirred-
cell’ sulphonation, which was described in
Part I [9]. The reactor SCR was filled with
degassed liquid from C1. SO; gas was obtain-
ed by the vapour pressure difference between
the SO3 container SO3C and the reactor ‘

4. 6 Degassing unit

The degassing unit consisted of two
containers C1 and C2, each with a volume of
0.02 m3, which were connected by a 4 in
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packed column PC (Raschxg rings, 2 m packing
height).

Liquid . could be dmued batchwxse by
spraying it over the evacuated packed bed PC
three times whilst continuously withdrawing
gases with the vacuum pump VP. Liquid
transport from C2 to C1 was presgure driven
by evacuating C1 and bringing C2 to atmo-
spheric pressure.

5. ANALYTICAL TECHNIQUES

5.1. Benzenesulphonic acids

The reaction mixture (10™% to 2X10™2 kg)
was diluted with 5 X10™2 kg ethanol and
titrated in duplicate with 1 M n-butylamine in
dioxane. In this way H;SO, and C¢HgSO;H
could be analysed separately. The variance in
duplicate measurements was 107° kmol
benzenesulphonic acid per kilogram of
mixture. Benzenedisulphonic acid was below
1% relative to monosulphonic acid (measured
by gel permeation chromatography (Sephadex
LH20, 0.9 m X 0.01 m, eluant methanol)).

5.2. Diphenyl sulphone
Dipheny! sulphone was always analysed both
chromatographically (GLC) and gravimetric-
ally. The two methods gave the same result
within 8%.

The conditions in the GLC analysis were as
follows:

injector, 350 °C .

column, 10% OV-17 on Chrom.W (atomc

weight 60180) mesh, 2.5 m, % in, 1%

NaOH treated
column temperature, 225 °C
detector, katharometer, 0.155 A, 3256°C
carrier gas; helium (10~¢ m? s71)
amount. of reaction mlxture, (4-10) X
107° m?®

. residence time of sulphone, about. 10 min
In gravimetric analysis; the reaction

mixture (2 X10™* m®) was washed three
times with water to extract the acids. Because
of the small difference in density between the
organic and the acid phase, a centrifuge was -
used to separate the very small aqueous drops
from the organic phase. The organic phase
was then mixed with water, after which
benzene and dichloroethane were evaporated
at about 80 °C. The water-insoluble diphenyl
sulphone precipitate was filtered, dried at
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50 °C in a vacuum oven and weighed. The
purity of the diphenyl sulphone was verified
by a melting point measurement. Gravimetric
analysis in preliminary experiments showed
that the precipitate contained small amounts
(approximately 0.5 wt.%) of unknown heavy
oil which originated from 1,2-dichloroethane.
This problem was solved by first distilling the
solvent before use.

5.3. Gas phase analysis

In the relatively high gas load experiments
13-17 (Table 2), 43—44 (Table 5) and 61-65
(Tables 8, 9) the SO; content in the feed gas
and in the off-gas was analysed by sampling

2 X1073 m3 gas in a carefully dried cylinder,
by adding a known amount of sodium hydro-
xide solution, by allowing the SO; to absorb
for 15 min on a rolling bank, and by measur-
ing the original SO; content by back-titration.
The SO; detected in the off-gas was in all
cases below 0.1 vol.%.

In the other experiments the SO; content
in the inlet gas was calculated from the
sulphur compound content of the liquid reac-
tion mixtures.

6. RESULTS

6.1. Volumetric mass transfer coefficient (k;S)
in the cyclone reactor

The product of the liquid-side mass transfer
coefficient kp, and the specific gas—liquid
contact area S in the cyclone reactor was
measured for 1,2-dichloroethane which
contained 10 and 30 vol.% benzene, respec-
tively.

In one set of experiments, pure methane
was used as the gas phase. Methane absorption
could be calculated from a gas chromato-
graphic determination of the methane concen-
tration in the liquid phase at the reactor inlet
and at the outlet (apex).

