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Abstract 

Liquid benzene was sulphonated with gaseous 
sulphur trioxide in a tube reactor and in a 
new gas-liquid cyclone reactor. The products 
are benzenesulphonic acid and diphenyl 
sulphone (byproduct). 

The observed selectivity depends on the 
conversion, the inittal benzene concentration 
and the mass tnmsfer charactertstics of the 
reactor. Minimum dtphenyl s&phone forma- 
tion was obtained for a low initial benzene 
concentmtton, a low benzene conversion and 
with a high liquid-side mass transfer coeff6 
cient, as in the cyclone reactor. 

As the actual mass transfer mte during 
sulphonation could not be meusured, the 
observed selectivity was related to the mass 
transfer coefficient determined by the simul- 
taneous absorption of CO2 *and 0s in aqueous 
sodium hydroxide solution. 

1. INTRODUCTION 

For mass transfer followed by a fast chemical 
reaction of the type 

A(g) -+ A(1) (1) 
A(1) + zB(1) + zI(1) (2) 
A(1) + I(1) + I’(1) (3) 

van de Vusse [l] was the first to point out 
that selectivity with respect to I increases 
with increa8ing ma66 transfer coefficient kL. 
In view of t&s obaervatllbn, we developed a 
new reactor of cyclonic type ‘in which very 
high values of kb have been reali@d[$] , We 
showed [ 31 that the kinetics of thes;uIphona- 

tion of liuuid benzene (B) are comparable 
with tho& discussed by v&i de Vu&e (eqns. 
(1) - (3)), with A equivalent to Soa and 8 = H. 
PyrM.dphoniC acid (I) and c&,(so,)a~ (I’) 
in the bulk of the liquid convert wi4-h benzene 
to, rekpectively, the product beneeneaulph‘o- 
nit acid (P) and the byproduct diphenyl 
sulphone (X). 

In Part I we pre@kd experimental results 
on mass transfer and selectivity in a &irred- 
cell reactor, in which kL is low (approximate- 
ly lo-” m s-l). In the following, we report 
on sulphonation in a cocurrent gas-liquid 
tube reactor, with intermediate kL , and in a 
cyclone reactor, with high kL. 

2. REACTOR DESCRIPTION 

2.1. Cyclone reactor 
Figure 1 is a sketch of the cyclone reactor in 
which the moat important dimenkons are 
indicated. The construction material is 3&6 
stainless steel. The liquid is fed tangentially 
into the reactor A, as shown in Fig. 2. Part of 
the cylindrical wall is made of porous stainless 
steel (Ugine Carbone Poral ILR 20.30.34@ A 
gas mixture of sulphur trioxide and nitrogen 
is introduced into the reactor via this porous 
section. 

The liquid phase is the continuous phase in 
the cyclone reactor except near the cyclone 
axis. A gaseous core, due to the strong centri- 
petal field generated by the rotating liquid, is 
present at the cyclone axis. The field causes 
gas bubbles to spiral from the wall to the axis. 
For U,/v, < 6 X 1r2, the diameter of the gas 
core is of the order of the diameter of the 
upper outlet B, which is known as ‘the vortex.[ 3 ] 
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Fig. 1. Cyclone reactor: A, liquid inlet (4 X lOTa m); 
B, gas outlet (vortex) (3 X 10s5 m); C, liquid outlet 
(apex) (8.66 X lo@ m2); D, gas inlet; E, cone 
(120 “); PI, pressure indicator; (Y = 8” ; unit of length, 
10m3 m. 
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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 

Fig. 3. Tube reactor: diameter, 8 X low3 m; cyclone 
inlet diameter, 6 X 10-a m. A is the gas inlet and B 
the liquid inlet. 

the cyclone inlet. For these experiments the 
cyclone inlet diameter was enlarged to 5 X 
lOTa m. 

