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ABSTRACT

A BACK-MIX REACTOR SYSTEM FOR

THE SULFONATION OF BENZENE

David R. Hart

Doctor of Philosophy, August 1975

(B. S., Auburn University, 1951,

M. S., University of Alabama, 1970)

112 Typed Pages

The sulfonation of benzene by aqueous sulfuric acid at

atmospheric pressure in the so-called "partial-pressure distillation

procedure" has been studied. The feasibility of continuously

sulfonating benzene in a 30-gal back-mix reactor system was successfully

demonstrated. It was determined .that the reaction is first order

with respect to sulfuric acid, that the activation energy of the

reaction is 12.0 kcal/gmol, that the frequency factor is 5.93 x 10^ hr

and that the residual benzene in the sulfonation mixture can easily be

stripped to equilibrium concentrations. Batch sulfonation of benzene

was studied using a liquid-phase "pre-reactor" and a second-stage

vapor-phase reactor, an arrangement which corresponds to commercial

practice. In the pre-reactor studies, it was determined that the

order of reaction was 0.657 with respect to benzene and that the

activation energy was 7.93 kcal/gmol. Further work showed this system

to be solubility limited, and the unusual order of reaction and low

activation energy were attributed to this limitation. The second- 



stage vapor-phase reaction was found to be first order in sulfuric 

acid. In general, superheating the benzene vapor being passed into

the reaction mixture increased reaction rate. It was determined that

the reaction is mass transfer limited at low benzene flow rates but

kinetically controlled at high benzene rates. Finally, certain model

equations, developed in the literature as "ideal" for two-phase

reactor systems (corresponding to the traditional idealized "plug-flow"

and "back-mix" reactors for single-phase systems) were evaluated, and

it was determined that these model equations predicted values of benzene

concentration which were about 50% of the actual values, an accuracy

which is good enough to serve as a starting point for the design of a

sulfonation system.
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CHAPTER I

INTRODUCTION

Benzenesulfonic acid (BSA), a product of the reaction between

benzene and sulfuric acid (^SO^) , is a very important chemical inas­

much as it is used as an intermediate and as a catalyst for esteri­

fication, polymerization and dehydration. For example, Quinn (10)

states that approximately 420,000,000 pounds of BSA were produced in

the United States and 500,000,000 pounds in the rest of the world

in 1961 for the synthesis of phenol alone.

The water formed by the reaction between benzene and H„SO.2 4

dilutes the unreacted ^SO^, and this dilution causes the sulfonation

reaction to slow down and, ultimately, to stop (i.e. , to reach equili­

brium) . It is well established that equilibrium is reached in the

benzene-H2SO^ system when the ratio H^O^/(H^O^ + H20) becomes 0.78

under standard atmospheric pressure (5,11). The value of the ratio

where reaction stops is the so-called "pi-value", and the pi-value

is specific for each chemical undergoing sulfonation.

A great deal of thought and effort has been devoted to over­

coming the problems caused by the fact that this system reaches

equilibrium. The simplest technique which suggests itself is the

use of excess H2SO^ so that residual acid strength is always above

the critical 78% value, but this approach has the disadvantage of

wasting nearly as much as is used in the reaction.. Furthermore,

this excess acid usually must be separated prior to the use of the

sulfonic acid.

1
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Oleum is the name given to solutions of sulfur trioxide (SO^)

in H^SO^. Because SO^ can react with benzene without liberating

water, the use of oleum instead of would appear to be indicated.

However, experience shows that benzene is prone to the formation of

the undesirable by-product, diphenylsulfone, when reacted with oleum

above about 10% in strength (i.e., 10% dissolved SO^). Because 10%

oleum is only equivalent to 104.5% ^SO^, the reaction does not proceed

far before the SO^ is consumed and all further reaction is between

benzene and ^SO^. One literature reference (3) suggests reacting

200 parts of benzene with 450 parts of 10% oleum. Calculation shows

that the residual ^SO^ strength is 85.3%, but 45.3% of the H2SO4 does

not enter into the reaction.

The method which has finally evolved is a so-called "partial­

pressure distillation procedure", first described by Guyot (6) , in

which the water of reaction is removed by passing an excess of

benzene vapor through the reaction mass. Upon condensation of the

benzene-vapor, water-vapor mixture, the benzene easily separates

from the water and is recycled back into the reaction. The water

is discarded.

After a satisfactory method had been developed for upsetting

the equilibrium, additional work was done to adapt this procedure

to a continuous-processing mode.

Planovskii and Kagan (10) described the following procedure.

Sulfuric acid is continuously added to the sulfonator through suitable

regulating devices, liquid benzene is fed simultaneously to a vapori­

zer-superheater and the superheated vapor is passed into the sulfona- 
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tor, the H^SO^ reacts with the benzene, and the reaction mass, con­

taining 30% unreacted l^SO^, flows to the top of a plate column which

acts as a second sulfonator. The mass flows downward through the

column and contacts and reacts with an ascending stream of additional

benzene vapor. The BSA is discharged from the bottom of the column

while the benzene vapor and water are removed at the top of the column

through a condenser. The benzene is separated, dried and reused.

Although this method appears to be sound, the author knows of

no place where it is actually in use. In fact, a former colleague,

who worked specifically to set up such a reaction system, reported

that the product he recovered contained 10-15% diphenylsulfone (7) ,

an amount which is unacceptably high.

Therefore, the present investigation was initiated with the

goal of continuously producing BSA which would meet commercially

acceptable quality standards. ("Commercially acceptable quality

standards" typically represent trade-offs between low residual H„SO,
2 4

and low diphenylsulfone contents, and therefore, such standards are

different for each individual company. For the purposes of this work, 

commercially acceptable is defined as representing a residual H^SO^ 

content of 5% maximum and a diphenylsulfone content of 3% maximum.)

Determination of the kinetics of the sulfonation reaction and study

of the formation of diphenylsulfone would be included in the present

investigation as being fundamental parts of a such a study.



CHAPTER II

RESULTS OF PREVIOUS RESEARCH

The study of the kinetics of the reaction between benzene

and HzSO^ is significantly complicated by the fact that the water

formed by the reaction dilutes the remaining H^SO^ and causes the

reaction rate to slow down. Consequently, most investigators have

tried to minimize this effect by using a large excess of one of

the reactants. As might be expected with such different procedures, 

a number of values have been reported in the literature for reaction 

order and activation energy.

Stubbs et al. (14) studied the sulfonation of benzene with

in nitrobenzene solution, utilizing the method of initial rates.

The extent of reaction was determined by measuring the amount of 

water liberated. The analytical method is based on the fact that 100%

^SO^ is completely miscible with nitrobenzene, but the addition of

only a few percent of water causes turbidity. Thus, by determining

the phase relations of the ternary system nitrobenzene-water-H2 SO.4

the amount of water at the turbidity point is known for any given 

nitrobenzene-H2S0^ ratio. For example, if a mixture of nitrobenzene

and 100% ^SO^ is titrated with another mixture containing nitrobenzene

and 95% ^SO^, a definite amount of the latter mixture will bring the

system to the turbidity point. If the mixture of nitrobenzene and

100% ^SO^ is permitted to react for some time so that a small quantity

of water is formed, and if the final mixture is again titrated to the 

turbidity point with the nitrobenzene-95% H2SO4 solution, the amount

4
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of titrating solution will be less than that used previously, and the

amount of water present before titration can be calculated. Separate

calibrations are required for each concentration of each aromatic

compound used. In experiments in which nitrobenzene was both solvent

and reactant, it was shown that the rate of sulfonation of nitrobenzene

is much slower than that of many other aromatic compounds, so slow

in fact that nitrobenzene can be used as a solvent for these-compounds.

Stubbs et al. made their measurements on samples in stoppered

tubes immersed in thermostats. Typical quantities employed were:

nitrobenzene 32.0 ml; l^SO^ 0.2268M; aromatic compound 0.08—1.0M.

The composition with respect to all compounds except reaction products

was taken as nearly constant during the reaction. The samples were

titrated over varying periods of time; the amount of water formed by

the reaction was calculated, and this amount was plotted as a function

of time. The calculation of reaction rates was carried out by drawing

tangents to the water content-time curves and using these values and

the (practically steady) concentrations of aromatic compound and acid.

The reaction-rate constant, k, was calculated in gram-mole per liter-

second units. The effect of varying concentrations of benzene and

H^SO^ was studied in separate experiments, and Stubbs et al. concluded

from these experiments that the reaction was first order with respect

to both hydrocarbon and l^SO^.

The value of k was determined at 15, 25, 40, and 60°C,

and the natural logarithms of these reaction-rate constants were

plotted against the reciprocal of the absolute temperature (1/T) to

obtain the activation energy, E. This value is reported to be 7.500

kcal/gmol.



6

Kilpatrick et al. (9) studied the sulfonation of benzene in a

large excess of concentrated H_SO, . The rate of reaction was deter-2 4

mined by following the appearance with time of BSA by ultraviolet

spectroscopy, and the absorption cell served as the reaction vessel.

Sulfuric acid of known concentration was cooled in a refriger­

ator below the temperature planned for the experiment, a drop of hydro­

carbon was added to the cell to give a concentration of 1 x 10 mol/1. ,

and after shaking for 5 min, the absorption cell was filled and

placed in the thermostated compartment of the spectrophotometer. After

allowing a suitable time for the establishment of thermal equilibrium,

the recording spectrophotometer was started, and the rate of formation

of sulfonate determined at the absorption peak, 272nm. (Kilpatrick

et al. stated that the molar extinction coefficient for BSA is so

much greater than that for benzene that no appreciable error is

introduced by the presence of unreacted hydrocarbon.) Experiments

were carried out at 25°C and 12.3°C, and the reaction proved to be

strictly first order in hydrocarbon. (A plot of In (A - A ) , where

A„ is absorbance at infinite time and A_ is instantaneous absorbance,

versus time gave a straight line.)

Kilpatrick et al. also demonstrated, by plotting the logarithm

of k versus molarity of the H^SO^, that the (apparent) energy of

activation decreases with increasing H^SO^ concentration, being 21.8

kcal/gmol in 15.7M II^SO^ and 12.0 kcal/gmol in ^.OMH^SO^.

Kaandorp et al. (8) studied the kinetics of the homogeneous

sulfonation of benzene in aqueous solutions containing 77.6—99.2%

H2SO4. Three different analytical methods were used. In the first,

approximately 40 mg of benzene were added to approximately 240 ml
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°f H2S°4 of t^ie desired strength in stoppered flasks in a thermostati­

cally controlled room. The reaction flasks were shaken mechanically.

After an appropriate time, the reactions were stopped by extracting

the aromatic hydrocarbon with cyclohexane, and the amount of uncon­

verted benzene was determined by ultraviolet spectroscopy. The sul­

fonation was found to be first order with respect to benzene by

plotting In (a /a ) versus time, where a. and a refer to the number

of millimoles of benzene present at time t and at zero time, respect­

ively .

In the second method, the amount of BSA formed during the

reaction was determined. After extracting the benzene with cyclo­

hexane, the amount of BSA was determined spectrophotometrically by

comparing.its ultraviolet absorption with a standard solution of BSA

in of the same strength as used for the sulfonation experiments.

The first-order rate constants were calculated from In [1 - (cfc/a )] =

-kt, where c is the number of millimoles of BSA present in the

reaction mixture at time t. The rate constants calculated by these

first two methods agreed very well; in fact, they were nearly

identical.

In the third method, the quartz cell of an ultraviolet

spectrophotometer was used as a reaction vessel. Approximately 5 mg

of benzene were placed into a cell. After allowing 80£ of the benzene

to evaporate, 2—3 ml of were added; the cell was stoppered,

shaken vigorously for several seconds, and placed in the spectrophoto­

meter. The rate measurements were based on the difference between the 

absorbance of the starting material and the absorbance of the final 
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product. The extinction was therefore measured as a function of time

at an appropriate wavelength. The rate constant could be calculated 

extinction of the

the extinction of

rate constant was

which could be determined easily

reactions were found to be first

order with respect to benzene.

determined by plotting In k versus Activation energies were

the reaction mixture at time t. For simplicity, the 

starting materials and the final product and E to 

plotted as a function of t. All

calculated from the reaction half-life time (t^^

from graphs in which log (E^ - Et) was

from In [ (E - E.)/(E - E )] = -kt, in which E and Em refer to the
oo t 00 O O 00

1/T. As was the case in the work reported by Kilpatrick (9), 

activation energy was found to decrease with increasing acid strength.

