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OBJECT

The purpose of this investigation was to
determlne the effect of reaction mixture composi-
tion and temperature on the rate of sulfonation

of benzene by sulfurilc acld.



S UMMARY

Thne rates of sulfonation of benzene by sulfuric acid
to produce benzenemonosulfonic acld have been measured over
the temperature range $0°C. to 140°C. Sufficient agitation
was employed to insure that the reaction solutions were sat-
ﬁrated with respect to benzenec.
The specific reaction rate 1is shown Eo be an expon-
entlal function of the solution composition and a logarithmilc

function of the absolute temperature according to the equation
5349
- "9.2 9 +
RL/CA = 118 (xy - l/bxw + 1/4xs) 3 T
The method of correlation also applies to the rate of
mononitration of toluene by mixed acid at 95°F., resulting

in the relation

- 3 8.08
N_ = 2,520,000 (xyg + 5/3%, - 1/3xy)

XTCN
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I. I NTRODUCTTON

Most chemlcal processes employed industrially have been
developed on an empirical basis. Through many trials and vari-
atlions tested, they have been developed'to a high degree of use-
fulness. DBy the formulation of workling concepts, 1t has teen
possible to predict in some degree tie effects of the various
factors upon reaction rates. OSuch has been the experience 1n
sulfonation processes, in which there 1s lackling fundamental data
from which the reaction rates may be computed.

Although sulfonation of benzene has been an important step
in the manufacture of phenol, there has been published but little
materlial by which the reaction rates of that system can be pre-
dicted. MYoreover, the reaction tetween benzene and sulfuric acid
may bte regarded as representative of a large class of sulfonation
reactions. For thhese reasons, the reactlon rate between benzene
and sulfurlc acld was chosen as the subject for this investigation,
wlth the intent of relating the rate of reaction wiéh the composi-
tion and temperature varlsbles of the sﬁstem. |

Harvey (8) in 1¢22 conducted éAgeries of sulfonation
experiments by passing benzene vapor through batches of sulfuric
acid for various periods of times and at various temperatures. His
data include no values for reactlion times less than three hours
In duration, in which time tne reactions.had progressed by sub-
stantial amounts. Variations in the benzene flow rates uséd in the
experiments introduces large uncertainties in the reaction rates

obtalned from the data.



Amdbler and Gibbs (2) and Zakharov (19) proposed processes
for the sulfonation of benzene in which excess benzene 1is circu-
lated through the reactlion mixture to remove the water of reaction
bty entrainment. Process conditions are described, but no inform-
ation 1s offered on specilfic reaction rates.

Since 1t ﬁas known that the rate of btenzene sulfonation
was very sensitive t§ the reaction solution composition, it was
decided to employ the steady-state flow method for the determination
of reéction rates. This me thod was chosen in preference to the
batch method in order to avold the uncertainties inherent in the
differentlation of the composition-time data derived from batch
experimentse.

Several factors led to the decision to measure reaction
rates 1n solutions which were maintained saturated with respect
to the benzene component at atmospheric pressure. Benzene has but
a limited solubility, in sulfurlec acid solutions, and its concen-
tration 1s difficult to determline quantitatively with a satisfactory
degree of accuracy. Noreover, representative samples of the reac-
, tlon solutions are difficult to obtaln because of vaporization
during sampling. An additional advantage could be realized in
that the benzene fugacity would be held constant, thus reducing
by one the number of variables to be considered 1n cq?reiation of

experimental data.



II. THEORY

A. REACTION MECHANISM

Although the mechanism of the benzene sulfonation
process has not been established, many possibilities have been

offered. The overall reaction may be expressed as
CeHg + H250, — CHg SO,0H + H,0.

Wieland (17) interpreted the sulfonation process as pro-=
ceeding through the addition of HO — S0,CH to a double bond

of the benzene ring with subsequent dehydration, as

o 1T
p S0,0H S050H
+ HO S020H —> | | . — + H,0

Michael (11) suggested that sulfonation may Involve the
addltlon of a hydrogen atom from the benzene ring to an unsatu-
rafed oxygen atom of the acid, and the aromatic residue to the
attached sulfur. VWater 1s then assumed-to separate from the
addition product, as

-

OH 0
/ 4
S=0

o)

HO
O + 505 (0H)p —> O/ Yor O + Hy0 .

Luder and Zuffanti (¢) offer an explanation on an elec-
tronlc basis. According to this theory, SO3 acts as an electro=

rhilic agent to form a coordinate bond wlth a carbon atom in



the renzene »ing, creating an addition compound. A shift of
a proton from the ring to an oxygen atom attached to the sulfur

atom completes the formatlon of the sulfuric acid groupe.

/80'3 SO,0H
+ 503 ) —_ H ~—> .