Because of the high solubility of SOs, 
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. kL in the cyclone reactor 
We measured IQ,, in an almost identical 
cyclone reactor, for simultaneous absorption 
of carbon dioxide and oxygen in a 2.07 M 
sodium hydroxide solution [ 21. From the 
results (Fig. 4) it can be seen that k,, is 
extremely high and can be described to a first 
approximation by 

kL N VU2 8 (4) 

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

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

m(t) = 3 57 cAiD$,1.2q52i3t716 . (5) 

where 

3- 
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Fig. 4. kL as a function of Us for CO2 in 2.07 M 
NaOH solution in a cyclone reactor with Vi = 5.97 m 
s-l (curve 1) and vi= 9.16 m s-l (curve 2) and in a 
tube reactor for UL - 1 m s-l (curve 3) and UL = 
1.75 m s-l (curve 4). 
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and t is the age of the bubble. The absorption 
rate per unit area at time t foho*s from 

1 
J(t) = 

dm(t) 

nId&)12 dt 
(7) 

Differentiation of eqn. (5) and substitution 
into eqn. (7) leads, after elimination of 4 
through eqn. (6), to 

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

-1 

J, = m(r) fn{q(t)}’ dt] 
0 

From eqns. (5), (6) and (9) it follows that 

(9) 

WV 

Equation (10) has been ,confirmed exper- 
imentally to within 20% [S) . The residence 
time T of the bubble at the surface depends 
on 4 and on the bubble diameter at t = 7. 
Defining d,,(7) 1 db, we obtain 

n d: 

r=s 7 
(11) 

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

Q’IZ- “4 db2 

and Q, becomes 

Combining eqns. (10) - (12) &ves 

JM = 1.51~ 

(12) 

(13) 

(G& = 2.18(~)llz = 1.51 I”“*,‘le-“) 1 
b 

(14) 

Estimates of the parameters given &I eqn. (14) 
are needed for an evaluation of (I&. The 
vahre of f,, in sulphonation experiments is 
typically about 0.1 and thus 1 -f’ > 0.9. The 

diffusim coefficient of SQs in di-ane 
is 2 X lo-@ ma s-l [6]. The bubble diameter 
db canbeexpe&edtobe&heorderof‘2X 
lO_” m [3J. Although a is unknown, it must 
be posit@e md bs tiwm or egrral b unity. 5x1 
Fig. 5, (k& is presented as a function of U, 
for selected vahres of adb. 

F’ii. 8. WINI tmwfek co&fkikmt during bubble iorrma- 
tim at the eyclom wall, aa a function of U, &u lome 
Wh~‘,fad,,;1-~‘=O.~;D~, * 2 x 10-8 In2 r-l. 

A comparison of the kL 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. kL in. tke tube reactor 
Different types of flow patterns can be distin- 
guished for cocurrent gas-liquid flow in hor- 
izontal tubes [ 7 1. 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] #at 

,kL = 4.69 
(Ap JAL)D2 o.26 

(I- e)2pdm t 
- 6 x 1o-4 (15) 

where Ap/AL is obtained from the Lookhart- 
Martinelh correlation and, c from Hughmark’s 
relation. Equation (16) was obtained for 
0.22 < Ur, < 0.78 m s-l and 1.13 < U, < 
5 m s-l. Figure 4 gives the calculated v&es 
of the liquid-side masstzansfer coefficient for 
the carbon di&xide+aqueous 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. (16) was assumed to 
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remain valid for liquid velocities up to 1.75 m 
S-l. 

kL is lower than in the cyclone reactor, but 
still high compared with conventional bubble 
contactors. As a first approximation, the rela- 
tion between kL and U, is given by 

h N 
113 

us (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 
10T3 m3 (diluted) benzene. Liquid was 
pumped from the tank to the cyclone reactor 
CR by a variable speed gear pump Pl. The 
liquid flow rate was measured with a displace- 
ment meter FI. 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 l,Zdichloro- 
ethane to remove the ethanol. 

4.2. Sulphur trioxide storage 
A drum S03D of 0.2 m3 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 

Fig. 6. Experimental set-up. 
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prevent polymeriaation of the sulphur tri- 
oxide. The container SOBS, which was 
tbermostatted internally with oil ati 39 v 
(CT%), was periodically refilled from the 
drum with about 0.01 rn’ liquid sulphur tri- 
oxide. This was accomplished by reducing the 
pressure in SOsS 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 Raachig rings (packing height 1 m) over 
whiuh mrlphuric acid was continuously re- 
circulated to absorb the sulphur trioxide. 

4.3. GtJs pow 
Nitrogen was dried in one of two parallel 6A 
molecular sieve beds DC. Whilst one bed was 
in operation the other wa8 regenetited with 
hot air. Flow controllers 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 SOaS) 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 
flacks, 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 me as that 
used for the cyclone experiments. However, 
in these experiments gas was not supplied to 
the cyclone but to the liiuid inlet pipe 
instead, at a distance of OJ m from the 
cyclone reactor inlet. 