Kaandorp et al. also made some rate measurements at 5°C in

98.8X H_SO, in which different amounts of sodium bisulfate were2 4

dissolved. The data showed that the rate constant is linearly

dependent on the reciprocal value of the total HSO^ concentration.

(It was assumed that the bisulfate completely ionized into Na+ and

HSO^- ions.)

Crooks and White (2) studied the rate of sulfonation of

benzene at a fugacity of one atmosphere by aqueous H^SO^ in a steady­

flow apparatus. The reaction rates were calculated from the steady­

state concentrations of BSA in the product.

BSA was determined indirectly in the analytical procedure.

A known quantity of reactor product was diluted to a definite volume

with distilled water, and aliquots of the resulting solution were

titrated with standardized sodium hydroxide for the determination of

total acidity (expressed as l^SO^) . The actual in the solution 
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was determined gravimetrically as barium sulfate, and the BSA content

was calculated by subtracting actual H^SO^ content from total acidity

and multiplying the result by the stoichiometric conversion factor.

The reaction product was assumed to be saturated with benzene at all

times, so no benzene determinations were made. A qualitative inspec­

tion was used to indicate that diphenylsulfone was absent, and the

Karl Fischer method—modified by adding an excess of iodine solution

and b ack-tit rating with a water-meth anol solution—was used for the

determination of water content.

Benzene and were fed continuously from constant-head

reservoirs through flowmeters. The liquid benzene was passed through

a vaporizer, and the benzene vapor passed through a liquid trap before

entering the reactor. The liquid product overflowing the reactor was

passed through a rather elaborate system to prevent the vaporization

of benzene, and the benzene vapor leaving the reactor was passed

through a heated line into a condenser. The reactor, approximately

6 cm in diameter by 38.5 cm long, was fully baffled. Baffles extended

1.6 cm into the reactor, were placed 90° apart around the periphery

of the reactor, and were spaced on 4 cm centers. The reactor was

equipped for Intense agitation. The agitator had four blades spaced

at 90° around the agitator shaft. The blades had a total diameter

of 4 cm; each blade width was 1 cm; the blade pitch was 45°, and blade

spacing along the length of the shaft was 4 cm. The reactor was

immersed in a dibutyl phthalate bath which was thermostatically

controlled to maintain the desired temperature in the reaction cell.

A thermocouple was immersed in the reaction mixture.
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In each experimental run, the reaction process was conducted

under conditions of constant reactant feed rates, compositions, and

reaction mixture temperatures for a period of time sufficient to attain

a steady-state condition in the reaction cell. When steady state was

reached, samples of the overflow product, cell reaction liquid and

benzene condensate were taken for analysis. The cell liquid was

aspirated into an Erlenmeyer flask which contained a predetermined

amount of distilled water; this dilution was used to stop the reaction.

During the course of the experimental work, the temperature

was varied over the range of 90—140°C; the concentration of

H„S0. varied from 80.4—95.1%; the II„S0, entered the reactor at2 4 2 4

space velocities (volume of acid fed per hour divided by reactor volume)

which ranged from 0.76—3.99 hr the benzene vapor passed through

the reactor at a rate which was approximately twelve times the amount

which entered the reaction; and BSA was formed in concentrations which

varied from 2.53—41.8%.

Because l^SO^ is relatively nonvolatile, Crooks and White

considered that the reaction between benzene and H^SO^ must occur in

the liquid phase of the reaction mixture. Their analytical work

showed the vapor leaving the reactor was primarily benzene. Therefore,

since the rate of sulfonation in the liquid phase would depend on the

fugacity of the benzene in the liquid phase, they investigated mass­

transfer effects by making four experimental runs in which all vari­

ables except agitator speed were held constant. In these runs, the

agitator speeds used were 0, 650, 1260, and 1770 rpm, respectively.

The rate of reaction was found to be substantially constant over the 
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range of 650 to 1770 rpm, so it was concluded that the fugacity of

benzene in the reaction mixture was essentially constant at its value

of 1 atm in the vapor phase. Benzene vapor entering the reactor was

subdivided into small bubbles by the shearing forces present at the

ends of rotating distributor tubes built into the lower section of

the agitator shaft.

Crooks and White correlated their data by the equation:

-9 239 += 118(X - 0.5X + 0.25X ) *’zT
C. a w sA

, r, C 1. -i r moles BSAwhere R- = rate of benzene sulfonation, ----- r—z-----hr 1.

C. = concentration of HoS0, inA 2 4
. . _ molreaction mixture, —j—

X = mole fraction H„SO, , benzene-free basisa 2 4’

X = mole fraction BSA, benzene-free basis
s

X. = mole fraction water, benzene-free basisw

T = temperature.

The composition function (X - 0.5Xw + 0.25Xg) was regarded as

"anhydrous" H^SO^ on the basis of the hydration reactions:

HoS0, + 2Ho0 ■> HoS0, • 2Ho02 4 2 2 4 2

BSA + 0.5H?0 BSA • 0.5H20

Crooks and White regarded the BSA as the primary dehydrating agent

(so that the BSA would first react with any water present); additional

water would react with F^SO^, and any remaining H?SO^ would be anhy­

drous, available for reaction. They went on to state that, in product- 

free solutions, the dependence of the reaction rate upon the composi­

tion function (X - °-5xw + 0.25Xg) was in agreement with the pi-value 
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concept.

Takenaka (15) studied the sulfonation reaction by passing

benzene vapor into H^SO^ in a semibatch apparatus. A known amount

of I^SO^ was placed in a reaction vessel, and benzene vapor was passed

through the vessel, as in the partial-rpressure distillation procedure.

Alternately, a mixture of benzene and l^SO^, in the ratio of 0.48 mol of

benzene to 1.0 mol of acid, was placed in the reactor. - The reaction

vessel was then heated, and benzene vapor was passed through the vessel

when the liquid temperature had reached a specified value. Takenaka

stated that the latter procedure corresponded to industrial practice.

Sodium sulfate was added to the reactor to inhibit the formation of di­

phenylsulfone in some experiments. The volume of the reaction mass was

permitted to increase as the reaction proceeded. The extent of react­

ion was determined from the amount of H^SO^ remaining in the sulfona­

tion mixture, expressing this value as a mole percent of the initial

H^SO^. The product was analyzed as follows. Known quantities of

samples of reaction mixture were diluted with water and filtered

through a fritted-glass filter to separate diphenylsulfone. The total

acidity of the filtrate was determined (as l^SO^) by titration with a

standard solution of sodium hydroxide, and the H^SO^ in the sample was

determined by titration with a standard barium chloride solution. The

percentage of present was subtracted from the percentage total

acidity, and the remainder was converted to percentage BSA by multi­

plication by th.e stoichiometric conversion factor. In those cases

where sodium sulfate was added to the sulfonation mixture, the amount 

of sodium sulfate was determined by passing a portion of the sample 
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through a strongly acidic ion-exchange resin, eluting with water

until the effluent became neutral, and titrating the elutant with

standard sodium hydroxide. Takenaka’s reactor had a capacity of 2.8 1.

and resembled a resin flask, being 167 mm in diameter, 182 mm in over­

all length (from the bottom of the vessel to the top flange) and 138

mm on the straight side. The cover of the reactor contained four

openings which were used for a thermometer, a benzene vapor inlet, a

benzene vapor outlet and sampling. The reactor was equipped with a

three-blade, anchor-type agitator which had blades which were 9 mm in

diameter. Each agitator blade contained a 90° bend; the blade arm was

33 mm long from the agitator shaft to the bend and 28 mm long after

the bend.

The effects of benzene vapor rate, agitator speed, benzene

vapor bubble size, and position of the discharge point of the benzene

vapor pipe were studied in a partial-factorial experimental design.

Benzene vapor rate was controlled by the amount of liquid benzene

delivered to the vaporizer, and liquid rates of 6.75, 13.5 and 27.0 ml/

min were utilized in the study. Three different agitator speeds, 70,

96, and 150 rpm, were employed. Three different vapor-pipe diameters,

2, 4 and 6 mm, were used, and two different types of diffusers were

used on the ends of the vapor pipe in some experiments. The vapor pipe

discharge was 113 mm from the top flange, 138 mm from the top flange or

at the bottom center of the reactor. After reaching a steady state

(defined as the condition under which the amount of water formed by the

reaction was equal to the amount of water exiting the reactor with the

benzene vapor) , it was determined that the rate of the reaction was
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expressed by the equation:

-rA “ k ’ [H2SO4],

where [H^SO^j is the concentration of H^SO^ present in the reaction

mixture. Furthermore, of the factors studied, only benzene vapor

rate had an effect on the reaction-rate constant; in the range studied,

direct proportionality was observed between the benzene vapor rate

and the reaction-rate constant. Increasing agitator speed and dispers­

ing the benzene vapor in the form of smaller bubbles shortened the time

required to obtain equivalent conversion, so some mass-transfer effects

were noted even though these effects did not change the magnitude of

the reaction-rate constant.

Takenaka carried out separate experiments, to which no sodium

sulfate inhibitor had been added, at temperatures of 140, 150, 165,

and 190°C, and from the data obtained in these experiments, he

was able to obtain very good Arrhenius-type plots. The activation

energy was determined to be 14.8 kcal/gmol from these plots. Takenaka

performed other experiments, with sodium sulfate added to the reaction

mixture, at temperatures of 150, 175, and 185°C, and the logarithms

of the reaction-rate constants, when plotted against 1/T, coincided

exactly with the straight line of the Arrhenius plot obtained without

inhibitor. Thus, Takenaka’s observations with respect of the effect

of diphenylsulfone inhibitor were at variance with the observations of

Kaandorp et al. (8) .

Takenaka also investigated the formation of diphenyl sulfone in

his semi-batch reactor (16). He found the reaction to be first order

with respect to BSA with an apparent activation energy of 16.2 kcal/gmol.
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The reaction-rate constant again increased with increased benzene flow

rate, and sodium bisulfate, NaHSO^, was found to inhibit the rate of

formation of diphenylsulfone.

Only a few of the many literature sources are discussed above.

For a more detailed survey, the interested reader is referred to the

texts of Cerfontain (1) and Gilbert (4). However, the sources cited

were selected to show the wide variety of results which are reported,

and some discussion of these reports seems warranted.

Stubbs et al. (14) were attempting to delineate a set of

general guidelines applicable to a wide variety of aromatic organic

compounds, but their use of a large amount of nitrobenzene as a

solvent may have been unfortunate in that immiscibility (mass-transfer

effects) may have introduced some experimental difficulties. Certainly

the low activation energies which they reported would seem to indicate

that this was the case. (See Chapter V, Experimental Results.)

Kilpatrick et al. (9) and Kaandorp et al. (8) were attempting

to determine reaction mechanisms in a complex system, and their

reaction conditions were selected accordingly. In view of the large

excesses of H^SO^. which were used, it is not surprising that the

reaction was zero order with respect to this reactant.

Crooks and White (2) investigated a system which conceivably

could be extended to the commercial production of BSA, but their

experiments stopped short of the low residual concentrations

which would be required in a commercial product. Their concept of the

role of BSA in the reaction is certainly interesting, as is their use 

of the mole fraction of BSA in the product for the correlation of their
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Table 1. A Summary of the Results of Previous Studies .

Investigators: Reaction
Pound to be
First Order
With Respect
to

Reaction
Mode &
Medium
Investi­
gated

Temperature
Range
Investiga­
ted

Activation
Energy
Measured

Stubbs et al.
(14)

Benzene &
H2SO4

Liquid­
phase
reaction
in nitro­
benzene

15—60°C 7.5 kcal/gmoi

Kilpatrick
et al. (9)

Benzene Liquid­
phase
reaction
in excess
H2S°4

12.3 &
25°C

21.8 kcal/
gmol in 15.7
M H S04; 12.1
kcal/gmol in
17.0M H„S0,2 4

Kaandoip
et al. (8) Benzene Liquid­

phase
reaction
in excess
H2S°4

5—45°C 25.2 kcal/
gmol in 77.6
7» H S04; 17.
kcal/gmol in
H_SO. > 89%2 4

Crooks and
White (2)

h2so4 Vapor­
ized ben-
ed pass­
ed through
liquid
H2SO4 in a
steady flow
apparatus

90—140°C

Takenaka
(15)

h2so4 Vaporized 140—190°C
benzene
passed .
through
liquid H2SO4
in a semi­
batch appara­
tus

14.8 kcal/
gmol
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data. Takenaka (15) did not discuss, so apparently did not observe,

such an influence of BSA content. However, Takenaka's experiments

were carried out at higher temperature levels, and temperature seems

to have an unusually profound effect on the behavior of this reaction.