In contrast with selectivity experiments,
liquid leaving the reactor in k;,S measurement
experiments was not recirculated to the
stirred tank ST (Fig. 6) but instead was
collected in a separate tank. Spent liquid
could be re-used in a new experiment after
stripping methane out of the liquid with
nitrogen, in the cyclone—-liquid recirculation
set-up (Fig. 6). The calculation of k.S was

identical with that described in a previous
paper [2]. f_

In another series of experiments, a gas
mixture containing methare, sulphur trioxide
and nitrogen was used to measure kS under
reaction conditions (vol.% SOz =~ vol.%
N;/4 ~ 0.1/Uy).

The experimental results are summarized in
Fig. 7. From this figure it is concluded that
kLS is nearly twice as large in a liquid phase
consisting of 30 vol.% benzene in dichloro-
ethane than in 2,07 M aqueous sodium hydrox-
ide solution [2] (broken line in Fig. 7). This
difference in &y, S is mainly caused by differ-
ences in D and o. With sodium hydroxide as
the solution we obtained [2] reasonable
values for k;, and S by predicting S following
van Dierendonck [10] and %y using
Calderbank and Moo Young’s approach [11].
From these references, for completely mobile
bubbles it is expected that

2/3p1/2
p°D
kLS ~ W (17)
and for rigid bubbles
5/6 n2/3
P°°D
kLS ~ ;Im_“ﬁ (18)

With D3/D, = 2.04 {12, 13], ug/us = 0.46,
03/04 = 0.41 and p3/p4 = 1.05, it follows that
for rigid bubbles '

12
kL 5[5'1]

84

= Ug [m/s]

Fig. 7. k1S as a function of U, in benzene—1,2-dichloro-

ethane mixtures:
: ;=3.98ms™!

10 vol.% benzene ¥ e

30 vol.% benzene V o

30 vol.% benzene, ¥ o

with reaction

The broken line is for simultaneous absorption of COy

anii Og in aqueous sodium hydroxide with v; = 5.97 m

st :

v;=6.63ms1



er.S)3/(kLS)y = 3.4

nd for mobile bubbles.
2.8)3/(kLS)s = 2.6

'or comparison, Fig. 8 shows the values of
1S in the tube reactor for our experimental
as.and liquid loads.

—— Ug[mis]

ig. 8. Calculated [8] values of k1S in the tube reac-
ir with 2.07 M NaOH solution as the liquid phase
1d COg as the gas phase (p = 4 bar, T = 25 °C).

.2. Selectivity in the cyclone reactor
‘able 1 gives the scheme used for sulphona-
ion experiments in the cyclone reactor. Orig-
1ally, the liquid inlet velocity v; and the
itial benzene concentration were expected
3 be the main parameters affecting the selec-
ivity obtained. With regard to v;, however,
ur experimental results indicate that exper-
nental errors alone can account for any
ariation in selectivity observed for the range
<y <8mst

In contrast, the superficial gas velocity had
significant influence on selectivity. There-
ore relatively high gas velocities were used in
wo series of experiments (30 and 100 vol.%
enzene at 20 °C) to study this effect in more
etail. The experimental results are given in
ables 2 - 6.

'‘ABLE 1
ulphonation experiments in the cyclone reactor
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In principle, selectivity can be a function of
liquid inlet velocity v;, superficial gas velocity:
U,, sulphur tridxide concentration (c,); in the

~gas feed, benzene concentration ¢y in the

bulk of the liquid, benzenesulphonic acid
concentration Cp in the bulk of the liquid and
reaction temperature T'. With the exception of
the 10 vol.% benzene experiments, in which
completely different selectivities were observ-
ed, the series of experimental resuits obtained
at 20 °C and at 40 °C were each correlated
according to
1—1'=CUlwiep(ca)pcs " (19)
Additionally, the series of results with 30
vol.% benzene and the series with neat
benzene were each correlated according to