A signifilcant factor in the acticon of sulfuric acid upon
benzene 1s the effect of water upon the reactivity of the acide
Sulfuric acid is able to react with becnzene dnly when 1ts con-
centration reiative to the water present 1is greater than a
certain critical value. The limitinc value of sulfuric acld con-
centration was desirnated as the "pi-value" by Guyot (7). The
pl-value of sulfuric acld concentration evaluated by Guyot for
benzene sulfonation was 647 S04 by welght, corresponding to the
sesqulhydrate H2804°1-l/2H20. Crorzins (&) rlves a value for
the pi-value which corresponds to the dihydrate HpSO4+2Hs0.

Spryskov (14,15) showed that the limiting concentration
of sulfuric acid necessary for the sulfonation reaction to
proceea was Influenced by the presence of sulfonate productse.
He attrivuted this as due to the denydrating eflfect of the sul-

fonate product, in the case of napthalene sulfonation, as

~1

Cipt 503}1 + H,0 ‘_—-—__—__’- 93_0H7803H e« H,0 .



B. REACTION KINETICS

The reaction rate of the general reaction
aA + bR — eC + dD (1)

may be represented by the general equation

r =k C,®% Cg®- (2)
= c d
where,; ry, r' = rate of forward and reverse reactlions, respectively,

in mols of a particular component, per unit time,
per unit volume.

Cps» Cps Cps» Cp = active concentrations of components A, B, .
8 and D, respectively, iIn mols per unit volumee.

k, k' = forward and reverse speciflic reaction rates,
respectively.

The dependence of the reactlon rate on component concen-
trations is based on the mass action law formulated by Guldberg
and Waace in 1867.

The effect of temperature on the specific reaction rate

constant k can generally be expressed in the emripelcal form,

) E
In k¥ = constant - —& , (4)

RT
' Svante Arrhenius (3) recognized the similarity of the empirical
equation with the van't Hoff 1isochore which relastes the equili-

brium constant of a chemlical reactlion with the increase in enthalpy,

AH » .
1In X = t t - == . . o
constan = (3)

By analogy between these equations, Arrhenius suggested that there
exlsted an equilibrium between "normal" and "active" molecules 1in
which the activated molecules possessed an additional amount of

energy. He interpreted the quantity EA in the empirical equation
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as representing the additional amount of energy a molecule must
acquire before 1t could enter into the chemical reactione.
The dependence of the specific reaction rate constant on

temperature may then be written as
-E »

¥ '=A e RT s (6)
where the constant A 1s In the nature of a frequency factore.

The transition-state theory (5) considers chemical reactions
as proceedlng through the formation of an activated complex from
the reactant molecules. The reaction is then completed by the
decomposition of the activated complex into the final resction
procucts. The activated complex is considered to be in thermo-
dynamic equilibrium with the reactant molecules.  The rate of
reaction In the process may then be viewed as a unimolecular decome
position reaction of the activated complex, as
= f*:c4:. (7)

Since a thermodynamlc equllibrium has been assumed to exist

between the reactant molezules and the activated complex, the
equllibrium constant for that part of the reaction may be written‘

h‘for a bimolecular reaction as

+ *
K

~

o]
—=_ ()
Cp Cy ‘

— F

where A + R — X . - (c)
Since the equilibrium éonstdnt K 1is considered as a

thermodynamic equilibrium constant, 1t may.be related to the

thermodynamic quantities Af4z Aﬁ*, and AS4i which describe the

changes accompanylng the formation of the actlvated state from

the reactants. Then




F F ¥ +
-RT 1n K *= AF =* -TAS + AB (1C)
¥ /
or + -AF AS - AH
© ¥ =g RT = ¢ R AT (11)

By substitution for € from equétion (8) into equation

(7), the reactlon rate is expressed as

¥
By substitutlion for K from equation (11) into equation

(12), the reaction rate becomes

+ AS* -AH*
=k e "R e RT Ca Cr (13)

r

where k corresponds to the frequency factor A in the Arrhenius
equation (6).

.
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BENZENE SULFONATION EQUIPMENT

FIGURE 1.
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FIGURE 4. TOP OF CONSTANT TEMPERATURE BATH

VAPORIZER, TRAP AND VACUUM
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ITI. EXPERIMENTATL EQUIPMENT

A N D METHI ODS

A. GENERAL DESCRIPTION

The equipment was designed and constructed to conduct the
benzene sulfonation reaction under steady-state conditions in a
continuous-flow type reactlon cell. Figure 1 shows a photograph
of the experimental equipment, and Figure 6 shows a schematic

dlagram 1llustrating the method employede.