4.5. Stirred-cell reactor experiments 
Al+ shown in Fig. 6 is the setup for stirred- 
CeU’sulphonation, which was described in 
Part I [9l. The reactor SCR was filled with 
degassed liquid from Cl. SOa gas was obtain- 
edby,the vapour pressure difference between 
the SOs container SO& and the reactor. 

4.6. Degas&g unit 
THe degw&ng unit consisted of two 
containers Cl and C3, ew$ with avolume of 
0.02 ma, which were connected by a 4 in 

packed column PC (Rasuhig rings, 2 m packing 
height). 

Liquid could be batahwiae by 
spraying it over the evacuated packed bed PC 
three times whilst continuously withdrawing 
gases with the vacuum pump VP. Liquid 
transport fromC2 to Cl was pmaure driven 
by evacusting Cl and bringing C3 #to atmo- 
spheric pressure. 

6. ANALhGAL TECHNIQUES 

5.1. Benaenesulphonic acids 
The reaution mix@re (.lO-” to 2 X1ra kg) 
was diluted with 5 X lo-’ kg ethanol and 
titrated in.duplicate with 1 M n-butylamlne in 
dioxane. In this way H&B, and CsHsSOsH 
could be analysed separately, The variance in 
duplicate measurements was lO_’ kmol 
benaenesztlphonic acid per kilogram of 
mixture. Renxenedisulphonic acid was below 
1% relative to monosulphonic acid (measumd 
by gel permeation chromatography (Sephadex 
LH20,O.g m X 0.01 m, eluant methanol)). 

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

The condition8 in the GW: andysis were as 
follows: 

injector, 360°C 
column, 1-a OV-17 on Chrom:W (atomic 

weight 66139) mesh, 2.5 m, % in, 1% 
NaGH treated 

column temperature, 225 ?Z 
detector, katharometer, 0.166 A, 326 % 
.carrier gas, helium (1r6 ms s-l) 
am;?: ;{ m&ion mixture, (4-10) X 

residence time of m&hone, about. 10 min 
In gravimetric analysis, the reaction 

mixture (2 X1K4 mS) was washed three 
times with water to extract the a&da. Recause 
of the small difference in den&y between the 
organic andthe acid phase,- 8 centrifuge was 
used to separate the very small aque0us drops 
from the organic phase. The organ% phase 
was then mixed with water, after which 
benzene and dichloroethane were evaporated 
at about 60 SC. The water-insoluble diphenyl 
sulphone precipitate was filtered, dried at 



44 

50 “C in a vacuum oven and weighed. The 
purity of the diphenyl &phone 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 1,2dichloroethane. 
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 39) the SOs content in the feed gas 
and in the off-gas was analysed by sampling 
2 X 10m3 m3 gas in a carefully dried cylinder, 
by adding a known amount of sodium hydro- 
xide solution, by allowing the SO3 to absorb 
for 15 min on a rolling bank, and by mea&- 
ing the original SO3 content by back-titration. 
The SO3 detected in the off-gas was in all 
cases below 0.1 vol.%. 

In the other experiments the SO3 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&S) 
in the cyclone reactor 
The product of the liquid-side mass transfer 
coefficient t2L and the specific gas-liquid 
contact area S in the cyclone reactor was 
measured for 1,2dichloroethane 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 kLS measurement 
experiments was not recirculated to the 
stirred tank ST (Fig. 6) but instead was 
collected in a separate tank. Spent liquid 
could be reused 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 kLS was 

identical with that described in a previous 
paper PI. 

In another series of experiments, a gas 
mixture containing methane, sulphur trioxide 
and nitrogen was used to measure kLS under 
reaction conditions (vol.% SO3 = vol.% 
N2/4 = 0.1/U,). 

The experimental results are summarized in 
Fig. 7. From this fiire 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 [ 21 (broken line in Fig. 7). This 
difference in kLS is mainly caused by differ- 
ences in D and u. With sodium hydroxide as 
the solution we obtained [2] reasonable 
values for kL and S by predicting S following 
van Dierendonck [lo] and kL using 
Calderbank and Moo Young’s approach [ 111. 
From these references, for completely mobile 
bubbles it is expected that 

k$ -’ 
p3~112 

01/2Pl/6 

and for rigid bubbles 

(17) 

kLS - 
pg3/3 

pp3 (W 

With D3/D4 = 2.04 [12,13], p3/p4 = 0.46, 
u3/u4 = 0.41 and p3/p4 = 1.05, it follows that 
for rigid bubbles 
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Fig. 7. kfi as a function of Us in benzene-1,2-dichloro- 
ethane mixtures: 

ui = 3.98 m s-l vi = 6.63 m s-l 
10 vol.% benzene V 0 
30 vol.% benzene V 0 
30 vol.96 benzene, 7 a 

with reaction 
The broken line is for simultaneous absorption of CO2 
and 02 in aqueous sodium hydroxide with Vi = 6.97 m 
s-1. 