Takenaka's studies of this complex reaction system were both

thorough and painstaking, representing the most complete investigation

of the partial-pressure distillation procedure reported to date.

Takenaka’s work was used as the basis for the present study:

1. As discussed above, Takenaka reported the system to be

first order in ^SO^, and he found an activation energy

of 14.8 kcal/gmol. Therefore, initial efforts would be

directed toward confirming Takenaka’s kinetic model and

activation energy value.

2. From the descriptions and illustrations in Takenaka’s paper,

it appeared that the benzene was passed into the reactor as

a saturated vapor. It should be possible to shorten the

reaction time by superheating this vapor, so this effect

would be investigated.

3. Takenaka’s results showed that the reaction-rate constants

were directly proportional to the benzene vapor rate over

the range he studied, but his work also made clear that some

mass-transfer effects were observed. Therefore, the effects

of higher benzene rates would be determined.

4. There was no indication in Takenaka’s paper that he intended

to use this information to develop a continuous sulfonation 

system. Because such development is one of the primary 
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goals of the chemical engineer in adapting a process to

commercial use, the primary emphasis of the present work

would be to operate this process continuously.

5. Finally, some standard model equations for two-phase

reaction systems, similar to the conventional concepts of

"ideal" tubular plug-flow and back-mix reactors for single­

phase systems, have recently been proposed in the chemical

literature. Data developed in the present study would be

used to determine the accuracy of the prediction of these 

model equations.



CHAPTER III

APPLICATION OF MATHEMATICAL MODEL

The reaction system studied in this work is somewhat unusual

in that benzene is used both as a reactant and as a means of removing

the water formed by the reaction.

As was pointed out in Chapter II, Crooks and White (2) consi­

dered that the reaction took place in the liquid phase. Takenaka (15)

obviously considered this possibility because he studied the effect

of using fritted glass spargers to form finer bubbles of benzene vapor.

However, he determined that the spargers had little effect because the

small vapor bubbles immediately coalesced into larger bubbles.

The vapor pressures of immiscible materials are additive,

and this mechanism appears to be responsible for removal of the

water of reaction. (Crooks and White (2) indicated that the vapor

leaving their reactor was primarily benzene and small amounts of

water. Obviously, the benzene vapor was not saturated.)

Under any circumstance, the reaction mixture is a two-phase

system, and the conventional concepts of "ideal" reactors, such as

tubular plug-flow and well-mixed tank reactors, do not apply in this

case.

Schaftlein and Russell (12) have proposed extending the

ideal reactor concept to various two-phase reactors, and they have

developed a set of relatively simple model equations for experimental

testing and for use in industrial design, if certain physical para­

19
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meters can be measured or estimated with sufficient accuracy.

Schaftlein and Russell also present a number of correlations for

predicting some of these parameters. Specifically, both gas-phase

and liquid-phase equations are given for the following cases:

1. continuous-flow tank reactors (where both the gas and

the liquid flow through the reactor)

a. plug-flow gas, well-mixed liquid

b. well-mixed gas, well-mixed liquid

2. semiflow batch reactors (where only the gas flows through

the reactor)

a. plug-flow gas, well-mixed batch liquid

b. well-mixed gas, well-mixed batch liquid

3. batch reactors.

One of the objectives of the present study was to test the

Schaftlein-Russell model equations. Data taken from an existing

large-scale batch reactor would be used to determine mass-transfer

coefficients which would then be used to predict the performance 

which might be expected from a continuous-flow reactor. Schaftlein

and Russell state that "...If the gas phase is mixed and thoroughly

agitated, it is not so useful to consider discrete bubble properties

as it is to group the parameters to reflect an over-all gas-phase 

Because the gas phase was mixed in all of the equipment used in the 

models the product, K_,a (or k^a, etc.), must be determined....
G Li

experimental studies, no attempt was made to separate the effects of 

description...." tn other words, "...For the well-mixed gas-phase 

mass-transfer coefficient and mass-transfer (bubble surface) area.
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For the well-mixed gas, well-mixed batch liquid case, the

gas-phase material balance is:

GlyoJ - G2yJ - ° •

and the corresponding liquid-phase material balance is:

The gas phase equation may be solved for y , which is then substituted

into the liquid-phase equation. The resulting differential equation 

is then solved for C.(t). These calculations are shown in Appendix I.

The resulting equation is:

P - GlyoiPKCa ) , ( \

J G,K all + k (G, + K.aV.P) 1 1 exp I G, + KpaV,P r) t

The Schaftlein-Russell equations for the well-mixed gas, well-

mixed liquid (continuous flow) case are, for the gas phase:
u

Glyoj - G2yJ - W <yj - CjP > - 0 ’

and for the liquid phase:

(q/V )C - (q/V )C +
L» OJ J 

u
K aP(y. - C.£ ) - r. = 0.

G jP j

These equations are algebraic, and therefore the two-phase reactor

model can be obtained by substututing y
j

from the gas-phase equation

into the liquid-phase equation. This calculation is shown in

Appendix II. The resulting model equation is

K aPG^y .
(q/VL)Coj + G + K aV P "-<rj

L U lu———K G h
(q/vL) + G + Kavp

Z G Li
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Data taken from large-scale batch reactors will give

values for C. as a function of time and for G, , y P, G„, k„ andJ 1 7 oj 2 R

VT . The Henry’s Law constant, H, will be determined in laboratory

experiments, and use of all these values in the batch-liquid model

equation will permit the calculation of K a (see Appendix VI) .
Cr

The values for K a and H, along with values of q, VT , P, G_ ,
G LX

r^ and G£ obtained in the continuous sulfonation experimental studies,

will be used in the continuous-flow model equation to predict the

concentration of benzene in the reaction mixture. The predicted

concentration will be compared with the actual concentration to

determine the accuracy of the prediction (see Appendix VIII).



CHAPTER IV

EXPERIMENTAL EQUIPMENT

The experimental equipment used in this work varied in size

from a 2-1. resin flask, for laboratory work, to a 1500-gal batch

reactor, for obtaining data for use with the Schaftlein-Russell (12)

model equations, to a 30-gal reactor, used to demonstrate the contin­

uous-sulfonation procedure.

The resin flask was obtained from the Scientific Glass

Apparatus Company, Inc. The flask, identified as Part Number JR 8449,

had a nominal capacity of 2000 ml, a diameter of 10.3 cm, a straight­

side length of 2 8 cm, and a hemispherical bottom 5 cm in radius. The

outlet was fitted into the center of the bottom and consisted of

a Teflon^-'' - plug stopcock. The flask top, identified as Part Number

JR-7935, was hemispherical in shape with a radius of 8 cm. The top

had a 29/42 standard taper joint in its center and three 24/40 standard

taper joints located around it circumferentially. A 384-watt heating

tape (Scientific Glass Part Number H 2100) was wrapped around the

flask, and the heating tape was covered with a 1-in. thick layer of

fiberglass insulation. A variable transformer was used to control

the voltage applied to the heating tape. The reactor was fitted with

an agitator of rectangular shape (3.8 cm long by 2.5 cm wide), and

the agitator was driven by a variable-speed drive. The reactants

were metered into the reactor by positive-displacement, variable­

stroke pumps.

23
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The 1500-gal batch reactor was 78 in. in diameter (65

in. straight side) , constructed of glass-lined steel (RA Series,

The Pfaudler Company) , and fitted with?

a 200-psi jacket for heating and cooling,

a 44-in., three-blade, retreat-curve agitator turning at 117

rpm,

a D-type baffle,

a top-entering thermowell, and

a Teflon ®-coated, open-ended vapor pipe 3 in. in diameter and

84 in.- long (14-.-75 in. above the agitator blade and on a

radius 7 in. larger than that of the agitator blade).

The 30-gal reactor was 20 in. in diameter (21.5 in. straight

side) , constructed of glass-lined steel (P Series, The Pfaudler

Company) and fitted with:

a 90-psi jacket,

a 17-in. straight-blade, Type P agitator with variable-speed

(94—257 rpm) drive,

a two-finger up-deflecting baffle which also served as a

thermowell, and

a Teflon ^-coated open-ended vapor pipe 1 in. in diameter and

extending 22.5 in. into the reactor (1.5 in. above the

agitator blade and on a radius 2 in. shorter than that of the

agitator blade).

Auxiliary equipment included:

a I^SO^ feed tank and a variable-stroke positive-displacement 

acid pump, 
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a benzene feed tank and a positive-displacement benzene pump

fitted with a rotameter and appropriate valving,

a benzene heater and vaporizer consisting of 12 ft of 1-in. ,

Schedule (Sch.) 40, Type 316 stainless steel piping jacketed

with a 11-ft section of 2-in., Sch. 40 carbon steel pipe,

a benzene superheater consisting of 20 ft of 1-in., Sch. 40,

Type 316 stainless steel piping jacketed with a 19-ft section

of 2-in., Sch. 40 carbon steel pipe,

a benzene condenser consisting of six sections of piping,

each having the same dimensions and construction as those

of the superheater,

a receiver for the condensed benzene-water mixture. This

receiver also served as a decanter, with the benzene being

recycled to the reactor and the water being discharged to the

sewer,

a discharge pipe, fabricated of 0.125-in., Sch. 40, Type 316

stainless steel arranged so as to retain 22.2 gallons of

reaction mixture in the sulfonator (see Chapter V, Experimental

Results).

Figure 1 represents the arrangement of the 30-gal reactor and

its auxiliary equipment. The system operates as follows. Sulfuric

acid is pumped into the reactor from the acid storage tank which is

mounted on a scale. Benzene from the receiver is pumped through a

rotameter, vaporizer and superheater and into the sulfonator. Vapor

leaving the sulfonator passes into the condenser, and the condensed 

mixture passes into the receiver where the water is separated by
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gravity. The benzene is recycled.



CHAPTER V

EXPERIMENTAL RESULTS

The reaction between benzene and I^SO^ which is stronger than

78.4% is both spontaneous and exothermic, and it is common industrial

practice to "pre-react" a portion of the benzene with the by­

mixing the two reactants together in liquid form (5,15). This liquid­

phase reaction was investigated first in the present study. Next, the

batch-wise reaction between and an excess of benzene vapor was

studied, using both laboratory and large-scale industrial equipment.

Finally, the continuous sulfonation of benzene was investigated in

commercial-scale equipment.

No kinetic data on the liquid-phase reaction between benzene

and H£ SO are given in the literature. Therefore, it was decided that

this reaction would be studied first, and work to determine the kinetics

of the reaction was begun. In general, this work was based on the

author’s previous experience with the commercial manufacture of BSA on

a batch basis.

Liquid benzene and of commercial strength (sp gr = 66°

Baume' ; actual content = 93.2 %) were pumped into the resin

flask, in a volumetric ratio of 1:5, at such a rate as to give resi­

dence times of 8, 11, and 14 min. Reaction temperatures of 55, 65,

75,'and 85°C were utilized. The reaction was considered to start

(time = 0) when the reaction volume reached 792 ml. This reactor

volume was selected as a function of the amount of benzene required

28
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at the lowest residence time and the capacity of the benzene metering

pump. Samples of the effluent were generally taken after 5, 10, 15,

25, 35, and 45 min for determination of total acidity, content

and BSA content (see Appendix III for analytical methods). Although

it was shown (Appendix IV) that the reactor reached steady state in

25 min (at 75°C and an 11-min residence time) , the benzene content

and specific gravity were determined on the last sample taken in each

experimental run. Reaction time was extended in the experiments made

at the lower temperatures to be sure that steady state had been

attained.

A reaction temperature of 75°C and a residence time of 11 min

were selected for the central point of this experimental design.

Because a good deal of scatter was observed in the data, five different

experiments were made under these conditions. The total acidities,

H„S0, contents and BSA contents obtained in these runs are shown in2 4

Tables 3, 4, and 5, respectively. Mean benzene content was found to

be 1.58%, and mean specific gravity was 1.708.