Materlial Flows. ‘

Gravity flow of materials was employed throughout the
systeme. Benzene and sulfuric acid reactants were fed continuously
from constant-head type reservoirs A and B, shown in Filgure 6, *
through their respectlve flowmeters D and E. Sulfuric acid was
introduced into the cell by way of the drip cup M. Benzene liquid

' was passed from the hydrostatlic leg E into the vaporizer F, and
the vaporized benzene was introduced into the bottom of the reaction
73611 O by way of the insulated and electrically heated line J.g
.Flask G was employed as a liqutd trap to prevent unvaporized
benzene .from entering the reaction cell. Flask H employed a hydro-
statlc seal and served as a vacuum release to prevent the formation
of a vacuum, in the benzene vapor system, which would result in
drawing over acid from the reactlion cell into the véporizep lines
when the equipmeng would be allowed to cool. Both flasks were
insulated and electrically heatede.

A pllot heat indicator was provided as a gulde for the

regulation of electric current supplied to the heater wires wound
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on the benzene vapor lines and the heated flasks G and He The

pilot consisted of a plece of glass tubing which was furnished

with electrical heater wire and insulation similar to that on the
benzene vapor lines, and electrically connected in series therewlthe
A laboratory thermometer placed in the pllot tube gave a represent-
ative Indication of the temperature in the electrically heated

tubes and flasks.

The benzene vaporlzer was constructed on the principle cof
Tlash-vaporization in order to provide a constant rate of vapor-
\ization and to minimize the variations in benzene hold-up between
the reservolr and the reaction cell. Since a slight amount of
pressure Was requiréd to force the benzene into the reaction cell
agalnst the hydrostatic pressure at the bottom of the reaction.
mlixture, a stopcock was placed at the bottom of the hydrostatic
leg E. Thereby a hydrostatic head of benzene was established 1in

~ the leg to place the required pressuré on the'benzene vapor.

‘ The level of the mixture of liquid and vapor in the reaction
cell was established by the positlon of the liquid overflow outlet

e 1n the side of the cell. The liquid product overflowed through
'Ehe side outlet into a U-tube, from which 1t was wilthdrawn by a
siphon tube whose outlet was immersed in the liquid seal cup U
located outside the bath. The product then flowed through a side
outlet from the siphon seal into the produtt receiver W. Excess
benzene vapor, released from thé reaction mixture in the cell,
passed through the insulated and electrically heated line L to

the condenser AA, and the condensate was collected in the benzene

recelver X,
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Reaction Unite.

In the reactlion cell 0, benzene vapor was maintained in
fntimate contact with the acld prase by the cell stirrer. A
copper-constantan thermocouple Q, in a well which was immersed in
the reactlon liquld, was employed to measure the temperature in'
the reaction cell. The dibutyl phthalate bath N; in which the
cell was lmmersed, was electrizcally heated and thermostatically
controlled to maintaln the deslred tempecrature In the reaction
celle In order to remove the heat of reaction generated in the
cell, 1t was necessary to maintain the bath at a temperature several
degrees below the temperature of the cell. Agitation in the bath
was provided by a stirrer. Power for both the reactlion cell stirrer
and the btath stirrer was furnished, through pulleys and round
leather belting, by an electric motor equipped wlth a two-groove

sheave.

¥easurements and Sampling Methods.

Flow rates of benzens feed, acid feed, product, and benzene

condensate were determined by time and level measurements on the
IEcalibrated reservoirs and receilvers. The flowmeters were used only

as a gulde in adjusting flow rates of benzene and acld feeds to
the reaction cell.

Obtaining a representative sample of the acid phase presented
several problems. A sample taken {rom tﬁe product overflow line
at V, just before fbe product entered the receiver, would not be
representative of the liguld phase in the ocell, for the reaction
would éontinue during the transit time of the liquid passing from

the cell to the sampling pointe. By withdrawing a portion of the
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reaction mixture directly from the reaction cell through the cell

sampling tube R Into a flask contalning az measured quantity of

water, the reactlion could be nhalted, but the comparatively large
amount of water used to stop the reactlon would introduce errors in
the subsequent analysis of the sample for water content. Moreover,

a substantial quantity of btenzene was loszt by. flash-vaporization

wnen a sample was withdrawn directly from the cell. Therefofe,

for each run samples were taken of both the overflow product and

of the cell reaztlion mlxture, and a relation was obtained between

the two sagples by a materlal balance on thelr total sulfur contentse.

The cell sample was used for tne determlnation of sulfuric acld

and benzenesulfonic acid, and the overflow sample was used for the

determination of water. The water content of'the oJerf}ow sample

was then corrected for the after-reactién effect By stoichiometrio

relationships between the overflow and cell samplés. Appendix A

shows the method of computation.

Tre cell sample was obtained as 1llustrated in Figure 14.

A glass siphon tube passed from an Erlen¢eyer flask tﬁrough one of
tthe ceil front openings intO'tﬁe reaction mixture. A slight vacuum
~ furnished by the sipnon bottle arrangement would draw a sample from

the cell into the Erlenmeyer flask. The reaction would then be

halted by admixture of fhe sample with a measured quantity of water
previously placed in the sampling flaske

The volume of the reaction liquid in the cell was measured,
after completion of a run, by shutting off the flows of reactants
and observing the liquld height in the reaction cell, which was

callbrated as shown in Figure Ge.