~L59d(kLS)4 = 3.4 

nd for mobile bubbles 

bLS)s/(kLS), = 2.6 

‘or comparison, Fig. 8 shows the v&es of 
LS in the tube reactor for our experimental 
ss and liquid loads. 

I I I 

1 2 
- &J-A 

ig. 8.Calculateii[8] v&eaofk~inthetubereac- 
Dr with 2.07 M NaOFI solution as the liquid phase 
~dCQ~asthegaaphase@=4bar,T=25°C). 

.2_ Selectivity in the cyclone reactor 
‘able 1 gives the scheme used for sulphona- 
ion experiment8 in the cy@cme reactor. Orig- 
ially, the liquid inlet velocity vi and the 
ritial benzene concentration were expected 
3 be the main parameters affecting the selec- 
ivity obtained. With regard to vi, however, 
ur experimental results indkate that errper- 
nental errors alone can account for ‘any 
sriation in selectivity observed for the range 
< vi < 8 m s-l. 
In contra& the superficial gas velocity had 

significant influence on selectivity. There- 
3re relatively high gas velo&ies were used in 
wo series of experiments (30 and 100 vol.% 
enzene at 20 “c) to sttrdy this effect in more 
etail. The experimental results are given in 
‘able8 2 - 6. 

In principle, selectivity can be a functloar of 
liquid in&t velocity .vi, suparficialgas v&&y 
U,, sulphur k-i&ride concentktion (cJi in the 
gas feed, benzene concentration Zx in the 
bulk of the liquid, benzene&phonic acid 
concentration cfr in th$ 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 experiment& results obtained 
at 20 “c and at 40 “C were each correlated 
according to 

1 - 7’ = CU,o~VpI@(C*~~~ * (19) 

Additionally, the series of results with 30 
vol.% benzene and the series with neat 
benzene were each correlated according to 

l--s’= CU>vi”)r?l~(c,~@ (26) 

The regression equations (19) and (26) am 
logarithmically linear. Optimized sets (C;u,) 
were calculated by a multiple regmssion 
analysis of the logarithmic form of the equai 
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 signifkant 
decrease oft)’ with increasing 5 was observed 
in the series in which 5 was increased above 
5 = 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 - 7)’ was mgmssed once more on 

'ABLE1 

ulphonationexperimentsinthe cyclonereactor 

I Initial ~01.96 benzene in the liquid phase 
C) 

VI 
(m r-l) 

fA s 

0 10 0.02 - 0.04 3.5 6.8 - 0.09 - 0.11 0.13 - 0.46 
30 0.01 -0-38 3.3 7.9 - 0.06 -0.13 0.07 -0.42 
100 0.01 - 0.21 2.8 -6.6 0.08 -0.13 0.01 - 0.05 

0 30 0.01 0.08 - 2.7 7.9 - 0.09 -0.12 0.04 -0.61 
100 0.01-0.02 2.4-7.6 0.11 - 0.12 &Ol -0.06 
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TABLE 2 

Sulphonation of 30 vol.% benzene in 1,2_dichloroethane in a cyclone reactor at f 20 “C 

Exp. no. CJS 
-l) (ms 

vi 
(m s-l) 

fA r IF 

W) 
PW 

(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 

16 0.202 7.92 0.064 0.203 0.983 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. 2 S-l) 
Oi 
(m s-l) 

fA 5 17’ L PW 
@=-I 

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 x 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 (US) and a partially 
significant influence (Cp), according to 

1 -q’ = CU>C$ (21) 

Table 7 lists the values thus obtained for C, a1 
and a6. 

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 1,2dichloroethane 
and of neat benzene, respectively. The ranges 
for US and U, are such that the gas and liquid 
loads in cubic metres per second are compa- 
rable with those in the cyclone experiments. 
From Table 8 it follows that the influence of 
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TABLE4 

Sulphonation of neat benzene ina cyclone reactor at40°C 

Exp. no. 