1—n’ = CUppTA(cn e (20)

The regression equations (19) and (20) are
logarithmically linear. Optimized sets (C,q;)
were calculated by a multiple regression
analysis of the logarithmic form of the equa-
tions as described by van der Grinten and
Lenoir [14]. This analysis showed a signif-
icant influence of U, on selectivity in all series
of experiments. Moreover, a significant
decrease of n’ with increasing { was observed
in the series in which { was increased above
¢ = 0.5 (30 vol.% benzene sulphonation at
40 °C). The effects of the remaining para-
meters fell within experimental error for the
range over which these parameters were
varied.

However, a comparison of Tables 2 - 6
indicates that the selectivity obtained at low
benzene concentration (10 vol.%) was signif-
icantly higher than that at 30 and 100 vol.%
benzene.

Based on the outcome of the previous
analysis, 1 —n' was regressed once more on

-

:  Initial vol.% benzene in the liquid phase U, v fa ¢
C) - (ms™ 1) (ms™Y)
0 10 0.02 - 0.04 36-68 ' 0.08-0.11 0.13-0.46
30 0.01 - 0.38 33-79 0.06-0.13 0,07 - 0.42
100 0.01 -0.21 28-6.6 0.08 -0.13 0.01 - 0.05
0 30 0.01-0.08  27-7.9 0.09-0.12 0.04-0.51.
100 0.01-0.02 . 24-76 0.11-0.12 0.01 -0.06




Sulphonation of 30 vol.% benzene in 1,2-dichloroethane in a cyclone reactor at + 20 °C

!

Exp. no. U, v; fa ¢ n Pw
(ms™1) (ms™1) (°C) (bar)
11 0.014 3.23 0.134 0.083 0.955 22.0 1.12
0.134 0.965
12 0.017 5.27 0.080 0.069 0.953 23.3 1.31
0.132 0.970
13 0.040 5.38 0.096 0.162 0.964 21.5 1.62
14 0.095 3.56 0.093 0.266 0.982 20.8 1.28
15 0.159 6.42 0.066 0.174 0.988 22,5 1.83
0.417 0.962
18 0.202 7.92 0.064 0.203 2,983 22,0 2.64
17 0.384 3.61 0.072 0.298 0.980 22.5 1.60
TABLE 3
Sulphonation of 30 vol.% benzene in 1,2-dichloroethane in a cyclone reactor at +40 °C
Exp. no. U, vy fa ¢ 7 7 Pw
(ms71) (ms71) (°C) (bar)
21 0.011 6.63 0.109 0.070 0.953 40.5 1.60
0.103 0.954
22 0.013 4.02 0.117 0.043 0.961 40.0 1.22
0.075 0.967
0.106 0.967
23 0.019 2.75 0.122 0.045 0.961 40.3 1.096
0.087 0.958
0.186 0.955
24 0.041 7.17 0.095 0.098 0.980 40.5 1.78
0.169 0.973
0.254 0.969
25 0.042 7.88 0.098 0.147 0.983 41.5 1.94
0.249 0.972
26 0.053 2.94 0.118 0.042 0.983 40.5 1.18
0.104 0.983
, 0.240 0.978
27 0.079 3.34 0.095 0.132 0.987 40.9 1.25
0.296 0.967
0.509 0.886

the parameters that were found to have a
significant influence (U,) and a partially
significant influence (¢p), according to

1—n'=CUlcPs

(21)

Table 7 lists the values thus obtained for C, a,

and a;.