17

B. EQUIPMENT DETATLS

Reaction Cell.

The reaction cell was of pyrex‘all-glass construction as
shown in Figures 3 and 8. It was designed to provide a high degree
of agitation betweerli the Eenzene vapor phase and the ligquld soclu-
tion phase for the purpose of maintaining an equilibrium distribution
between the two phases. Dlstribution of benzene vapor into the
liguid phase was provided for by a group of four glass tubes arranged
radially at the bottom of the stirrer shaft. Benzene vapor passing
through the bottom tube connection of the reactor entered the 12-mm.
tubular opening on the agltator shaft bottom, passed radlally
through the R-mm. tube distributors, and was subdivided iInto small
bubbles by the shearing forces present at the ends of the rotating
distributor tubes.

A total of five four-tladed paddles, including the distributor
arms, were spaced at equal intervals along the aglitator shaft; a
total of nineteen baffle arms were attached to the cell wall, in
four groups of four baffles and one group of three bafflese. The
*baffle arm groups were positioned mldway between the agitator paddle
tlade groups to check the rotary motion imparted to the liquld by
the agltator, and to intensify the turbulence of the mixing actione

The B-mm. side arm provided for the introductlon of liquid
reactant, the ll-mm. side arm served as an overflow through which
the product left the cell, and the 20-mm. side outlet permltted
excess benzene vapor to escape to a condenser. A4 l4-mm. sleeve ¢
provided a liquid seal to prevent escape of vapor through the

agltator shaft opening at the top of the reaction cell.
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The volumetric capacity of the cell at the level of the
11—mﬁ. overflow tube bottom edge was determinded to be 455 mle. with
the agltator shaft in position. The volumes contalned in the cell
at other levels 1s shown by the calibration chart, Figure ¢.

A thermocouple well, constructed of 8-mm. pyrex tubing and
provided with a standard taper Jolnt, was mounted in the right=-front
opening of the reaction cell. The end of the thermocouple well pro-
jected to a depth of approximately 1-1/2 inches below level of the
reactlion mixture. A copper-constantan thermocouple was used in
this welle The thermocouple was compared with NBS calibrated ther- .
mome ters, and the thermocouple calibration is shown in Table 1.

TABLE 1

THERMOCOUPLE CALIBRATION

Temp- Eomofo Te"?’xp. Eo.’flofo
°C. Millivolts °Ce Millivolts
80 3.18¢ 116 4,981
82 3.408 118 5076
84 3.407 120 5.170
R6& 3.586 122 5.265

. RR 3h77 124 5.360
S0 3.768 126 56456
G2 3.859 128 3.551
04 3.951 130 3.647
g6 44043 132 5e743
o8 4.135 134 5.830

100 4,228 136 5935

102 44322 138 6e032

104 4.414 140 6.128

106 4.508 : 142 60226

108 4.502 144 6323

110 4,697 146 60422

112 4,792 148 6523

114 4.886 150 6aH27

Cold junction at 0°C.



Constant Temperature Bath.

‘A pyrex jar'measuring 12 inches in diameter and 18 inches
in helght served as a contalner for the constant temperature bathe
Dibutyl phthalate was employed as & tath 1iquid because of its
characteristics of low vapor pressure, freedom from darkening upon
exposure to elevated temperatures, high {flash-point and reasonable
coste The propeller for stirring the bath liguid was constructed
of a two-inch diameter copper disk with slits alcng 1ts radil in
a manner to form an elght-bladed propeller. Fower supplied to the
propeller shaft operated the stirrer at a speed of approximately
RS0 repDeme

Two knife-type heaters rated at 3500 watts each, and one
knife-type heater rated at 250 watts, all ratings at 115 volts,
were employed as source of heat. A mercury-in-glass type thermo-
regulator furnished a constant-temperature control for the bathe.
A lO-anpere capacity "Adjustavolt" variable transformer was used
to c~ntrol the heating rate of the bath heaters. Additional sensi-
tivity of temperature control was obtained by uslng two of the
‘heaters continucusly, and the third heater intermittently as dictated
lby the thermoregulator unite. The performance of the constant tempera-
ture reculation was such that no movement of the mercury column
could be detected in a thermometer having one-decree Centigrade

divisions.

Power.,
The reaction cell stirrer and the bath stirrer were driven
bty a single electric motor of the repulsion-induction type, rated

at one-sixth horsepower and operating at a speed of 1140 r.pe.me.
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By means of a double-groove sheave, the motor operated 3/16-1n.
dlarme ter round leather pulleys which supplied power to the stirrer
shafts via intermediate idler pulleys. Various cell stirrer speeds
ranging from 650 r.p.mes to 1770 re.pe.me. were obtained by selectlon
of different pulley diameter combinations of the intermedliate and

driven pulleyse.