Because the reactor was set up as a back-mix system, reaction

rate could be determined directly from the material balance equation:

B

fboxb

V

F and V were known, and X_ was calculated from the relationship
Bo B

FB = FBo’ (1 " XB> ’

FB
being calculated from the analytical data (see Appendix V).

With the reactant pump settings (residence time) unchanged,

two experimental runs were made at 65°C, and two experimental runs

were made at 85°C. However, no benzene was found in the product
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Table 3. Total Aciditya, %

Time,
min

Run
No. 1

Run
No. 2

Run
No. 3

Run
No; 4

Run
No. 5

Mean Standard
Deviation

5 82.80 88.77 87.68 86.26 86.06 86.31 2.25
10 82.22 85.79 85.42 86.08 86.06 85.11 1.64
15 81.83 83.28 83.28 83.02 82.97 82.90 0.620
25 81.37 83.12 83.00 82.68 82.17 82.47 0.715
35 81.07 83.02 83.32 82.42 80.39 82.04 1.27
45 80.84 83.12 82.37 81.63 82.08 82.01 0.849

aReaction Conditions: 75°C, 11-min residence time

a
Table 4. Sulfuric Acid Content , %

a oReaction Conditions: 75 C, 11-min residence time

Time,
min

Run
No. 1

Run
No. 2

Run
No. 3

Run
No. 4

Run
No. 5

Mean Standard
Deviation

5 78.91 86.54 83.77 81.09 81.63 82.39 2.89
10 77.88 81.10 83.21 77.34 78.95 79.70 2.44
15 77.09 75.95 77.89 77.19 76.36 76.89 0.767
25 76.13 76.42 76.79 75.82 75.69 76.17 0.448
35 75.55 77.14 77.95 76.34 74.83 76.36 1.24
45 74.14 76.16 76.74 74.58 75.69 75.75 0.931
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Table 5. Benzenesulfonic Acid Content , 7,

Time,
min

Run
No. 1

Run
No. 2

Run
No. 3

Run
No. 4

Run
No. 5

Mean Standard
Deviation

5 14.00 7.45 12.61 16.69 16.03 13.36 3.68
10 15.12 15.39 7.16 28.21 22.97 17.77 8.08
15 15.87 23.95 17.12 18.82 21.34 19.54 3.16
25 16.85 21.36 20.56 22.14 20.92 20.37 2.15
35 17.56 19.20 17.35 19.63 17.94 18.34 1.02
45 18.09 21.21 18.91 18.91 20.63 20.63 1.86

9l OReaction Conditions: 75 C, 11-min residence time 
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of the 85 C reaction, so two additional experiments were made at 

55°C.

The H2SO^ content, the mean specific gravity and mean benzene

content of the 65°C runs are shown in Table 6. (Analysis of variance

indicated that the reactor was in steady state after 20 min.) The

H^SO^ content, the mean specific gravity and the mean benzene content

of the 55°C runs are shown in Table 7. The reaction rates were

calculated to be 0.000131 gmol/(ml min) at 65°C and 0.000110 gmol/(ml

min) at 55°C (see Appendix V) .

The pump delivery rates were changed to obtain a residence

time of 8 min, and the reaction was carried out at a temperature of

75°C. The content, the mean specific gravity and the mean

benzene content are shorn in Table 8. The reaction rate was calculated

to be 0.000196 gmol/(ml min).

The pump delivery rates were changed again, to give a residence

time of 14 min, and the reaction was carried out at 75°C. The H^SO^

content, mean specific gravity and mean benzene content are shown in

Table 9. The reaction rate was calculated to be 0.000129 gmol/(ml min).

order with respect to it, the reaction rate render the reaction zero

can be expressed as

B = k- CBn

where -r„ is the rate of
D

the concentration of benzene. Taking logarithms of both sides of 

disappearance of benzene, and Cg represents 

Because the H^SO^ was present in such a large excess as to

this equation gives

In (-rn) = In k + n In CB,
JD D
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Table 6. Sulfuric Acid Content3, %

Time,
min

Run
No. 1

Run
No. 2

Mean Standard
Deviation

10 77.22 77.54 77.38 0.226
20 74.67 75.70 75.18 0.728
30 73.07 76.08 74.58 2.13
40 75.25 76.29 75.77 0.735
50 76.35 74.74 75.54 1.14
60 76.20 76.46 76.33 0.184
70 77.11 74.13 75.62 2.11
80 75.78 76.48 76.13 0.495

sp gr (25°C/25°C) 1.674
Benzene, % 2.08

—Reaction Conditions: 65°C, 11-min residence time

sp gr (25°C/25°C) 1.760
Benzene, % 2.99

Tab le 7.
a

Sulfuric Acid Content—, %

Time, Run Run Mean Standard
min No. 1 No. 2 Deviation

15 80.96 78.45 79.70 1.77
25 81.39 78.95 80.17 1.73
35 81.84 78.68b 80.26 2.23
45 . 81.30
55 79.55 82.00 80.78 1.73
65 79.23 79.39 79.31 0.113

H o •—Reaction Conditions: 55 C, 11-min residence time
^-Sample bottle broken.
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Table 8. Sulfuric Acid Content3, %

Time,
min

Run
No. 1

Run
No. 2

Mean Standard
Deviation

5 74.54 80.05 77.30 3.9 0
10 72.85 74.55 73.70 1.20
15 71.02 76.35 73.68 3.77
25 73.99 76.05 75.02 1.46
35 76.61 76.40 77.50 1.27
45 77.56 78.20 77.88 0.453

sp gr (25°C/25°C) 1.707
Benzene, % 2.25

Reaction Conditions: 75°C, 8-min residence time

£
Table 9. Sulfuric Acid Content , %

sp gr (25°C/25°C) 1.698
Benzene, % 1.02

Time,
min

Run
No. 1

Run
No. 2

Mean Standard
Deviation

5 72.85 72.90 72.88 0.0354
10 69.29 69.60 69.44 0.219
15 71.13 68.17 69.65 2.09
25 68.89 69.53 69.21 0.453
35 69.12 69.80 69.46 0.481
45 68.94 68.69 68.82 0.177

3 OReaction Conditions: 75 C, 14-min residence time 
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and this equation can be used to determine the order of the reaction.

The data obtained in the three experiments carried out at 75°C

were used with the above equation, correlating ln(-r_) with In C_ using
JD D

a linear least-squares method. A satisfactory correlation coefficient

(r = 0.972) was obtained, but the indicated order of reaction was

0.657. These data are plotted in Figure 2.

The reaction-rate constants were calculated from the reaction

rate, the concentration of benzene and the order of reaction shown

above. The calculations are summarized in Table 10.

The natural logarithms of the reaction-rate constants obtained

at reaction temperatures of 55, 65, and 75°C with residence times of

11 min were correlated as dependent variables with 1/T as an independent

variable, again using a linear least-squares method. A satisfactory

correlation coefficient (r = 0.988) was again obtained, but the slope

of the line (numerically equal to -E/R, where R is the universal gas

constant) was found to be -3990 °K On this basis, E was calculated 

to be 7.93 kcal/gmol. The data are plotted in Figure 3.
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Benzene Concentration, gmol/1.

Figure 2. Reaction Rate as a Function of Benzene Concentration
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Table 10. Summary of Reaction Rates and Reaction-Rate Constants
from Laboratory Experiments .

Reaction Benzene
Reaction Residence Rate, Cone. , „ rr.-, Reaction-

Temp., Time, g mol g mol (Benzene 11 °*657 Rate

°C min ml min 1. \ Cone. / , Constant,

75 11 0.000140 0.339 0.491 0.285
65 11 0.000131 0.446 0.588 0.223
55 11 0.000110 0.674 0.772 0.142
75 8 0.000200 0.492 — —
75 14 0.000118 0.222 — —
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Figure 3. Reaction-Rate Constant as a Function of Temperature



39

A set of electrodes for measuring pH was installed in the

reactor and pH values were recorded while water was pumped into

the reactor at a rate equivalent to a residence time of 11 min. With

the agitator turning at the same speed used during the experimental

work, 1.0 ml of 66° Baume1 H^SO^ was injected into the reactor.

The pH fell to 95% of the value it ultimately reached within 21.5

seconds. Neither increasing nor decreasing agitator speed by 33%

affected the time of the pH response, so it was concluded that the

reactor represented a close approximation of ideal back-mix behavior.

The water was emptied from the reactor, and benzene and H^SO^

were pumped into the reactor at a temperature of 75°C and at a rate

equivalent to a residence time of 8 min. A sample of the effluent

was examined after the reactor had reached steady state, and although

the sample appeared to be homogeneous, close observation revealed

the presence of small, thoroughly-dispersed droplets of benzene.

This evidence, coupled with the unusual order of reaction

and low apparent activation energy, confirmed that the reaction was

solubility limited (diffusion controlled). This evidence also

explained the apparent discrepancy between the results obtained in

the present work and those reported by Kaandorp et al. (8) and

Kilpatrick et al. (9). As was discussed in Chapter II, the most

concentrated solution used by either of those investigators only

contained about 0.02% benzene. At ambient temperature, benzene is

soluble in H^O^ to the extent that a saturated solution contains

about 2.7% benzene, so Kaandorp and Kilpatrick studied completely 

miscible systems.
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The reactor was restarted with a benzene rate of 3 ml/min

and a F^SO^ rate of 69 ml/min (to maintain both an 11-min residence

time and a miscible system). Because a problem was anticipated in

being able to measure the amount of benzene in the reactor effluent,

the reactor was operated at 45°C, and two normal-size samples were

combined for benzene determination. Despite these precautions, no

benzene was found in the reactor effluent.

Takenaka (15) showed that reaction rate was independent of

temperature until the concentration of H^SO^ had decreased to less

than 50 mol%. Based on this information and the experimental

difficulties discussed above, it was decided to abandon the incorpora­

tion of a first-stage liquid-phase reactor and to work solely with

a second-stage ("vapor-phase") reactor.

One liter of 66° Baume' H?S0^ were placed in the reactor, and a

large excess of benzene vapor (equivalent to 13.9 ml/min of liquid

benzene — a ratio-of 140.4 gmol of benzene to 17.4 gmol of F^SO^ over

the course of the 11-hr reaction) was passed through the acid. The

reaction volume was held constant throughout the experiment, and samples

were taken at the end of 8, 10, 10.5, and 11 hr. The samples were

analyzed for total acidity, H^SO^ content and BSA content (see Table

11). The last sample was also analyzed for benzene content, which

was found to be 0.39%, and diphenylsulfone content, which was found to

be 1.80%. Thus, the product met commercial specifications. The

natural logarithms of the residual H^SO^ values were correlated with

time, using a linear, least-squares method. The data fell on a nearly 

perfect straight line (r = -0.999), thus indicating that the
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Table 11. Analysis of Reactor Product—.

Time,
hr

Total Acidity, V°4’
/o

BSA,

8 38.10 12.87 81.39
10 33.50 5.31 90.93
10.5 32.79 4.14 92.42
11 31.75 3.28 91.84

Benzene, % 0.39
Diphenylsulfone, 7« 1.80

o
“Reaction Conditions: 160 C, vapor-phase benzene, constant volume 
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reaction was first order with respect to H^SO^. These data are

shown in Figure 4.

A batch reaction, carried out in a 1500-gal reactor and

utilizing normal operating procedure, was followed throughout its

course. The level in the reactor was measured after the liquid-phase

reaction was finished, samples of the reaction mixture were taken

every 2 hr during the vapor-phase operation, and the liquid

level was measured after the reaction was complete. The data obtained

in this study verified that the reaction was first order with respect

to E^SO^. These data, along with data from two supplemental experiments

in the laboratory, were also used to calculate an over-all mass-transfer

coefficient from the Schaftlein-Russell model for this case. (See

Appendix VI for both the data and calculations.)

As was explained in the description of the auxiliary equipment

for the 30-gal reactor (see Chapter IV, Experimental Equipment) , an

overflow line was used to maintain a constant volume in the reactor.

While calibrating the reactor with water in preparation for the contin­

uous sulfonation studies, it was observed that the reactor retained

more water with the agitator running than it did when the agitator was

turned off. This observation made it obvious that the reactor would

have to be calibrated with the actual sulfonation mixture.