6.3. Selectivity in the tube reactor

Tables 8 and 9 show the experimental results
obtained in the tube reactor for sulphonation
of 30 vol.% benzene in 1,2-dichloroethane
and of neat benzene, respectively. The ranges
for U, and Uy, are such that the gas and liquid

laads in cuihio m
i Cuoil T

AUAUD
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rable with those in the cyclone experiments.
From Table 8 it follows that the influence of
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TABLE 4
Sulphonation of neat benzene in a eyclone reactor at 40 °C

Exp. no. U, vy fa $ 7' T Pw

(ms™?) (ms1) c) (bar)

31 0.012 7.58 0.119 0.008 0.954 408 1.58
0.017 0.955
0.028 0.943
0.049 0.950

32 0.014 4.30 0.119 0.022 0.960 40.2 1.19
0.035 0.959
0.046 0.947

33 0.019 2.37 0.106 0.013 0.961 40.0 1.004
0.024 0.968
0.043 0.962

TABLE 5

Suiphonation of neat benzene in a cyclone reactor at +20 °C

Exp. no. U, v fa ¢ n T Pw -
(ms1) (ms™1) (°C) (bar)
41 0.012 6.37 0.111 0.013 0.‘945 19.0 '1.39
0.022 0.960
0.0356 0.952
42 0.014 2.83 0.134 0.012 - 0.965 20.0 1.10
0.024 0.984
0.036 0.959
-0.0561 0.973
43 0.211 6.03 0.078 0.012 0.972 20.5 1.93
0.064 0.981 .
44 0.213 6.63 : 0.083 0.023 0.978 19.6 1.70
. 0.038 0.979
TABLE 6

Sulphonation of 10 vol.% benzene in 1,2-dichloroethane in a cyclone reactor at + 20 °C

Exp. no. U, vy ‘fa § 7' T Pw
(ms™1) (ms™1) (°C) (bar)
51 0.025 6.80- 0.105 0.128 0995 280 177
0.187 >1.00
. 0.259 1.00
52 0.030 3.46 0.107 0.138 0.996 20.0 1.23
0.234 >1.00
0.327 1.00
53 0.042 5.89 0.088 0.222 0.998 206 1.68
0.320 0.995 ’
0.459 0.996
the superficial gas veloeity on selectivity is cyclone reactor, i.e. higher gas velocities result

analogous to the results obtained in the in less byproduct formatlon
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TABLE 7

Values of the optimized parameters in the regression eqn. (21)

Regressed experiments C ai ag

20°C (30 + 100 vol.% benzene) 0.0142 -—0.21% 0.10 —0.09 + 0.18
40 °C (30 + 100 vol.% benzene) 0.0062 —0.63 £ 0.21 0.30 £ 0.20
30 vol.% benzene (20 + 40 °C) 0.0086 —0.45 £ 0.16 0.43 + 0.23
100 vol.% benzene (20 + 40 °C) 0.0140 —0.23 + 0.09 —0.07 + 0.17
TABLE 8

Sulphonation of 30 vol.% benzene in 1,2-dichloroethane in a tube reactor at + 20 °C

Exp. no. U, Uy, fa ¢ 7’ T b
(ms™1) (ms1) (°C) (bar)
61 0.266 1.13 0.078 0.016 0.913 20.6 1.51
0.050 0.929
62 0.258 1.05 0.078 0.015 0.908 19.0 2.61
0.037 0915
0.062 0.949
63 3.88 1.51 0.052 0.114 0.977 20.8 4.05
0.326 0.971
TABLE 9
Sulphonétion of neat benzene in a tube reactor at + 20 °C
Exp. no. U, U fa ¢ 7' T P
(ms™1) (ms™1) (°C) (bar)
64 3.83 1.76 0.048 0.040 0.943 20.0 3.95
0.106 0.948
65 4.07 1.78 0.046 0.047 0.954 19.5 3.82
0.120 0.936

7. DISCUSSION

As shown in Table 6, sulphonation of 10
vol.% benzene in 1,2-dichloroethane resulted
in 100% selectivity, within experimental error.
However, Figs. 9 - 11 indicate that lower
selectivities were obtained for the sulphona-
tion of 30 vol.% benzene in 1,2-dichloro-
ethane and of neat benzene.