31 0.012 7.68 0.119 0.008 0.954 40.8 1.68 
0.017 0.966 
0.028 0.943 
0.049 0.960 

32 0.014 4.30 0.119 0.022 0.960 40.2 1.19 
0.036 0.969 
0.046 0.947 

33 0.019 2.37 0.105 0.013 0.961 40.0 1.094 
0.024 0.968 
0.043 0.962 

TABLE6 

Sulphonationofneathenzenein acyclonereactorat*20OC 

Exp. no. 

41 

42 

43 

44 

vi 
(ms-1) 

6.37 

2.83 

6.03 

6.63 

fA 

0.111 

0.134 

0.078 

0.083 

5 d 

0.013 0.946 
0.022 0.950 
0.036 0.962 

0.012 0.966 
0.024 0.954 
0.036 0.959 
0.061 0.973 

0.012 0.972 
0.064 0.981 

0.023 0.978 
0.038 0.979 

pw 
(W 

x.39 

1.10 

1.73 

1.70 

TABLE6 

Su~honationof10vol.%benzeneinl,2dichloroethaneinacycloliererctoratt20OC 

Exp. no. “i 
(mr-l) 

‘fA s rl’ 

FC) 
Pw 
(W 

61 0.026 6.80. 0.106 0.128 0.996 23.0 1.77 
0.187 >l.OO 
0.269 1.00 

62 0.030 3.46 0.107 0.136, 6.996 20.0 1.23 
0.234 >l.OO 
0.927 1.00 

63 0.042 6.89 0.088 0.222 0.998 20.6 1.68 
0.320 0.988 
0.459 0.996 

the aqerfi4 gas veloe&y on select is 
analogous to the resulb obtained in the 

cyclone m&or, i.e. ,blglker g648 mlodt3es result 
in less bypmduct fommtiort. 
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TABLE 7 

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

Regressed experiments c 01 a5 

20 “C (36 + 100 vol.% benzene) 0.0142 -0.21 f 0.10 -0.09 * 0.18 
40 “C (30 + 100 vol.% benzene) 0.0062 -0.53 f 0.21 0.30 + 0.20 
30 vol.% benzene (20 + 40 “C) 0.0086 -0.46 * 0.16 0.43 f 0.23 
100 vol.% benzene (20 + 40 “C) 0.0140 -0.23 i 0.09 -0.07 f 0.17 

TABLE 8 

Sulphonation of 30 vol.% benzene in 1,2dichloroethane in a tube reactor at f 20 “C 

Exp. no. 
2 s-l) 

61 0.266 

62 0.268 

63 3.88 

UL 
(m s-l) 

1.13 

1.05 

1.51 

fA 

0.078 

0.078 

0.052 

5 11’ 

0.016 0.913 
0.050 0.929 

0.016 0.908 
0.037 0.915 
0.062 0.949 

0.114 0.977 
0.326 0.971 

!I+ P 
(“c) (bar) 

20.6 1.51 

19.0 2.61 

20.8 4.05 

TABLE 9 

Sulphonation of neat benzene in a tube reactor at f 20 “C 

Exp. no. 
2 S--l) 

64 3.83 

66 4.07 

UL 
(m s-l) 

1.76 

1.78 

fA 

0.048 

0.046 

5 v’ 

0.040 0.943 
0.106 0.948 

0.047 0.954 
0.120 0.936 

FC) 

20.0 

19.5 

P 
(bar) 

3.95 

3.82 

7. DISCUSSION 

As shown in Table 6, sulphonation of .lO 
vol.% benzene in 1,2dichloroethane 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 1,2dichloro- 
ethane and of neat benzene. 

An interpretation is even more speculative 
for the result8 presented here than for the 
previously discussed sulphonation in a stirred- 
celI reactor [ 91. In the stirred-cell reactor 
direct information on kL was obtained from 
the measured absorption rate J, and gas phase 
resistance wa8 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 take8 place mainly 
during bubble formation; 

(2) whether kL is lowered by an inter-facial 
ViSCOSity increase; 

(3) whether the reaction can still be consid- 
ered a8 instantaneous; 

(4) whether gas phase resistance prevails. 
Two argument8 can be presented, both of 

which indicate that in these reactor8 the mass 
transfer coefficient kL during sulphonation is 
possibly lower than that observed experimen- 
tally for carbon dioxide and oxygen absorp- 



Fig. 9. Byproduf$ fqmation in the eulpbon&M of neat benaeneat *20 % nit& geseGue,$or * di@ered~meetqre: 
*,averegjel-~‘iutbec+nereectur;- 
1 --‘in the tube ma&or;+, aVerage 1 

, remon eqn. (Pi) (Table 7) fop op * 0.83 ksud mea; A, weage 
- q iu the rtirmd-eelt mac@r (t * 0.06; T - 26 9c). . 