Therefore, the reactor was charged

and benzene vapor was passed

liquid benzene flow rateinto the reactor at a rate equivalent to a

with 225 lb of 66° Baume’

H_SO. , the H„SO, was heated to about 80°C
2 4 2 4 
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Reaction Time, hr

Figure 4. Sulfuric Acid Concentration in a Batch Reaction as a
Function of Reaction Time
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of 0.59 gal/min. The steam pressures in. the vaporizer, superheater

and reactor jacket were adjusted to give a superheated vapor and

reactor temperature ofl50°C, and the valve in the overflow line was

opened so that a constant volume would-be maintained in the reactor

as the batch sulfonation proceeded. After about 3 hr, the liquid over­

flowing the reactor stopped, and it was determined that all of the

liquid had been pushed out of the reactor. This apparently had been

caused by pressure drop in the vapor riser pipe and condenser.

The 1-in. vapor riser pipe was replaced with a 2-in. pipe, the

reactor was again charged with H^SO^, the H^SO^ was again heated to

about 80°C, and benzene vapor was again passed into the reactor at

a rate equivalent to a liquid benzene flow rate of 0.59 gal/min. After

a short period of time, it became obvious that the liquid was over­

flowing from the reactor at too high a rate, so the liquid benzene

flow to the vaporizer was reduced to about half its original value

(to 0.29 gal/min). The reactor overflow immediately stopped, and only

began again after the reaction had proceeded further. The flow of the

liquid benzene to the vaporizer was manipulated throughout the

remainder of the batch reaction, and it was determined that the reactor

would retain a constant volume so long as the liquid benzene rate did

not exceed 0.29 gal/min. The reaction was continued until the residual

H2SO^ concentration had dropped to 3.93%. At this point the reaction

was discontinued, and the contents of the reactor were weighed.’ From

the weight of the reaction mixture and its specific gravity, it was

calculated that the reactor volume was 22.2 gal.

Previous batch experience with this system has shown that
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2.03 gal of BSA are produced for each gallon of H^SO^ in the reactor,

so 11 gal of I^SO^ were charged to the reactor and heated to 80°C, and

benzene vapor was passed through the reactor at a liquid benzene flow

rate of 0.29 gal/min. Again, the steam pressures were adjusted to

give both superheated vapor and reactor temperatures of 150°C, and

the reactor was operated as a batch reactor until analysis of a sample

of the reaction mixture indicated that its l^SO^ content had dropped

to 13.0%. At this point, the H^SO^ pump was started; the pump was

set to deliver 20.4 Ib/hr. The H^SO^ content of the reaction mixture

steadily increased over the next 3 hr, reaching a value of 17.3%. The

delivery of the H^SO^ pump was gradually decreased until, 24 hr later,

the unit was shut down over the weekend. At this point, the l^SO^ pump

was delivering 10 lb/hr, and the reaction mixture had a H^SO^ content

of 12.3%.

After restarting the system under the same reaction conditions,

the delivery rate of . the ^SO^ pump was decreased to 2.9 Ib/hr over

the next 34 hr. At this point, the reaction mixture obviously contained

an excessive amount of diphenylsulfone, so the reaction was discontinued.

When the reaction mixture was drained out of the sulfonator, only about

6 gal of material were recovered, so it was apparent that a more

positive method would have to be devised to be certain that the 22.2-gal

volume of the reactor would remain constant.

A H2SO^ feed rate of 2.9 Ib/hr will produce 1435 ml/hr of

commercial BSA. If 1435 ml/hr were caused to accumulate in the reactor

by closing the reactor overflow valve (thus assuring that pressure inside

the reactor could not push out excessive amounts of reaction mixture) , 
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the reaction volume would increase 1.7% during the hour.

Such a volume change did not appear to be of sufficient magni­

tude to seriously affect steady-state conditions, so it was decided

to adopt this procedure—with the last, experimental run to be extended

over a reasonably long period of time to prove that the results were

not significantly different than those obtained in a shorter, data-

generating run.

Therefore, the reactor was restarted in a batch mode, again

using a liquid benzene flow rate of 0.29 gal/min and superheated vapor

and reactor temperatures of 150°C. The acid pump was started when

analysis indicated that the l^SO^ content of the reaction mixture had

dropped to 4.43%. The acid pump delivery rate was gradually increased to

3.64 Ib/hr, and 1830 ml of reaction mixture were withdrawn from the

reactor each hour. (This increase in acid rate corresponded to an

hourly increase in reactor volume of 2.2%.) Analysis of four success­

ive samples of the reaction mixture taken at 0.5-hr intervals showed

that a steady-state H^SO^ content of 3.69% was reached, so the

reactor was operated an additional hour under these same reaction

conditions, and a sample of the reaction mixture was taken for

determination of H^SO^ content, BSA content, benzene content, diphenyl­

sulfone content and specific gravity. The acid and benzene pumps

were stopped, the reactor was vented to relieve any internal

pressure, and the valve in the reactor overflow line was briefly

opened to restore the reactor volume to its original value in the

event that there had been an accumulation of reaction product. The

vent valve was then closed, and the reactant pumps were restarted.



This experiment was identified as Run No. 1.
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For Run No. 2, the steam pressures in the vaporizer, super­

heater and reactor jacket were adjusted so that vapor and reactor

temperatures were 140°C, 1830 ml of reaction mixture were withdrawn

from the reactor each hour, and these conditions were maintained until

analysis again indicated that steady state had been attained. The

reaction conditions were maintained for one additional hour, and the

reaction mixture was sampled for determination of l^SO^ content, BSA

content, benzene content and specific gravity. Again, the reactant

pumps were stopped, the reactor vented, the overflow valve opened and

closed, the vent valve closed, and the reactant pumps restarted.

A vapor and reactor temperature of 130°C were utilized in Run

No. 3. The operating procedure utilized was the same as that in Run

No. 2.

In Run No. 4, the reactor temperature was increased to 150°C,

and the vapor temperature was lowered to 120°C. The same procedure

as in Run No. 2 was utilized, except the benzene content of the reaction

mixture was not determined.

The reactor temperature was held at 150°C, and the vapor

temperature was lowered to 90°C in Run No. 5. The operating procedure

was the same as that used in Run No. 4.

In Run No. 6, both vapor and reactor temperature were held at

150°C, but the liquid benzene flow rate was increased to 0.32 gal/min.

Again, the Run No. 4 procedure was followed.

Vapor and reactor temperature were maintained at 150°C, and

liquid benzene flow rates of 0.26 and 0.22 gal/min were used in Runs 
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No. 7 and 8, respectively. Otherwise, Run No. 4 operating procedure

was utilized.

In Run No. 9, the liquid benzene flow rate was adjusted back

to 0.29 gal/min while maintaining vapor and reactor temperatures of

150°C. A large sample was taken for determination of H^SO^ content,

BSA content and specific gravity when steady state had been attained,

and another sample was taken for the same determinations 6 hr later.

Small samples were taken for determination of ^SO^ content and BSA

content 2 hr and 4 hr after reaching steady state.. At the end of each

hour, 1830 ml of reaction mixture were withdrawn from the reactor,

and the reactor was checked for liquid accumulation at the end of the

run. Although there was an accumulation of reaction mixture during

the 6-hr experiment, the amount of this accumulation was less than

500 ml.

To try to overcome the effect of internal pressure in the

reactor, the side opening of a 2-in. glass tee was connected to the

overflow line, the top of the glass tee was connected to the top of

the vapor riser pipe, and the bottom of the glass tee was closed with

a valve. In the meantime, examination of the data collected with

varying benzene feed rates suggested that an additional experiment

would be beneficial, so the reactor was restarted as a batch

sulfonator with a liquid benzene flow rate of 0.41 gal/min and

vapor and reactor temperatures of 150 C. The acid pump was started

when analysis of the reactor mixture showed its concentration

had dropped to 4.85%. Again, 1830 ml of reaction mixture were drained 

from the reactor each hour after the acid pump was started.
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The reaction was continued until steady state had been reached and

for 1 hr beyond this time. The reaction mixture was sampled for

determination of l^SO^ content, BSA content and specific gravity. This

experiment was identified as Run No. 10.

When Run No. 10 was complete, the valve in the overflow line

and the valve on the bottom of the glass tee were opened. The rate at

which the sulfonation mixture overflowed the reactor made it clear that

this attempt to equalize the pressure had failed. Therefore, the

reactor was emptied, and the top of the glass tee was connected to

the vapor space in the top of the reactor. A manometer connection was

installed during this piping change.

With a liquid benzene flow rate of 0.29 gal/min and vapor and

reactor temperatures of 150°C, the reactor was again started in a

batch mode. The acid pump was started when the F^SO^ content of the

sulfonation mixture reached 4.70%, and 1830 ml of the reactor mixture

were withdrawn each hour until the system had reached steady state.

At this point, the valve in the overflow line was opened, and the valve

at the bottom of the glass tee was partially opened, so that a liquid

seal was maintained in the bottom of the tee. After a brief period

of manipulation, it was found possible to control the valve at the

bottom of the tee so that a continuous overflow was obtained from

the reactor. A small sample of reaction mixture was taken for

determination of H„SO. and BSA content at the beginning of the
2 4

continuous run and 2 hr later. A sample was taken for

determination of B^SO^ content, BSA content, diphenylsulfone content

and specific gravity 0.5 hr after the beginning of the continuous run, 
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and another sample, for the same determinations, was taken 4 hr later.

Periodic measurements of the pressure in the reactor gave values of

32—42 in. of water. The experiment, identified as Run No. 11, was

discontinued after 4 hr because a leak developed in the feed

line between the 4th and 6th hr of operation, and the H^O^ content

of the reaction mixture dropped sharply.

The data collected in all of these experiments and the reaction

rates and reaction-rate constants calculated from these data are listed

in Appendix VII. (Rate constants for diffusion-limited reactions are

referred to as "apparent" reaction-rate constants, so this term should

be used for some of the rate constants in the discussion that follows.

However, not all of the cases examined were diffusion limited, so the

term "reaction-rate constant" will be used for simplicity.)

Inspection of the reaction-rate constants for Runs No. 1, 9,

and 11 (Table 24, Appendix VII) revealed good agreement between the

three values, so it was concluded that reactor operation was essentially

unaffected by the volume increase duimg the course of Run No. 1 or by

the periodic removal of portions of the reaction mixture during the

course of Run No. 9. Thus, the data obtained in this study were

considered acceptable for further use.

The natural logarithms of the reaction-rate constants obtained

in Runs No. 1, 2, and 3 were correlated as dependent variables with

the reciprocal of the absolute temperature as the independent variable,

using a linear least-square method. A correlation coefficient of 0.996

was obtained, and the slope of the line was —6.03 x 10 K . From this

value of the slope, the activation energy for this reaction was calcula­

ted to be 12.0 kcal/gmol which is considered to be in reasonable 
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agreement with the 14.8 kcal/gmol reported by Takenaka (15). The

data are plotted on Figure 5. Using the three reaction-rate constants

from the experimental work and the activation energy shown above, kQ,

the frequency factor in Arrhenius’ Equation, was calculated to be

5.81 x 10^, 6.14 x 10^, and 5.83 x 10^ hr for temperatures of 150,

140, and 130°C, respectively. The mean of these three values is

5.93 x 105 hr-1.

The reaction-rate constants obtained in Runs No. 1, 4, and 5

were compared to determine whether superheating the benzene vapor had

any effect (see Figure 7) . Smaller reaction-rate constants were

obtained at lower vapor temperatures, but the smallest rate constant

was obtained at an intermediate vapor temperature. Such a result

certainly seems inconsistent; the only apparent explanation is that

there was an analytical error. However, long experience with batch

sulfonators shows that reaction times are shortened when the benzene

vapor is superheated.

The most logical explanation for this observation seems to be

that benzene vapor which is cooler than the reacting mass absorbs heat

from the mass, thereby decreasing the local reaction rate. For

example, using the reaction-rate constant obtained in Run No. 5 and

the mean value of 5.93 x 105 hr 1 for the frequency factor, it can be

shown that the rate constant corresponds to a temperature of 145.9°C.