An interpretation is even more speculative
for the results presented here than for the
previously discussed sulphonation in a stirred-
cell reactor [9]. In the stirred-cell reactor
direct information on k;, was obtained from
the measured absorption rate J, and gas phase
resistance was known to be negligible. Such

direct information is not available from the
experiments conducted with the tube and the
cyclone reactors. Therefore indirect informa-
tion must be used to deduce:

(1) whether absorption takes place mainly
during bubble formation;

(2) whether &y, is lowered by an interfacial
viscosity increase;

(8) whether the reaction can still be consid-
ered as instantaneous;

(4) whether gas phase resistance prevails.

Two arguments can be presented, both of
which indicate that in these reactors the mass
transfer coefficient ky, during sulphonation is
possibly lower than that observed experimen-
tally for carbon dioxide and oxygen absorp-
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Fig. 9. Byproduct formation in the sulphonaﬂon of neat benzene at £20 °C with wem 803 in diﬂmnt reactors:

(A average1 'q in the cyclonetewtor,

0.

, regression eqn. (21) (Table 7) for-& = 0.38 kmol m™
1 — 1’ in the tube reactor; <, average 1 — 7 in the stirred-cell reactor (¢ ~ 0.05; T =25 °C).
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Fig. 10. Byproduct formation in the sulphonation of 30 vol % benzene in 1,2-dichloroethane at 20 °C with

gaseous: SOg in differeiit reactors: ®, mrage 1= n in the cyclone reactor; ——

for & = 0.33 kmol m~3; A
T = 25 °C).

tion in hydroxide solution. Such an effect has
in fact already been noted in the stirred-cell
reactor, as reported in Part I of this work [9].
" The first argument begins with a ecrude
estimate of the fraction of 80y that is absorb-
ed during bubble formation at the cyclone =
wall. For a given value of k¢, this fraction is a
maximum if the resistance to mass transfer is
completely in the gas phase. Then

m(r) = [ ka(t)Ea(t)n{du(t))? dt (22)
o

where ¢ is the bulk concentration in the gas
bubble. On approximating ¢,(¢) by an effec-
tive mean -constant concentration ¢, and

, regre#sion eqn. (21) (Table 7)

A, average 1 —1' in the tube reactor; «, aversage 1 — 7] in the tﬂtted«ll reactor ('~ 0.1,

assuming the Sherwood number to be-a
constant, we obtain
kg(t) = Shg(D4)a/du(t) - (23)
With eqns. (8), (11), (12) and (23), eqn. (22)
can be integrated to yield
m(r) = ",ShG(DA)('iadbcA (24)

20—, |
An integral 8O3 balance over a bubbie during
the r seconds of bubble formation gives
(ea)e —(1 —f")ca _m(a —f)

(ca)e #eakt

After substituting m(r) from eqn. (24) and ¢7
from eqn. (11) we obtain

(26)
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Fig. 11. Byproduct formation in the sulphonation of
bt;n:ﬁue with SO3 at approximately 40 °C: 0,0, 1 —
7 in the cyclone reactor; ®, 30 vol.% benzene ;‘ ~
0.1; —, regression eqn. {21) (Table 7) for Zp = 0.33
kmol m,"s;O, neat benzene, { ~ 0.04; <, average 1 —
1 in the stirred-cell reactor for T = 45 °C and 30 vol.%
benzene at 2‘ ~ 0.15.

2 1 —f"+3Sh Al 26
2t =1 f 438k 2 (26)

TEYLAL, 4 ___ 1 07

with 10 vol.7%
experiments, f’
probably of the

803, as was typical for our
< 0.1. The bubble diameter is
obal o_der of 2X10™* m [3] and
D, =1.25x10"5 1 [9]. While the frac-
tional surface coverage a is unknown, it is
likely to be a function of U, and is always less
than unity. Assuming a linear relation
between « and U, and letting « = 0.5 for U, =
0.5 m s™?! gives
(cade
Ca
No published data are available at present on
mass transfer in the gas phase during bubble
formation. However, the relation {15] for a
rising bubble given by.