Fii. 10. ByprocWt fuF2Bathnl in the dphonation of 30 vol.96 beaeene in 1,2-dichloroeth&e ‘at f 20 “c with 
gUw%ua 808, in dWe?ei&t redQton‘: l , eve*e l- T’ in tbe cyclone reactor; - 
for Fp = 0.33 kmol md3; A, average 1 -~‘inthetubemactor;+,a~el 

, mgredon eqn. (21) (Table 7) 
- q in #be 8tirfM-dall reaewv (g m 0.1) 

T - 26 “C). 

tion in hydroxide solution. Such an effect has 
in fact ahwady beenn&ed inthe at&M-cell 
reactor, aa reported .iu LPart I of this work [@I. 

The first argumen* beg&s with a crude 
estimate of the fraation of $Qa th&t P absorb- 
ed during kmb&le,form&tian ait the cycione * 
well. For a given *a&e of iko , ihi& fkactio~ is a 
maximum if the *xv&&48nc& to ma86 transfer is 
completely in the *phase. Then 

(22) 

where c’ is th bulk concentration in the Gary 
bubble. On ~ximat&g E*(b) by an effec- 
tive mean con&an& conceMration EA and 

assuming the Sherwood number to be a 
constant, we obtain 

kG(t) = ShG@a)G/db(t) (23) 

With eqns. (6), (‘il), (12) and (23), eqn. (22) 
can be integrated to yield 

(24) 

An integral SOS btdand over.8 bubb#e &ring 
the 7 second8 of, bubble forma&n &&8 

(CA)f - (1 - f’)& * m(r)(l - f’) 
(CAh ticAh 4 

(26) 

Aftez &ubsti&ing m(r) frarn eqh. (24) md 97 

fmtn eqn. (11) we obtain 
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SOs absorbs mainly during bubble formation: 

of= 
3 (30) 

CA 

The determination of whether mass 
transfer limitation is by ko or by IzL follows 
from the ratio kG/mkLE. From 

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

and using kL from eqn. (14), this ratio 
becomes 

10 

l-q%] 

1 i 
5- 00 

. 

. 

':\ 
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Fig. 11. Byproduct formation in the sulphonation of 
benbe with SO3 at approximately 40 Y!: O,*, l- 
T)’ i&t’he cyclone reactor; Or30 vol.96 benzene, 5 = 
O.l;- , regression eqn. (21) (Table 7) for + = 0.33 
kmol mT3; 0, neat benzene, c = 0.04; f, average 1 - 
ri in the stirred-cell reactor for T = 45 “C and 30 vol.% 
benzene at 5 = 0.15. 

@AIf (DA)G a 
- =l--f’+3ShG - - 
CA db us (26) 

With 10 vol.% S03, as was typical for our 
experiments, f’ < 0.1. The bubble diameter is 
probably of the order of 2 X lo-* m [3] and 
DA = 1.25 X lo-’ m2 s-l [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 a and U, and letting a! = 0.5 for U, = 
0.6 m s-l gives 

@AIf 
- = 1 + 0.2Sho 

c’A 
(27) 

No published data are available at present on 
mass transfer in the gas phase during bubble 
formation. However, the relation [ 151 for a 
rising bubble given by 

ski =6.6 +$ ReGSCGX 

x 1 - 0.61 exp 
(-so) t (28) 

suggests that ShG is not much above 6.6 for 
db = 2 X lo-* m [3]. Because 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 eqns. (27) and (29) it follows that for 
the case in which gas phase limitation prevails 

hi ShG(DA)G -= 
mkL l.Fjm{db(DA)& -f’)&/c,}1’2 

(32) 