Assuming a benzene bubble with a diameter of 0.2 in. surrounded by a

film of reaction mixture 0.001 in. thick, it can be calculated that

the heat required to raise the temperature of the benzene in the

bubble from 90 to 150°C would cool the material in the film by 7.7°C.
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Reciprocal of Absolute Temperature

(xlO3), °K-1

Figure 5. Reaction-Rate Constant as a Function of Reaction Temperature
(Data-point numbers refer to experiments listed in Table 24.)
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This is not to suggest that there is immediate and complete heat

exchange between a benzene bubble and a film of surrounding liquid

or that such a bubble and film would pass through the reaction mixture

as a discrete combination, but the calculation does support the pre­

mise that saturated benzene vapor can cause local cooling in the

reaction mass.

The reaction-rate constants obtained in Runs No. 1, 6, 7, 8,

and 10 were compared to determine the effect of different benzene rates.

The value of the reaction-rate constant increased with increasing

benzene rate until a limiting rate was reached. After this, further

increases in benzene rate had no effect (see Figure 8) . Therefore,

the reaction was mass-transfer limited below a certain minimum benzene

rate and kinetically limited above this rate.

Comparison of the benzene content of the reaction mixture of

Run No. 1 (2.23%) with the equilibrium benzene content found in the

two experiments run at 150°C for determination of the Henry’s Law

constant (2.21 and 2.09%) indicates that the liquid benzene flow rate

of 0.29 gal/min is very close to the critical benzene rate for this

particular equipment arrangement.

Reaction rates for the cases in which superheated vapor and

reactor temperature were 150, 140, and 130°C were calculated from the

benzene consumption, and these reaction rates were used to predict

the concentration of benzene in the reaction mixture, using the

Schaftlein-Russell model equation show in Chapter III (see Appendix

VIII). Benzene concentrations of 0.0106, 0.0124, and 0.0145 lb mol/

ft were predicted for the 150, 140, and 130 C experiments, respectively.



55

aq ‘3UB3SUO9 a^By-uoj^aBay

a>

ro
Pi

3
o

<D
C
<y
N
c
<u

CQ

eq

O
C

•A



56

The actual benzene concentration found in these runs was 0.0224,

30.0287, and 0.0349 lb mol/ft , respectively, so the prediction of the

model equation was considered to be very good.

Although it was originally intended to study the stripping

of benzene from the sulfonation mixture during the continuous sulfona­

tion studies, the acid feed rate finally adopted for those studies was

so small that reasonable residence times for the benzene stripping

would have resulted in the use of impractically small volumes for

the stripper.

Therefore, stripping benzene from the product was studied

separately. The benzene content of some commercial-quality BSA

(Lot No. 7506-16, BSA = 92.4%, l^SO^ = 1.85%) was determined, and

enough benzene was added to this BSA to adjust its benzene content

to 2.23% (the amount obtained in Run No. 1). This BSA was fed into

the resin flask used for the investigation of a liquid-phase reactor at

rates sufficient to result in residence times of 10, 15, 30, and 60 min.

The liquid temperature in the stripper was maintained at 150°C, and

the stripper overflow was sampled for determination of its benzene

content. The data showed that an equilibrium benzene contentration

was reached with a residence time of about 15 min (see Appendix IX) .



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

The primary goal of this study was stated in Chapter I to be

that of continuously producing BSA which would meet commercially

acceptable quality standards. Specific areas of investigation were

spelled out in Chapter II after the results of previous research on

this system were discussed. These included: verifying the order and

activation energy of the reaction reported in the literature; studying

the effect which superheating the benzene vapor would have on the

reaction; determining the effect of benzene flow rate through the

reacting mass; and checking the accuracy with which certain model

equations could predict the concentration of the benzene in the

sulfonation mixture. Because the physical parameters (diameter-to-

height ratio; shape, size and speed of the agitator; location and size

of the vapor pipe; heat-transfer area; etc.) are fixed in any given

piece of sulfonation equipment, there are only a limited number of

controllable variables; these variables comprise those chosen for

this study.

Benzene was continuously sulfonated in a back-mix reactor

to produce commercially acceptable BSA. The experiment was not

extended over a long period of time, but the feasibility of continuously

sulfonating benzene was successfully demonstrated.

The finding of Crooks and White (2) and Takenaka (15) that 
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the reaction is first order with respect to l^SO^ was confirmed. The

activation energy was determined to be 12.0 kcal/gmol in the continuous

sulfonation experiments. In his semi-batch reactor, Takenaka (15)

found the activation energy to be 14,8 kcal/gmol.

There is no indication in the literature that the effect of

superheating the benzene vapor has ever been studied. While it was

impossible to form a completely positive conclusion because of an

anomalous data point, the apparent reaction-rate constant obtained at

a vapor temperature of 150°C was 13% higher than the rate constant

obtained with a vapor temperature of 90°C.

Crooks and White (2) did not study the effect of benzene flow

in their work. Takenaka (15) varied benzene flow rate from 0.00758—
2

0.0303 gal/(min ft ), and he stated that reaction-rate constant

increased in direct proportion to an increase in benzene flow through

his reactor. The present study utilized benzene flow rates of 0.101—

2
0.188 gal/(min ft ), and showed that an increase in reaction-rate

constant is only experienced up to a certain point. After this, the

reaction is kinetically controlled, i.e. enough benzene is transported

into the sulfonation mixture to saturate the mixture.

Among the literature sources cited in Chapter II, only Crooks

and White (2) used a steady-flow reactor system, and these investi­

gators assumed that the product of their reactor was saturated with

benzene. In the present studies, it was shown the residual benzene

content would be reduced by use of a second stage in series with the

vapor—phase sulfonator. Furthermore, because a residence time of 15 

min was sufficient to reduce the residual benzene to an equilibrium 
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value, the volume of this second stage would be quite small.

Finally, it was shown that the model equations proposed by

Schaftiein and Russell (12) predicted benzene concentrations of
3

0.0106, 0.0124, and 0.0145 lb mol/ft at reaction temperatures of 150,

140, and 130°C, respectively. The actual benzene concentrations were

0.0224, 0.0287, and 0.0349 lb mol/ft3.

In s ummary,

1. the feasibility of continuously sulfonating benzene in a

back-mix reactor was successfully demonstrated;

2. literature values of reaction order and activation energy

were confirmed;

3. superheating the benzene vapor passed into the reactor

generally increased reaction rate;

4. the sulfonation reaction was mass-transfer limited below

a certain minimum benzene flow rate and kinetically

controlled above this rate;

5. residual benzene content of the sulfonation mixture was

reduced to a satisfactory level by use of a second stage

in series with the vapor-phase sulfonator;

6. it was determined that the Schaftlein-Russell (12) model

equations gave reasonable predictions of benzene concentra­

tion in the reacting mass.

The principal recommendation resulting from the study is that

the results obtained in the study be put into commercial practice.

Because any other reactor will be different from the 30-gal unit

respect to various physical parameters, it is not expected that the 
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results of this study will be exactly applicable to a different

reactor system. However, all of the conclusions summarized above

should serve as valuable guidelines in the design of a sulfonation

process, and a suggested equipment arrangement is shown in Figure 9.

Beyond this , the findings of the present study should serve as a

sound starting point for optimizing the operating conditions of a

different reactor system.

In addition, the methods used in this study were found to

be straightforward and relatively easy to apply, and their use for

the investigation of the sulfonation of other aromatic compounds 

is recommended.
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APPENDIX I

SCHAFTLEIN-RUSSELL MODEL EQUATIONS FOR. THE WELL -MIXED GAS, WELL-MIXED

BATCH LIQUID CASE 

gas-Phase Equation:
TJ

GlyOj - Vj - KGaVLP% " = °

Giyoj - G2yj " + W? =0

Glyoj + KGaVLCjH = G2yj +

Glyoj + KGaVLCjH
yj G2 + K aV P

\j Li

Liquid-Phase Equation:
TJ

KGaP(y. - CjF ) - kRC.
dC.
__ J
dt

Substituting for y. from above,

Gny . + K.aV.C.H „ \ dC
1 °J G L j _ r - 1 -k C = -J-

G„ + KaV.P jP I R j dt
Z G Li /

TJ \

Gny . + KraVTC.H -G„C.p - K aV C H \
1/oj G L j 2 jP G L j  k c

Go + K aV P / R j
Z G Li /

TJ

Gny . - G_C.£-
lJoj 2 jP
G„ + K aVTP

Z G Li

Let Z - -___ -_______G„ + K_aVTP
Z G L

Then,
dC.

ZGny . - ZGoC.£- - k C. =lJoj 2 jP R J dt

dt
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Rearranging, 

dC H
jJ- + <ZG2-+ kR)Cj - ZGp^

But this is a linear differential equation of the form

+ p (y) = Q
dx oK7/ 

which has the solution

JP dx , , f~P dx. ,ye o = JQ(e o ) dx

Letting Pq = (ZG^ + kR) ,

C.e/Podt = fZG y . (e/Podt) dt
J 1 o]v

Pt Pt
C.e o = fZG^y ,e o dt

J roj

C.
J

<ZGlYo/o'") + constant

-P t+ constant • (e o )

PtC.e o
3

1_
P o

ZG,y .
lJoj
P o

Substituting for Pq:

C.
3

ZGlYoj

ZG2F + kR
+ constant

(e-(ZG>+ kR)t)

But in a batch reactor C. =0 at time = 0
3

constant =

ZGny .
VQ3 .

ZG0H + k
2P R

G.y .1 Q3______
g2h k^

P z

ZG,y .___  l7oj
ZG0H + kD

ZP K

1 _e-<zc2S.+ kR)t

1 - e -(ZG2F+kR)t



64

Substituting for Z,

But

H
'2P

C.
J

_____________
kR

/ K^aP
/_________ G________
[ G + K aV P
\ Z. U Li

Giyoi W V

G.H kR (G2 + KCaVI.1‘> G2KGaH + kR (G2 + W>
P + K-aF

G

Finally, then

Gl?o.iPKCa
% ~ G2KGall + kR (C2 + KGaVLR)

This equation specifies the concentration of chemical species

j as a function of time, flow rates, and mass-transfer and kinetic

parameters, assuming a well-mixed gas, well-mixed batch liquid (see

Chapter III, Application of Mathematical Model).



APPENDIX II

SCHAFTLEIN-RUSSELL MODEL EQUATIONS FOR THE WELL-MIXED GAS, WELL-MIXED

LIQUID (CONTINUOUS REACTOR) CASE.

Gas-Phase Equation;
u.

<Voj - Vj - W <yj - cjP) =0

Voj - G2yj - Wj + KGaVLCjH = °

Voj + KGaVLCjH = G2yj + KGaVLP^

• Glyoj + KGaVLCjH
yj “ G2 + K aV P

Liquid-Phase Equation;
u

<q/VL)Co. - (q/VL)Cj + KGaP(y. . Cj-) - r. = 0

Substituting for

(<l/VL>CoJ - <q/VL)Cj

(q/VL)Coj - (q/V^Cj

from abov<
+ KGaP (

+ K aP
G \

G.y . + KJ1V.C.Hroj G L j
G„ + KaVP

L Lt La

Gl?oi - G2CJ\

G, + KraV P /
4 Lt Li /

Let Z =
KnaP

G

G„ + K aV.P
4 Lr Li

H
(q/vL)coJ - (q/V^Cj + ZG1yo. - ZG2C.f - r} - 0

u

(q/vL)Coj + ZG1yoJ - - (q/VL)Cj + ZG2C.?

c . (q/VL)C°j + ZGly°j ' U
j (q/VL) + ZG2|
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Substituting for Z,

C.
J

K aPG..y .

____________________________ £_________L»__________________

K aG H
(q/vL) + G + K aV p

Z G L

This equation specifies the concentration of chemical species

j as a function of flow rates and mass-transfer and kinetic parameters, 

assuming a well-mixed gas, well-mixed (continuous flow) liquid (see

Chapter III, Application of Mathematical Model).



APPENDIX III

ANALYTICAL METHODS

All of the samples taken for analysis during the course of

this work were either chilled immediately by inserting their containers

into an ice bath or were dropped into tared bottles containing a known

amount of distilled water or ice.

The samples assayed for determination of their H^SO^ and

BSA content were treated as follows: an aliquot of the sample was

titrated with standard sodium hydroxide to determine total acidity,

which was expressed as percent H^SO^; an aliquot of the sample was

titrated with a standard barium chloride solution to determine the

actual content, using tetrahydroquinone as an indicator after

the method first described by Schroeder (13); the H^SO^ was subtracted

from the total acidity, and the number remaining was converted to BSA

by multiplication by the stoichiometric conversion factor.