Reactant Reservoirs.

Calibrated constant-head type reservolrs as shown in
Firure 10 were employed as a sctource and measure of benzene and
sulfuric acid reactants. In each case the reservolr was constructed
of 100 mme Cole pyrex tubing, with appropriate openings at top and
vottor, and had a csapaclity of 3,000 2illiliters. A class siphon
tube extended from the interior lower portion of»the reservolr to
a flowmeter outside, and was eqguipped with stopcocks to permit
starting of siphon and control of flow rate. Another glass tube
passed through the central top opening of the reservolr andAa sleeve

tvpe seal of rubber tubing; tris tube regulated the hydrostatic

pressure head at the siphon inlet for maintenance of constant feed

" rate. Thereby was establlished an adjustable level in the reservolr,

at which level the pressure would be of exactly atmospheric value,
and the subsequent nydrostatic pressure causlng liquid movement
would te held constante.

The calibration constants for the reservolrs, corrected for
the presence of the air inlet and siphon tubes, are:

Fenzene reservolr 68.42 mle/cme

A21d rescrvolr 6041 ml./cme
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Recelverse.

} Callbrated receive?s as shown in Figure 11 were employed
‘ to recelve and measure the liquid product and excess benzene dls-
charped from the reaction cell. Each receiver was constructed of
0 mme. C.D. pyrex tubing and had a total capaclty of 2300 ml.
Calibration constants for the receivers are:
Benzene receiver 44.5 mle/cm.

Product recelver 43.9 ml./cme.

Flowmeters.

Pyrex plass capillary tube flowmeters were used to indicate
instantaneous flow rates of benzene and sulfuric acid reactants
to the reaction cell. [Migure 12 shows the construction of the
tenzene flowmeter. The standard taper glass jolnt was connected

to the reservolr siphon, and the bottom stopcock permitted intro-

i duction of manometer fluid. Water was used as a manometer fluid,

and the pressure drop across the capillary was indicated by eleva-

tlon difference between the water-btenzene levels in the manometer

iﬁ Figure 13 shows the construction of the acid flowmetere.
The acid being measured was used as the manometer fluid in the
slngle-leg manometer.
Calibration constants for the flowmeters are l1listed in

Table 2 .

TR A R e T T
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TABLE 2

FLOWMETER CONSTANTS AT 25°C.

?'J’Ilo/}{r'o = K'[—-h
Flowmeter K Materlial
Renzene 35 Benzene
Acld 48 ©5+0% HpS0,4
Acid 44 $0+0% 11580,
Acid 40 85.27 HoS0,4
Acid 46 80.4% H,80,

Vaporizer.

Trhis unit provided for the vaporization of the benzene
feed to the reactlion cell, and is 1llustrated in Figure 5. A
pyrex glass hellical coll of 8mm. 0O.De tubing, with 13 turns on a
coll Inside diémeter of 75 crie, was immersed in a dibutyl phthalate
liquid heating mediun. A pyvrex jar, six inches in dlameter and
k twelve inches high, served as a container. Heat was supplled by
| a chromel-A resistance wire coll, with a heatling capacity of 500

watts, immersed in the liquld bath. A bimetalllec thermoregulator

.DWith relay controlled the bath temperatures

Trap and Vacuum Release.

These units were precautionary measures installed to facllitate
the handling of bengzene vapor « They were constructed of 300-mle
bolling flasks with asbestos heat insulation an@ wouna with electric
resistance heating wire. They are 1llustrated in Filgure 5, and
Figure 6 indicates thelr manner of operation. The right-hand flask
served to trap and vaporize those portions of unvaporized benzene
that might leave the vaporizer unit. The left-hand flask was pro-

vided with a hydrostatic liquid seal of mineral oll, and prevented
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the formation, In the vapor system, of % vacuum which would
result in drawing over acid liquid from the reaction cell into

the benzene vapor lines.

Sampling Alds.

An asplrator arrangement, shown diagrammatically in Figure
14, was uséd to obtain reaction mixture samples directly from the
reaction celle A 125-ml. Erlenmeyer flask, with a side tube added,
was connected to a glass sampling tube which extended to within
the reaction mixture in the cell. The cne-gallon bottle with =a
water siphon functioned to aspirate a liquid reacﬁion mixture sample

from the cell 1Into the sampling bottlee.

Ce. MATERIALS

Sulfuric Acide.

Reagent grade C.P. sulfuric acid manufactured by the
General Chemical Company was mixed with distilled water to the

various concentrations desired for acid reactant sclutions.

A technical grade benzene manufactured by The Barrett
Division, Alliled Chemical and Dye Corporation, was used as reactante.
Its freezing point was determined to be 5428°C., as compared to a
vélue of 5.51°C. determined on pure benzene (17). The benzene
purity indicated by the freezing point lowering was ¢<¢ .65% benzene,

expressed on a mol basise.