Assuming that m m 10’ [9], taking (DA)L a~ 
the diffusivity of SO3 in 1,2dichloroethane, 
i.e. PAIL = (DAIS = 2 X lo-’ m2 s-l [9], 
and with the other parameter values as used in 
deriving eqns. (27) and (29), we obtain by 
substitution into eqn. (32) 

ko 
- = 0.15 
m& 

Thus, since E 2 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 SO3 is absorbed during bubble 
formation. However, experimental results on 
the selectivity in 10 and 30 vol.% benzene 
sulphonation exclude the possibility of 
completely gas phase limitation. 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 complete gas phase limita- 
tion existed. Apdarently, eqns. (30) and (34) 
do not agree with these experimental results. 
One -explanation may be that the approxima- 
tions used in deriving these two equations are 
too crude. However, a more likely possibility 
is that kL is lower than we estimated because 
of an increase in viscosity at the interface. 
Such a decrease in kL has been observed prev- 
iously in benzene sulphonation in a stirred- 
cell reactor [9] . 

The second argument in support of kL 
being lower than that observed for carbon di- 
oxide and oxygen absor@tion in a hydroxide 
solution is based on a comparison of the selec- 
tivities obtained in the cyclone and in the 
stirred-cell reactors. A maximum relative rate 
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of byproduct formation is found in the 
instantaneous reaction regime. For 1 - r)’ Q 
1, we derived [9] tha$ byproduct formation is 
approximated by 

(35) 

For an identical v&e of DaZa/Dr + 51, it 
follows fkom eqn. (35) and from the observed 
instantaneous reaction ih the cell reactor [SJ 
that 

(1 - o’hx 
(1 -dhcR~ 

C~A)m(k~E-)2sca 
Vh&ddW2, (33) 

The inequality sign has been included in eqn. 
(36) to cover the case of a non-instantaneous 
reaction in the cyclone or in tha t&be reactor. 
It should also be noted that, owing~to possible 
gas phase limitation in the cyclone or the tube 
reactors, 

@&~a < 1 

(E.=)cT 
(37) 

for ident&&& -and (E& . Thus 

(33) 

Typical kL values h the absence of an inter- 
facial viscosity increase are (k& * 10-s m 
s-l and (k,JBCR < 1r4 m s-l [9]. With dif- 
fusivities equal in both reactors, it follows 
from eqn. (38) that 

(1 - &a 
(1 -?j’)=a < 1o-2 (39) 

The observed incmase in interfacial viscosity 
in the stirred-ceh recistoj; lowers the value of 
(kL)2m /(IlAb. %‘lmefo~ eqn. (39) should 
certainly hold if kL ih the cydtme reactor is 
not lowered by an inmase in visoosily near 
the interface. For the sulphonation of neat 
benzene and of 30 vol.% benzene, it was 
found experimentally that 

7.5 x 19-s < (I- Q’)oa < 25Tx 10-2 

(I- dzlz’ 
(49) 

Apparently eqn. (39) does not hold for these 
experiments. This observation also suggests 
that kL in the cyclone reactor, and therefore 
also in the tube reactor, is lower during 
sulphonation than w&bout reaction. 

A possible d&crease of kL has been attribu+ 
ed to an increase in vlsedeity at theinterface 
caused by pyrosulphonic acid accumulation. 

The aceumuk&ior~ of pyrosu@hor& tid was 
approximated [9] by 

Cx - &‘= %QC~E (41) 

The product cAiE, is not very dependent on 
cAI if E, > 2, iA?. for 30% benzene and for 
neat benzene sulphonation (Table 3 in ref. 9). 
Thus-for cases in whidh the reaction is insum- 
taneous the h&f&e pyroePPphonb acid 
concentrationis the same in aE thkee rM&ors 
if bulk concan&&ions are also equal. In 
principle, : this ~and~&is indicates that a 
decrease in kL cm also o&ur in the cyclone 
and in the tube raa&ors. However, it is &ill 
possible for the value of the mass transfer 
coefficient, as measured in the cyckme and in 
the tube reactors with the (OS-) Coa-aqueous 
NaOH system, to remaina relative measure of 
the actual kL in those rcswhom during 
sulphonation, provided that gas and, liquid 
loads are similar in both types of axpariment. 

Figure 12 presents average values of 1 - Q’ 
as a function of the liquid-side mass ‘transfer 
coefficient ‘for the absorption of CQa in 
hydroxide solution in both the cyclone ‘and 
the tube rea&ors (fro&‘Fig. 4, pnrtly by 
extrapolation). From Fig. 12, it is readUy 
apparent that the experimanud differential 
selectivities obtained in both reactors fall on a 
single line, wifiin the experimerrtk~error of 
these measurements. However, the relation 
for the case of ‘an instantzMeous reaction as 
given by 

1 -q’~ kE2 

is not observed; a power varying between 0.5 
and 1 is more appropriate. 