The accuracy of this procedure was checked by weighing out

three samples of the same BSA and determining total acidity,

content and BSA content on five aliquots taken separately from each

of the three samples. The results are summarized in Table 2.
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Table 2. Summary of Results from Verification of Analytical Procedure.

Deviation

Sample No. 1

Total Acidity, % h2so4, % BSA, %

30.63 2.95 89.30
30.64 2.79 89.86
30.65 2.98 89.27
30.65 2.78 89.91
30.63 3.71 88.48

Mean 30.64 2.94 89.36
Standard 0.010 0.175 0.578

Sample No. 2

Total Acidity, % H_SO, , %2 4 ’ BSA, %

30.64 2.75 89.97
30.64 2.77 89.90
30.64 2.57 90.55
30.65 2.95 89.35
30.68 2.80 89.93

Mean 30.65 2.77 89.94
Standard 0.0173 0.136 0.425

Deviation

Deviation

Sample No. 3

Total Acidity, Z h2so4, % BSA, %

30.71 2.79 90.07
30.71 2.98 89.45
30.68 2.93 89.52
30.72 3.18 88.65
30.71 3.07 89.15

Mean 30.71 2.99 89.37
Standard 0.0152 0.147 0.521
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Benzene was determined by diluting approximately 100 gr

of the BSA sample with water and boiling the mixture. The vaporized

portion was condensed and collected in a receiver which was calibrated

so that small volumes could be read off directly. The volume of

benzene collected was converted into weight of benzene, and this value

was divided by sample weight.

The accuracy of this procedure was determined by analyzing

five individual samples of the same BSA sample for benzene content.

The following results were obtained (percent by weight):

1.07

2.08

2.25

1.40

1.12

Mean 1.584

Standard Deviation 0.548

The fact that the standard deviation for these five samples was equal

to 50% of the benzene content of some of the samples showed that this

test is not very reliable for low concentrations of benzene. (Crooks

and White (2) pointed out that this is one of the difficulties inherent

in the study of this system.) As things turned out (see Chapter V,

Experiment Results) , it was only important to know the benzene

concentration for checking the accuracy of the prediction of the

Schaftlein-Russell (12) model equations.

Specific gravity was determined at 25 C with a pycnometer

which had been calibrated with water at 25 C.
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Diphenylsulfone content was determined by extracting the BSA

solution with benzene, boiling off the solvent, and weighing the

remaining solid.



APPENDIX IV

DETERMINATION OF STEADY STATE

The H^SO^ content of the reaction mixture was selected as an

indication as to whether steady state had been achieved in the reactor

because the analytical method for I^SO^ is much more reliable than

the method for BSA (see Appendix III).

Inspection of the data in Table 4 suggested that steady state

had been reached at the end of 25 min, and this hypothesis was tested

by one-way analysis of variance.

Hypothesis:

hl = H2 = P3

2 , 2 , 2
2 S! + S2 + S3

s = -----------------------------
P n

where n = number of samples

= (0.448)2 + (1.24)2 + (0.931)2

3

= 0.868

9 ?-2 a x)2
2 lx - -----------

s- = n
x ----------------- ,-----------n - 1 ?

(76.17 + 76.36 + 75.75P
r(76.17)2 + (76.36)2 + (75.75)2] -______________ 3

-----------------------------------------------------3-1

= 17370.8 - 17370.59
2

= 0.095
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where m = number of observations that each sample contains

2
Sc = 5 • (0.095)

= 0.475

2
Sc = 0.475

• 2 0.868s
P

= 0.55

F (2, 12) = 3.89

Therefore, accept the hypothesis that the population means

were equal, i.e. that steady state had been reached at. the end of 25 min.



APPENDIX V

CALCULATION OF REACTION RATE FROM EXPERIMENTAL DATA

Reactant Feed;

Benzene 12 ml/min

l^SO^ 60 ml/min

The molar feed rate of benzene is calculated to be

12 x 0.879 Ar-
p __ ____mlri_____________ ml __ 135 gmoi

Bo ’ 78.1 —A- ' mln

Product (from analysis) ;

Benzene, wt % 1.54,8

Sp Gr (25°C/25°C) 1.708

The moles of benzene leaving the reactor are

0.0244 min

•70 zi 7AQ .9748972 min x (1-708 x .99707
B-------------------------------7fi i 8

/O.JL --------T-gmol

Ar x 0.01548
ml

The fractional conversion of benzene is calculated to be

FB = FB • (1 - XB>
o

F /F = 1 - X^
D D JDo

XB = 1 - (FB/FB )
o

_ 0-0244
1 0.135

= 1 - 0.181
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= 0.819,

and the reaction rate can be calculated from molar feed rate, fraction­

al conversion, and reactor volume:

V
o

“rB ” V

0.135 x 0.819________mm_____________
792 ml

= 0.000140 g™--1 ■ .



APPENDIX VI

BATCH DATA AND CALCULATION OF OVER-ALL MASS-TRANSFER COEFFICIENT FROM

THE SCHAFTLEIN-RUSSELL MODEL EQUATION.

The data collected during operation of a large-scale batch

reactor are summarized in Table 12.

Table 12. Summary of Batch Reactor Data.

Time ,
hr

Liquid Level— ,
inches below

flange

Reactor
Temperature,

°C

Liquid
Benzene Rate,

8al
min

0 59 80
(Liquid-phase

reaction
complete)

2 157 7-8
4 158 7-8
6 160 9
8 161 9

10 161 9
12 163 9
14 161 9
16 160 9.5
18 35.5 161 9

Reaction
Complete

—A liquid level of 59 in. corresponds to a volume of 806.6 gal,
and a level of 35.5 in. corresponds to 1292.6 gal.

The analysis of the samples obtained during the operation of

the batch reactor are summarized in Table 13.
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Table 13. Summary of Analytical Results .

Time ,
hr

Total
Acidity, H_SO. ,

2O/ 4/o
BSA,

Of
At

Benzene,
%

0 70.84 61.85 29.02
2 54.19 38.47 50.74 0.23
4 49.10 30.94 58.61 0.24
6 45.68 24.49 68.37 0.28
8 41.84 18.69 74.70 0.55

10 38.78 13.83 80.50 0.75
12 35.76 9.14 85.88 0.95
14 33.52 6.14 88.10 1.07
16 32.12 3.84 91.23 1.22
18 30.93 2.21 92.67 1.43

Actually, too much liquid benzene was pumped into the reactor, so

the first sample is not typical. Therefore, the specific gravity

of the sulfonation mixture was assumed to be that obtained in the

85°C, 11-min experiments made in the laboratory (sp gr = 1.68).

The H^SO^ concentration at the end of the liquid-phase reaction

was calculated from data typical of numerous plant batches (H^SO^ =

72.3%), and the specific gravity of the product was similarly obtained

(sp gr = 1.31). Specific gravity was assumed to change as a function

of composition.

The benzene and H2S°4 concentrations were then calculated

from specific gravity and analytical data, and the results of these 

calculations are summarized in Table 14.
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Reaction Cycle.

Table 14. Sulfuric Acid and Benzene Concentrations During a Batch

Time,
hr

Specific
Gravity

H„SO.„ 2 4,Concentration,
gmol
1.

Benzene
Concentration,

gmol
1.

0 1.68 12.4 0.0
2 1.63 6.39 0.0480
4 1.59 5.01 0.0489
6 1.55 3.87 0.0556
8 1.50 2.86 0.106

10 1.46 2.06 0.140
12 1.42 1.32 0.173
14 1.38 0.864 0.189
16 1.35 0.528 0.211
18 1.31 0.295 0.240

Using the H^SO^ concentrations shown, the quotient of initial concen­

tration and instantaneous concentration was calculated; the results

are summarized in Table 15.

Acid.

Table 15. Values of Initial and Instantaneous Concentration of Sulfuric

Time,
hr

«2SO4
Concentration,

gmol
1.

CA
0

CA

a

V
0 12.4
2 6.39 1.94 0.663
4 5.01 2.48 0.906
6 3.87 3.20 1.16
8 2.86 4.34 1.47

10 2.06 6.02 1.79
12 1.32 9.39 2.24
14 0.864 14.4 2.66
16 0.528 23.5 3.16
18 0.295 42.0 3.74

The natural logarithms of the C. /C. quotients were correlated as
Za Ao
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dependent variables with time as an Independent variable, using a

linear least-squares method, and a correlation coefficient of 0.990

was obtained (slope, k = 0.1903). This excellent correlation verified

that the reaction is first order with respect to H„S0,.
2 4

It was necessary to know the rate of change of H^SO^, concen­

tration with time for use in the Schaftlein-Russell model. Testing

the data for the reactant concentration against various equations,

it was determined that the H^SO^ data fit an exponential function of

2
the form y = A • exp (B • X) , where A = 11.88 and B = -0.1922 (r was

0.985). The derivative of this latter curve was determined at times

corresponding to sampling times, and the values obtained are shown

in Table 16.

Table 16. Instantaneous Rate of Change of Sulfuric Acid Concentration.

Time,

hr

Derivative of H^SO, Curve,
gmol

1. hr

2 -1.555
4 -1.058
6 -0.7206
8 -0.4906

10 -0.3340
12 -0.2274
14 -0.1548
16 -0.1054
18 -0.07176

The reaction—rate constant is required in the Schaftlein-Russell

model, and the constant was calculated from the relationship

- 5. - Vi ■ •
dt R1

where = concentration of I^SO^.
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The results of this calculation are shown in Table 17.

Table 17. Calculation of Reaction-Rate Constant.

Time,
hr

Ci,

gmol
1.

dC,

dt ’
gmol
1. hr

kR ’

1_
hr

2 6.43 -1.555 0.242
4 5.05 -1.058 0.210
6 3.89 -0.7206 0.185
8 2.90 -0.4906 0.169

10 2.07 -0.3340 0.161
12 1.33 -0.2274 0.171
14 0.880 -0.1548 0.176
16 0.528 -0.1054 0.200
18 0.295 -0.07176 0.243

These data give a mean k_ = 0.1952 hr . In the derivation of the
K

Schaf tlein-Russell model for the well-mixed gas, well-mixed batch

liquid (Appendix I) , it was shorn that

ZG1Y .l7oj

u

- ZG2CJP - kRCJ ’

KcaP
where Z " G, + ITaVP

Z G L

This equation must be modified for the present case to use the value

of the concentration of H„SO, in the reaction-rate term. Therefore,
2 4

solving for Z,

The Henry's Law constant was obtained from data developed in

two laboratory experiments. In one case, commercial-quality BSA was 

dC
z_ dT * Ml

Moj - W
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saturated with benzene at 150°C, and the hot solution was analyzed

for benzene content (2.21%) and specific gravity (1.269). Henry's

Law constant was then obtained as follows:

1.269 x 0.0221 x 1000 ml
1.

78.1 __ g
gmol

= 0.359 

0.359 £221 x 3.784 x 7.48 ^4- x = 0.0224 lb-m21
gal 454 g .3

p = Hx

 p  1 atm
x 0.0224 lb 1,01

ft3
3

. . _ atm ft= 447 •------------ *
lb mol

(This experiment was repeated to confirm the analytical results. BSA

was saturated with benzene by refluxing a mixture of the two for 1.5

hr, and the benzene content (2.09%) and specific gravity (1.272)

of the hot BSA layer were determined.) In the second case, a sample

of the liquid-phase reaction product was saturated with benzene, but

the amount of benzene determined in this solution was much less than 

should have been present (as deduced from the amount of benzene which

went into solution). Therefore, it was concluded that the reaction

between the benzene and H-SO, continued after the solution was saturated,
2 4

and a third experiment was made. In this experiment, 150 ml of benzene

were refluxed with 200 ml of 66° Baume’ H^SO^ for 1.5 hr. The mixture

was sampled while hot (82°C) for determination of benzene content

(1.43%). Specific gravity was determined on a second sample of the acid

layer, and found to be 1.5781 (25°C/25°C). Henry's Law constant was
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calculated to be:

1.5781 x x .0143 x 1000 . ,
------------------ ---------------------------------------------- 0.281 = O,oi75 lb.