~ 1+ 0.28hg (27

1
ShG =6.6 + E ReGScG X

X ;1 —0.61 exp (— 395 ) & (28)

Re.-_; SC(_:
suggests that Shg is not much above 6.6 for

d. =~ 9% 1n_4 m I21 Roranea an innreaacoa in
(218 PPN RY m (<) . SOCaUSC an Increase in

surface area induces at maximum an increase
of kg by a factor of 2, we expect that during
bubble formation

Shg =~ 10 (29)
From eqgns. (27) and (29) it follows that for

the case in which gas phase limitation prevails

L0 L0 WARILAZ SR pAAERT LALLIVRRRIL pARY RS

AN ahanvha mainle duving hithhla farmation:
54041 AMOUL VO 11IGUILY WUULLIER VUVMIU LULLLIAUIVLL.
(ca)s
— =~ 3 (30)
Ca

The determination of whether mass
transfer limitation is by kg or by ky, follows
from the ratio kg /mkyE. From

kg = ShG(DA)G/db (31)

e~ TBrid @G =P u P

ran

Assuming that m ~ 10® {9], taking (D)L as
the diffusivity of SO in 1,2-dichloroethane,
ie. (D) = (Da)s= 2 X107° m? ¢! 91,
and with the other parameter values as used in
deriving eqns. (27) and (29), we obtain by
substitution into eqn. (32)

ks _ .15 .
ka 19 {090}
Thus, since £ > 1,
kg/mkLE < 0.15. (34)

Although the above analysis is very crude,
eqn. (34) suggests that the absorption rate is
limited by kg and eqn. (30) implies that
nearly all the SO; is absorbed during bubble
formation. However, experimental resulis on
the selectivity in 10 and 30 vol.% benzene
sulphonation exclude the possibility of

mapraaLRLI0I DAL RSanAlsl

completely gas phase lumtatlon Byproduct
formation was found to be much lower in the
10 vol.% than in the 30 vol.% benzene
sulphonation, while the reverse should have
been observed if compiete gas phase limita-
tion existed. Apparently, eqns. (30) and (34)

do not agree with these expnerimental results,
AW AV VY “6&"@ YYAWLA ViU DW \'“y‘vl““\'llm AL VL

One explanation may e that the approxima-
tions used in deriving these two equations are
too crude. However, a more likely possibility
is that &y, is lower than we estimated because
of an increase in viscosity at the interface.
Such a decrease in k;, has been observed prev-

iously in banzene sulnhonation in a stirred-

MPLY 234 MULILULIT SUAMIAUIIGULNIE A1 & SvaiiTial

cell reactor [9].

The second argument in support of ky
being lower than that observed for carbon di-
oxide and oxygen absorption in a hydroxide
solution is based on a comparison of the selec-
tivities obtained in the cyclone and in the

atimrad_nall maantare A mavimiim rolativa rata
NVILLUM WAL LUV VULD: 43 LAMBALMIIWUILIL LA WAGBVATY W LAV,



of byproduct formation is found in the
instantaneous reaction regime. For 1 — ' €
1, we derived [9] that byproduct formation is
approximated by
kysD A(Dg€a/Dy + €)
(kLE=)?
For an identical value of Dgcg/Dy + ¢, it
follows from eqn. (35) and from the observed
instantaneous reaction in the cell reactor [9]
that
(1—n"Yor _ Da)ertkrE~)scr
(1—7")scr  (Da)scr(krE-)’cr
The inequality sign has been included in egn.
(36) to eover the case of a non-instantaneous
reaction in the cyclone orin the titbe reactor.
It should also be noted that, owing to possible
gas phase limitation in the cyclone or the tube
reactors,