Fig. 12. Byproduct formatb I- q’. b t@e sdphom- 
tion of 30 vol.% bsnsren9 in 3,2-@Q~.at 
20 “c, & a fuhctioh Of (k& 0, iti tik ;dj&m& ?ac- 
tar ; A, in the tube *actor. 
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As shown earlier, sulphonation of 10 vol.% 
benzene in 1,2dichloroethane results in 100% 
selectivity (Table 6). Compared with 30 vol.% 
benzene sulphonation, the term 

DBzB 
1+ - 

ZDAmCAe 

decreases from 2.4 to 1.4 (Table 3 in ref. 9). 
Apparently this is sufficient to produce a 
substantially higher kL, by lowering cIi (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 [Q] 
shows that minimum byproduct formation is 
found in the cyclone reactor even though the 
higher benzene concentration favours 
sulphone formation. At these low i& values 
eqn. (39) may possibly hold. 

An unequivocal theoretical explanation of 
the observed effects of reaction conditions on 
selectivity requires a detailed knowledge of 
ca and Of_kl&,+/k~ (eqn. (35)) as a function 
of 5~ 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 SOs is 
absorbed at a distance of a few bubble diam- 
eters from the gas inlet and therefore kLS 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 liquid-side mass transfer coefficient 
realized in the cyclone reactor. 

NOMENCLATURE 

A 
B 

Z 
D 
E 

E, 

g 
I 

I’ 

J 

ka 

kG 

kL 

1 
m 

m(t) 

P 

APIAL 
Re 
S 
SC 
Sh 
t 

T 

UL 

v, 

sulphur trioxide 
benzene 
concentration, kmol mV3 
diameter, m 
diffusion coefficient m2 s-l 
enhancement factor,‘i.e. factor by 
which the rate of absorption is 
increased by reaction 
enhancement factor when reaction 
(2) is controlled entirely by diffusion, 
i.e. when reaction (2) is instantan- 
enous 
mole fraction in the gas feed 
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- 
nit acid, monoanhydride with 
sulphuric acid) 
C6H6S309H (benzenesulphonic acid, 
monoanhydride with disulphuric 
acid) 
absorption rate per unit area, kmol 
m-2 s-l 

reaction rate constant of reaction (3), 
m3 kmol-’ s-l 
gas phase mass transfer coefficient, 
m s-l 
liquid phase mass transfer coefficient, 
m s-l 
liquid phase 
(cAi)L/(cAi)G , solubility 

total number of kilomoles, absorbed 
in the liquid during the first t 
seconds of bubble age at the porous 
wall for the case of physical absorption, 
kmol 
pressure, bar, N mm2 
pressure drop per unit length;’ N mm3 
P ud/p, Reynolds number 
specific interfacial area, m-l 
p/pD, Schmidt number 
kLd/D or kGd/D, Sherwood number 
time; age of a bubble at the porous 
wall, s 
temperature, “C 
superficial liquid velocity, m s-l 
superficial gas velocity, in the 
cyclone reactor defined at pw and 
related to the porous wall area; in 



the tube reactor as usual, m s-l 
LJ velocity, m s-l 
z stoichiometric coefficient from eqn. 

(2) 

Greek symbols 
a defined above eqn. (12) 
E gas holdup per cubic metre of 

reactor 
5 conversion of benzene 
r) selectivity, fraction of benzene that 

is converted into benxenesulphonic 
acid 

rl’ (differential) selectivity, fraction of 
converted benzene that is converted 
into benxenesulphonic acid during 
the period S(i) - g(i - l), where i is 
the sample number 

Er viscosity, Pa s 
P density, kg m-s 
(I surface tension, N m-l 
7 residence time of a bubble at the 

porous cyclone wall, s 
cp growth rate of a bubble, ms s-l 

Subscripts 
A 
b 
B 
bf 
CR 
CT 
f 
G 

: 
L 
P 
S 
SCR 
TR 
W 

sulphur trioxide 
bubble 
benzene 
during bubble formation 
cyclone reactor , 
cyclone and tube reactors 
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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3 methane-30 vol.% benzene in 1,2- 
dichloroethane system 

4 oxygen-2.07 M sodium hydroxide 
solution system 

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