78.1 X- ft3

H = P
x

 1 atm
0.0122 ™01

ft3

3
= 57.0 gsOg

lb mol

While it is recognized that the Henry's Law constant is supposed to be

a constant, the actual variation between the two values calculated above

is not considered prohibitive. Henry's Law constant is a function of

composition and temperature, but for the BSA-H^SO^-water-benzene

system, the constant is a much stronger function of temperature than

of composition. For example, Henry's Law constant was determined by

saturating BSA and partially reacted I^SO^ with benzene as above,

except at ambient temperature, and a 26.4-fold difference in the two

values of the constant was obtained. For the present case, the

constant was assumed to vary between the two values obtained above

as a function of composition, so the following numbers were computed:

H’ 3
Time, atm ft
hr lb mol

0 57.0
2 55.5
4 54.0
6 52.6
8 51.2

10 49.8
12 48.5
14 47.2
16 45.9
18 44.7
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All values were converted into English units by the application

of standard

term of the model equation is calculated from concentrationOne

The results are summarized in Table 18.

than point-to-point estimates, this value was used in the calculation.

conversion factors. For example

and reaction-rate constant. Because the reaction-rate constant obtained

from the correlation of H_SO. concentration with time is more accurate
2 4

dC. . .
-T-2- = 0.01335 = 0.000832 1-ino1

' hr ft3
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Table 18. Summary of Instantaneous Reaction Rates.

Time,
hr

,/i’
lb mol

ft3

kR’

1
hr

kRCi’
■ lb mol
hr ft3

2 0.401 0.1903 0.0763
4 0.315 0.1903 0.0599
6 0.243 0.1903 0.0462
8 0.181 0.1903 0.0344

10 0.129 0.1903 0.0245
12 0.0829 0.1903 0.0158
14 0.0554 0.1903 0.0105
16 0.0329 0.1903 0.00626
18 0.0184 0.1903 0.00350

Although G2 is theoretically equal to (because one mole

of water is liberated for each mole of benzene which reacts) , extended 

experience with batch operations showed that 5352 lb of benzene are

consumed during the vapor-phase operation and 1801 lb of water are 

liberated. Since the reaction took almost exactly eighteen hours,

5352 0Q_ lb , ,  - lb mol-r-T—= 297 ,— benzene used - 3.81 —-------18 hr hr

= 100 .— water liberated = 5.56
18 hr hr

G2 = G1 “ 3-81 + 5,56

„ ...... lb mol
= Gx + 1.75

Applying this equation at each sampling time gives the data in Table 19
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Table 19. Molar Flow Rates of Inlet and Outlet Vapor ,

Time,
hr

Liquid Benzene
Rate» c g2,
gal lb mol lb mol
min hr hr

2
4
6
8

10
12
14
16
18

7.5 42.2 44.0
7.5 42.2 44.0
9.0 50.6 52.4
9.0 50.6 52.4
9.0 50.6 52.4
9.0 50.6 52.4
9.0 50.6 52.4
9.5 53.4 55.2
9.0 50.6 52.4

Using the numbers developed to this point, Z can be calculated

for each sample time, as illustrated in Tables 20 and 21.

Table 20. Values of Over-All Reaction Rate .

Time,
hr

dC. dC.
dt ’ kRCi ’ dt + kRCi ’

lb mol lb mol lb mol
3 3 3

hr ft hr ft hr ft

2
4
6
8

10
12
14
16
18

0.000832 0.0763 0.077132
0.000832 0.0599 0.060732
0.000832 0.0462 0.047032
0.000832 0.0344 0.035232
0.000832 0.0245 0.025332
0.000832 0.0158 0.016632
0.000832 0.0105 0.011332
0.000832 0.00626 0.007092
0.000832 0.00350 0.004332
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Transfer Coefficient .

Table 21. Intermediate Values for Calculation of Over-all Mass-

Time,
hr

G,y .,1 OJ
lb mol

hr

G C H2CjP ’

lb mol
hr

Voj - °2C3V ’

lb mol
hr

dC.
+ k C.dt r i

9JXilPu•r-)
<->C

M
O 

1

■

1 
M

-J

£ 
■

2 42.2 7.31 34.9 0.00221
4 42.2 7.24 35.0 0.00174
6 50.6 9.55 41.0 0.00115
8 50.6 17.7 32.9 0.00107

10 50.6 22.8 27.8 0.000911
12 50.6 27.4 23.2 0.000717
14 50.6 29.1 21.5 0.000527
16 53.4 33.3 20.1 0.000353
18 50.6 35.0 15.6 0.000278

Finally, the mass-transfer coefficient can be calculated as

follows:
KpaP

Z = ----------------------c9 + KaVP
Z. kJ Li

KaP = ZG„ + ZK aVTP
G Z G L

K^aP - K aZVTP= ZG„
G G Li Z

K_a(P - ZVTP) = ZG„
G L Z

ZG2
KGa = P - ZVTP

Li

To solve this equation on a point-to-point basis, it is

necessary to have individual values of V^. Assuming also varies

with composition, the following values can be calculated:
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Time,
hr

Reaction
Volume,

gal

Reaction
Volume,

ft^

0 806.6 107.8
2 849.7 113.6
4 895.4 119.7
6 944.0 126.2
8 994.8 133.0

10 1047.9 140.1
12 1104.8 147.7
14 1163.9 155.6
16 1231.2 164.6
18 1292.6 172.8

Finally, the instantaneous values of the mass-transfer

coefficient can be calculated from the data assembled in Table 22,

as shown in Table 23 .

Over-all Mass-Transfer Coefficient.

Table 22,. Summary of Calculated Values Required for Computation of

Time,
. hr

z,
1

ft3

G2 •

lb mol
hr

VL>

ft3

2 0.00221 44.0 113.6
4 0.00174 44.0 119.7
6 0.00115 52.4 126.2
8 0.00107 52.4 133.0

10 0.000911 52.4 140.1
12 0.000717 52.4 147.7
14 0.000527 52.4 155.6
16 0.000353 . 55.2 164.6
18 0.000278 52.4 172.8
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Table 23. Calculation of Over-all Mass-Transfer Coefficient.

Time,
hr

zg2,
lb mol
hr ft3

zvlp.
atm

P-ZVLP,
atm

Kra,
lb mol

hr ftJ atm

2 0.0972 0.251 0.749 0.130
4 0.0766 0.208 0.792 0.0967
6 0.0603 0.145 0.855 0.0705
8 0.0561 0.142 0.858 0.0654

10 0.0477 0.128 0.872 0.0547
12 0.0376 0.106 0.894 0.0421
14 0.0276 0.0820 0.918 0.0301
16 0.0195 0.0580 0.942 0.0207
18 0.0146 0.0480 0.952 0.0153

These data give a mean K a = 0.0584 :----- =-ri------- .& G hr ftJ atm

This value will be used in the model equation for the well-

mixed gas, well-mixed (continuous flow) case, and the predicted

value of benzene concentration will be compared with the actual

benzene concentration in the BSA being produced in the continuous

sulfonator.

An 8.5-fold variation in mass-transfer coefficient during

the course of an 18-hr experiment seems surprising. However, K^a

is calculated from the equation:
ZG2

KGa = P - ZVTP ’
L

so changes in the quantity, Z, doubly affect the magnitude of K^a.

As Z decreases, the quantities ZG2 and ZV^P become smaller, so a smaller

numerator is divided by a larger denominator. Z is a function of reaction

rate, molar gas rates, etc., but none of the quantities exhibit so pro­

found a change during the course of the reaction as reaction rate.

Therefore, over-all mass-transfer coefficient is essentially a direct 
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function of reaction rate. This is shown in Figure 6 (correlation 

coefficient = 0.982).



3
Reaction Rate, lb mol/(ft hr)

lb
 mo

l/(
ft:

 hr a
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Figure 6.. K a as a Function of Reaction Rate



APPENDIX VII

CONTINUOUS SULFONATION DATA AND CALCULATION OF REACTION RATES AND
REACTION-RATE CONSTANTS.
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from the acid pump delivery rate

The molar rate of l^SO^ leaving the reactor was calculated from

Hie molar feed rate of sulfuric acid, F , was calculated
A

0

= 0.0346 Ik-™!
hr

3.64 iS x 0.932
F-------------*£----------------

Ao 98.3 lb
lb mol

the analytical data

lb

FA

1830 J^x 1.259 ^-x 0.0364
hr ml__________

lb
lb mol

0.00188 lb mol
hr

The fractional conversion of H„S0, was calculated from the2 4

inlet and outlet molar flow rates

d

0.00188 ■
0.0346 

= 1 - 0.0543 

= 0.946 . ■

from the analytical data

The reaction rate was calculated from the material balance

The concentration of l^SO^ in the reactor outlet was calculated

98.1 lb mol

= 0.0291 ftJ

(62.3 x 1.259) |~j. x 0.0364

CA

equation
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The reaction-rate constant was calculated from the reaction

the reaction mixture

The reaction rates and reaction-rate constants for the other

k = —
CA 

rate and concentration of H„SO, in2 4 

= 0.378 hr-1

0.0291

0.0110 

’a = kC.A A

F. X.A Ao
V"rA

= 0.0346 —J1^1- x 0.946
hr

2.97 

= 0.0110 ;°q
hr ft->

experiments were calculated similarly, and these values are summarized

in Table 25.

Table 25. Summary of Reaction Rates and Reaction-Rate Constants.

Run

No.

FA,

lb mol
hr

XA CA,

lb mol
ftJ

-rA’
lb mol
hr ft^

k.

hr’1

1 0.00188 0.946 0.0291 0.0110 0.378
2 0.00247 0.929 0.0382 0.0108 0.283
3 0.00360 0.896 0.0557 0.0104 0.187
4 0.00266 0.923 0.0411 0.0108 0.263
5 0.00211 0.939 0.0326 0.0109 0.334
6 0.00195 0.944 0.0301 0.0110 0.365
7 0.00196 0.943 0.0303 0.0110 0.363
8 0.00215 0.938 0.0332 0.0108 0.325
9 0.00197 0.943 0.0305 0.0110 0.367

10 0.00190 0.945 0.0293 0.0110 0.375
11 0.00186 0.946 0.0288 0.0110 0.382



APPENDIX VIII

PREDICTION OF BENZENE CONCENTRATION IN THE CONTINUOUS SULFONATOR

The Schaftiein—Russell model equation for the continuous

reaction is (See Appendix II)

KGaPGlyoj
C - ' + W " rj

j K aG H
(q/vL) >+G + K aV p

Z Vj L

The H2SO^ content in Run No. 1 was 3.64%, so inter­

polating between data points shown in Appendix VI gives a value

for K_,a of 0.0200 and a value for H of 45.8 .
G hr It-3 atm lb mol

Benzene flow rate was 0.29 gal/min which is equivalent to 1.63

lb mol/hr, so this value was used for G^ and G2. The experiment was

essentially carried out at atmospheric pressure, so P had a value of

3
unity. The volume of the reactor, VT , was 22.2 gal or 2.97 ft . The

Li
3

H^SO^ entered the reactor at a rate of 3.64 lb/hr or 0.0319 ft /hr;

this value was assigned to q. y^ represented the mole fraction of

component j in the gas phase in the absence of reaction, so the value

of unity was assigned to this parameter.

2.97-r.
J

0.02,1 IbjSSl
nr

0.0291 lb. m01
hr

—r. was calculated from the analysis of the reaction mixture:

1830 x 1.259 ^-x 0.9077 x
______ hr_____________ ml________ 158.1

78.1 x 454gmol lb

= 0.00981 lb mol
hr ft^

94-
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Using the values of the model equation.

0.0326 0.009811.63 + 0.0594

0.0107 +

0.00981

lb -mol

Similar calculations for Run No. 2 and 3 gave predicted concentrations 

C.
J

0.0106
ftJ

°-0107

0.0326
1.6894

0.00949
0.8927

—0.0200 x 1 x 1.63 x 1 
1.63 + 0.0200 x 2.97 x 1 '

0.0193 - - 0.00981
0.0107 + 0.882

0.0326
2.97

of 0.0124 and 0.0145 — respectively.
ftJ

0.0200 x 1.63 x 45,8
1.63 + 0.0200 x 2.97 x 1

1.49
1.63 + 0.0594



APPENDIX IX

REMOVAL OF BENZENE FROM THE PF ACTOR PRODUCT
<*

The data obtained in the laboratory experiment studying the

removal of benzene are summarized in Table 26.

-150°C

Table 26.
a

Summary of Benzene Stripping Tests.—

Residence Time

min

, Benzene
Concentration,

%

10 1.88
15 1.47
30 1.30
60 1.43
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