24

D. RUN PROCEDURE

Each experimental'run was devoted to the attalinment of a
steady-state condlition of operation in the reaction cell. In
each run, the reaction process was conducted under conditions of
constant reactant feed rates, compositions, and reaction mixture
temperatures, for a perlod of time sufficient for a steady-state
conditlon of component concentrations i1n the cell to be attainede.

Sulfurlic acid feed stock solutions were made up by mixing
the approximate quantities of acld and water, checking‘the con-
centration by titration against standard NaOH solution, making
necessary adjustments 1ln the concentration, and rechecking the
final concentration by analysis.

To begin a run, the reservolrs and receivers were first
readied, during which time the electric heaters in the constant-
temperature bath, vaporlzer and benzene vapor lines were turned
on to bring the various unifs to thelr operating temperaturese.
Approximately one and one~half to two hours were required to heat
the constant-temperature bath to the desired operating temperature.
jCooling water was then supplled to the benzene condenser, and flows
of benzene and acid solution were initiated by starting the siphons
of their respective reservgirs. The flow rates were regulated by
adjusting the elevations of the ailr inlet tubes, which established
constant hydrostatic head conditions, and adjusted to their approxi-
mate values by reference to the flowmeters.

Tre temperature of the reaction cell was determined by

potentiometric readings on the copper-constantan thermocouple
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located in the celle. Since the reaction was exothermic, the
temperature of the bath fluld was malintained somewhat lower than
the temperature in the reactioﬁ mlxture in order to remove the
neat of reactlon. The bath thermoregulator was adjusted, as
necessary, to maintain the desired operating temperature in the
reaction cell; a steady-state operating condition in the temperature
difference between the reaction mixture and the “ath was attained
usually within thirty to forty-five minutese.

Readings of l1liquid levels in the reservoirs and receivers
were taken on a preset schedule at accurately timed intervals of
approximately fifteen mlnutes, and the rates of flow were computed
therefrom. ¥inor adjustments 1n rates of flow of the reactants
were made, &8 necessary, with thg cuidance of flowmeter readingse.

The reaction was maintained under conditions of constant
temperature and feed rates of reactants for a period of from one
and one-half to five Lhours, depending on the rate of reactant f{lows,
to attaln steady-state operating condltions in the reaction mix-
ture. Samples of overflow product were taken at intervals to check

iﬁhe degree of approach to steady-state conditions by means of
'density me asurements. These measurements were made after the runs
were completed, and servedvas confirmation of a steady-state con-
dition in the reaction unit. Since there was an appreclable differ-
ence bétweeﬁ the densities of the feed and product solutlons,
constancy in the density of the reaction mixture was taken as an
index to achievement of steady-state conditions. The Westphal
balance used to determine these densities was quite sensitive and

reproduclible in zactione.
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When steady-state conditions were judged to be attalned,
samples for analyses were taken of the overflow product, cell
reaction liquld, and benzene condensate. The o-erflow product
sample was obtained through the three-way sampling stopcock on

. the overflow line. Benzene condensate samples were obtained
%through the three-way sampling stopcoclt on the condensate 1line
.

below the condensers The cell liquid sample was obtained by aspir-

ating approximately thirty milliliters of reaction liguid into an
Erlenmeyer flask as 1llustrated in Figure 14. In order to stop

the progress of the reaction, a predetermined quantity of distilled
water was previously pipetted into the flaske The quantity of water

used was sufflcient to lower the acid concentration below the "pi-

value,"

thereby bringing the reaction to a halt.
After the cell sample had been taken, the volume of ligquid
pnase present in the cell reaction mixture was determined. Pre-
} paratory to this measurement, the reaction process was filrst
contlnued for a period of approximately fifteen minutes after the
cell sample had been withdrawn to allow replacement of the liquid
I}removed in the sampling process, and to achleve steady-state con-
ditions in the liquid cverflow from the cell. The following
- operaticns were performed as quickly as possible and in the order
mentioned to permit measurement of the liquid volume in the reaction
mixture: (1) Acid feed shut off, (2) benzene pressure released at
stopcock on benzene vapor feed line, (3) stirrer motor shut off, and

(4) renzene feed to the vaporizer shut off. The liquid in the cell

f rapidly séparated from the bubbles of benzene vapor, and the height

- at which the liquld stood In the cell was read from the metal scale

mounted at the side of the celle. The volume of ligquid In the cell
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was then determlned by reference to the cell calibration curve

shown in figsure ¢. Corrections for liquid volume drained from

the acid flowmeter and the volume of cell liquld which backed into
z the benzene vapor Inlet tube were applied to the volume determined
from the 1liquld level in order to find the true volume of liquid

existant in the reaction cell at the moment of shut-downe.