1—n'= (35)

(36)

(E=)scr

<1 37
E-Yor » @7
for identiecal ég and (Cp)g. Thus
(1 —1Yr _ (Daderlkr)scr (38)
(1—1)scr  (Dadscr(kL)’cr

Typical k;, values in the absence of an inter-
facial viscosity increase are (kp)cg ~ 1073 m
s~} and (kp)scr < 107* m s~ [9]. With dif-
fusivities equal in both reactors, it follows
from eqn. (38) that
A=
(1 —1")scr
The observed increase in interfacial viscosity
in the stirred-cell redactor lowers the value of
(RL)scr (D a)scr - Therefore eqn. (39) should
certainly hold if &y, in the cyclone reactor is
not lowered by an increase in viscosity near
the interface. For the sulphonation of neat
benzene and of 30 vol.% benzene, it was
found experimeritally that
(1 —n)cn
(1 —1)scr:
Apparently eqn. (39) does not hold for these
experiments. This observation also suggests
that &;, in the cyclone reactor, and therefore
also in the tube reactor, is lower during
sulphonation than without reaction.

A possible decrease of &y, has been attribut-
ed to an increase in viscosity at the interface
caused by pyrosulphonic acid accumulation.

<1072 (39)

&
75X10°2< <25X10°2  (40)
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The accumulation of pyrosulphonic acid was
approximated [9] by

ey — & = YineaiE (41)

The product ¢, E. is not very dependent on
Cay if E.. > 2, i.e. for 30% benzene and for
neat benzene sulphonation (Table 3 in ref. 9).
Thus for cases in ' which the reaction is instan-
taneous the interface pyrowlphomc acid
concentration is the same in all three reactors -
if bulk concentrations are also equal. In
principle, . this -analysis indicates that a
decrease in k;, can also occur in the cyclone
and in the tube reactors. However, it is still
possible for the value of the mass transfer
coefficient, as measured in the cyclone anid in
the tube reactors with the (O2—)CO,—aqueous
NaOH system, to remain a relative measure of
the actual k; in those reactors during
sulphonation, provided that gas and liguid
loads are similar in both types of experiment.

Figure 12 presents average values of 1 —n’
as a function of the liquid-side mass transfer
coefficient for the absorption of CO, in'
hydroxide solution in both the cyclone and
the tube reactors (fromi Fig. 4, partly by
extrapolation). From Fig. 12, it is readily -
apparent that the experimental differential
selectivities obtained in both reactors fall on a
single line, within the experimental error of
these measurements. However, the relation
for the case of an instantaneous reaction as
given by

1—7"~ kg2
is not observed; a power varying between 0.5
and 1 is more appropriate.

IR (AR &

T T Y

—— ﬂQ[his]
o

Fig. 12. Byproduct iormation 1—17" in the sylphona-
tion of 30 vol.% benszene in 1 Rdxchlorqnthaue at

20 °C, a8 a function of (kp)4: O, in the cyclone reac-
tor; 4, in the tube réactor.
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As shown earlier, sulphonation of 10 vol.%
benzene in 1,2-dichloroethane results in 100%
selectivity (Table 6). Compared with 30 vol.%
benzene sulphonation, the term
1+ DBEE
zD AMCag
decreases from 2.4 to 1.4 (Table 3 in ref. 9).
Apparently this is sufficient to produce a
substantially higher &y, by lowering ¢y; (eqn.
(41)), and also a far better selectivity. Com-
parison of the 10 vol.% benzene cyclone
experiments with the 5.3 vol.% benzene
sulphonation in the stirred-cell reactor [9]
shows that minimum byproduct formation is
found in the cyclone reactor even though the
higher benzene concentration favours
sulphone formation. At these low ¢y values
eqn. (39) may possibly hold.