=
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E. ANALYTICAL METHODS

Sulfurtiec Acld ih Reaction Solutione.

Sulfurlc acld was determlned by precipitation as barium
sulfate and welghing the ignited precipitate. Using a dropper
vottle to facilitate welpghing and transfer operations, approximately
elght grams of liqulid sample were transferred to a 250 ml. volu-
metric flask. The sample welght was obtaineé by the difference be-
tween the initial and final dropper bot%le welchts. The volumetric
flask was filled with distilled water to the callbration mark and
the solution thoroughly mixede. Two 25-ml. aliquot portions were
placed In 400-ml. beakers for sulfate analysls; at the same time
two 25-mls aliquot portions were placed in Erleﬁmeyer flasks for
subsequent detgrmination of total acidity by titration. 1In the
400-ml. bteakers, the sulfate samples were diluted with 200 ml.
distilled water, heated to bolling temperature, the sulfate precip-
itated as BaSO, by addition of 25 ml. /4 BaCl,, and the precipitate
disested for one hour. The barium sulfate precipitétes were trans-
ferred to porous-bottom porcelain crucibles, washed, dried and
lgnited at a low red heat for about fifteen minutes. After cooling
in a desiccator, the precipitates were weirhed in the crucibles.

The percentage of sulfurlec acld in the sample was computed from the

barium sulfate welghts as described 1In Appendix A.

Sulfurlic Acid in Acid Reactant Feed.

Concentratlons of H,50, present 1n the acid reactant feed
solutions were determined volumetrically by titration wlith standard-

1zed NaOH solutione. The procedure employed for this determination
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was ldentical with the method described below Tfor the determinatlon

of total acidity of reaction solutlon samples.

Total Acidity of Reactlon Solution.

-

The 25-mle allguot portions of reaction solution sample,
previously placed in Erlenmeyer flasks as described under "Sulfurie
Acld 1in Reaction Solutioﬁ," were used for the determination of total
actdity. These samnples were titrated to a phenolphthalein endpoint
with standardized N/4 NaOll' solutlone Deleterious effects of carbon
dioxide on the phenolphthalein endpolints were eliminated by Lolling
cach sample for a three-minute period prior tc reaching the endpointe.

The total acidity of the reactlon sclution was employed in
éonjunction with the sulfurlc acid content, as determined by the
Balls method, to nompute the concentration of tenzenemonosulfonic

acid present in the solutione. -

Determination of YWater Contente.

The concentration of water present in the reaction mixture
was determined by titration with a Karl Flscher iodine reagent
in reference to a standardized solution of water in methyl alcohol.
Preparation of the i1odine and alcohol-water standard titration
solutions 1s described in Appendix Be. The chemical reaction involved

in the titration may bte represented approximately by the equation

I, + 50, + 3 C;H;N + CHBOH + HaO =

cE_ LI + CHN H 50,CH, .
2 g bI I gHo ACE4
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The reaction 1s not stoichiometrically quantitative by the above
equation, but 1s highly reproducible 1In gquantitative actlon, and
thereby sulted for quantitative analytical operations.

The end point was determined by the dead-stop method of
Foulk and Bawden (4) as applied by Wernimont and Hopklnson (15).
To this purpose, two platinum wire electrodes sealed into soft

slass tubes were immersed in the sample being titrated, and an

electromotive force of 20 millivolts was impressed across the platil-

"eemefe™ terminals of a Leeds

num electrodes by connection to the
and Northrup Student Type potentiometer. The end point of the
back-titration of excess 1odine reagent was indlcated by approach

of' the galvanometer needle on the potentiometer to its zero posftion.
f The end ﬁoint occurred at the stage of the titration where the free
iocdine, wnich acts as a depolarizing agent on the electrodes, dis-

f appeared, and the polarization action at the electrode surfaces
ﬁ'halted the flow of electric current. An electric stirrer kept the

" sample well mixed during the titration. Atmospheric moisture was

excluded by use of pafaffin—co;ted cork stopper provided with

3apprbpriate access openings for stirrer shaft, burette tip and
 electrode leads on the alcohol-water burette; a similar stopper with .
@ only a turette opening was mounted on the ifodine burette. Soxhlet

- extraction flasks of 150-ml. capacity were used for titration flasks.

Reaction mixture samples were analyzed for water content

by the following procedure: A sample containing 30 mg. to 40 mge.
of water was accurately weighed, using a dropper bottle as a welgh-
ing bottle, into the Soxhlet flask used in the titration operatione.
The sample was placed in the flask with a minimum of exposure to

the room air in order to reduce moisture plckup by absorption;‘a
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paraffin-coated cork stopper was Immediately placed over the flask
opening as a guard to block entrance of atmospheric moisture. Five
millillters of pyridine were tren pipetted into the flask and ad-
mixed with the sample. This addition of pyridine was employed to
neutralize the concentrated acids In the sample which, in theilr
concentrated state, would decompose the iodine reagent with a
coplous evolution of white fumes.