An unequivocal theoretical explanation of
the observed effects of reaction conditions on
selectivity requires a detailed knowledge of
cas and of k5D, /k} (eqn. (35)) as a function
of ¢g and T'. However, such knowledge is not
available at present.

The observed values of k.S in the cyclone
reactor with reaction do not differ significant-
ly from the values measured without reaction
(Fig. 7). This is not in conflict with the prev-
ious analysis because nearly all the SO3 is
absorbed at a distance of a few bubble diam-
eters from the gas inlet and therefore k.S is in
fact measured without reaction in the major
part of the reactor volume.

8. CONCLUSION

In the sulphonation of liquid benzene with
gaseous sulphur trioxide in a cyclone reactor
and in a tube reactor, the observed selec-
tivities depend on conversion, on the initial
benzene concentration and on the mass
transfer characteristics of the particular
reactor. Minimum diphenyl! sulphone forma-
tion was obtained with a low initial benzene
concentration, a low benzene conversion and
the high liguid-side mass transfer coefficient
realized in the cyclone reactor.

NOMENCLATURE

sulphur trioxide
benzene

concentration, kmol m™
diameter, m

diffusion coefficient, m? s~
enhancement factor, i.e. factor by
which the rate of absorption is
increased by reaction

E. enhancement factor when reaction
(2) is controlled entirely by diffusion,
i.e. when reaction (2) is instantan-

3

1

MRS W

enous
f mole fraction in the gas feed
f volumetric gas fraction absorbed

during bubble growth at the porous

wall (with respect to the total gas

flow into the bubble)

gas phase

pyrosulphonic acid (benzenesulpho-

nic acid, monoanhydride with

sulphuric acid)

I CgHyS304H (benzenesulphonic acid,
monoanhydride with disulphuric
acid)

J absorption rate per unit area, kmol
m2s?! .

kys reaction rate constant of reaction (3),
m?3 kmol ! 571

kg gas phase mass transfer coefficient,
ms1

Ry, liquid phase mass transfer coefficient,
ms?

1 liquid phase

m (cat)r/(cas)g, solubility

m(t) total number of kilomoles absorbed
in the liquid during the first ¢
seconds of bubble age at the porous

Ll -]

wall for the case of physical absorption,

kmol
p pressure, bar, N m~2 ’
Ap/AL pressure drop per unit length, N m~3
Re pvd/u, Reynolds number
S specific interfacial area, m™?
Sc u/pD, Schmidt number
Sh kypd/D or kgd/D, Sherwood number
t time; age of a bubble at the porous
wall, s
T temperature, °C
U, superficial liquid velocity, m s™!
U, superficial gas velocity, in the

cyclone reactor defined at p,, and
related to the porous wall area; in



the tube reactor as usual, m s}

velocity, m s~1
stoichiometric coefficient from eqn.

(2)

Greek symbols

«
€

{ :

Na™E

th ©

Qe - e gwo
tgguerTenggREce

defined above eqn. (12)

gas holdup per cubic metre of
reactor

conversion of benzene

selectivity, fraction of benzene that
is converted into benzenesulphonic
acid

(differential) selectivity, fraction of
converted benzene that is converted
into benzenesulphonic acid during
the period {(i) — ¢(i — 1), where i is
the sample number

viscosity, Pa s
density, kg m™
surface tension, N m™
residence time of a bubble at the
porous cyclone wall, s

growth rate of a bubble, m? 57!

3
1

ubscripts

sulphur trioxide

bubble

benzene

during bubble formation
cyclone reactor \
cyclone and tube reacto
in the feed

gas phase

at the interface; in the inlet
pyrosulphonic acid

liquid phase
benzenesulphonic acid
solvent

stirred-cell reactor

tube reactor

at the porous cyclone wall
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methane—30 vol.% benzene in 1,2-
dichloroethane system ‘
oxygen—2.07 M sodium hydroxide
solution system

A bar over a variable indicétes the value in the
bulk of the liquid.
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