The sample flask, with the guard stopper removed, was then
mounted on the lodlne burette guard stopper, and an accurately
measured portion of 15 or 20 mle. of iodlne reagent was run iﬁto
the flaske ITodine reagent inrexéess was thus added in order that
the solution might be back-titrated with the standardlzed alcohol-
water solutione. The flask was transferred Imnediately to the
alcohol-water burette, and the excess lodine titrated to the electro-
endpoint with the alcohol-water solution. The dead-stop endpolnt
in the titration of free iodine was reported to have an endpoint of
better reproduciblility than had the reverse manner of titrating
unreacted water with l1odine solutione. -

The water equlvalent of the gquantity of lodine solution used
in the analysis of the sample was determined by making a blank
analysis in which the sample was omitted, but the S-ml. pyridine
addition was i‘ncludede. The dlfference between the quantltles of
alcohol-water solutioﬁ used in the sample and blank titrations was
taken to represent the quantity of water present in the original
sample (12),

Benzene condensate samples were also analyzed for water

content by the Karl Fischer method. Since most of the water was
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present as a separate aqueous phase in the condensate samples, it
was necessary for sampling purpcocses to bring the bhenzene and water
into a single 1liquld phase prior to analysis. Absolute methyl
alcohol was c¢mployed as a solubilizinre égent.

Each benzene condensate sample had been collected, during
the sulfonation run, in a 100-ml. volumetric flask in a quantlty
of approximately 85 =l. The flask rad been preweighed, the combined
welpght of flask with sample was obtalned, absolute methyl alcohol
then added, and ihe final weight obtained. An aliquot portion of
Lenzene condensate sample was pipetited into the titrgtion flask,
a 5=-mle portion of pyridine measured into the sample, and the sample
then analyzed for water in the same mahner as in the case of the
reaction nixture sanple. The pyridine addition was included in
thils analysis in order that the blanlt titration values obtained as
above would be applicables The absolute methvl alecohol used for.
solubilizing the sample was analyzed for,water content, and cor-
rectlons were applicd in zomputatlons for water content of the

v

sample.
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IVe. EXPERIMENTATL RES ULTS

Reaction rates in the sulfonation of benzene by
sulfurlc acid were obtalned in thirty runs over the temperature
range 90°C. to 140°C. in sulfurlc acid solutions saturated with
respect to benzene. Sulfurlic acid-water solution mixtures in
concentrations varylng from 80.475 to 95.17 sulfuric acid by
welght, were employed as reactant feed solutions. The quantity
of benzene vapor Introduced into the cell was approximately
twelve times the amount which entered the reaction. Benzene-
sulfonic acid product was formed in these runs to concentrations
which varied from a minimum of 2.537%7 to a maximum of 41.837%
be welghte

The experimental errors present in measurements of the
quantities observed 1In this work are estimated to be approxi-

mately as follows:

Volumetric rates -—==ee-cccceacccmmnaaa- + 0e5%
Temperature -—=---ececmcacccc e + 0.05°C.

Wte percent HoSOyp =-=-ceemcceceaccme—o + 0.057% :
Wt. percent BSA ~----cmcmcmcmecccee e - + 0. 27

Wte percent Hp0 —=---cccmcmccmem e e + 0.054
Reaction mixture volume =—==-c=cececacaa-o + 3 ml,

Experimental data obtained in the thiriy-one runs per-
formed are shown 1in Table 3, "Operating Conditilons," and Table
4, "Reactlion illixture Analytical Data."” As an 1llustration of
the procedure followed in securing these data, a detalled treat-

ment of Run Noe. 20 is shown in Appendix A.
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Operating Conditionse.

The data tabulated in the columns of Table 3, "Operating

1

Condltions," were obtained as follows:

Cole 1 : Run Number.

Cole 2

Cell Temperature, °Ce. This was obtained by

measuring the e.m.f. of the copper-constantan
thermocouple In the reaction cell, using a Leeds
and Northrup portable precision potentiometer,
odel 8662.

Cole. 3 : Earometer, mme. Hre -Nese values were obtained

from readings on & mercurial barometere. They
are corrected to a standard temperature of 0°Ce.

Cnle 4 ¢ Stirrer R.P.¥. The reaction cell stirrer speed

was measured by obtalnling timed revolutlon
counter readings at the driven pulley on the

stirrer shafte.

Tcle 5 Reactlon Liquid Volume, Mle. The quantity of

reaction liquid phase was determlned by noting

the 1liquid level position In the reaction cell.
This position was determined after the flows of
reactants.and the stirrer were halted simultane-

ously and at a time when the cell had been in

operation under steady flow conditions. The
volume of 1liquld present 1in the’cell was then
found from the cell calibration curve shown in
Flgure 9. A correction of 8 ml. volume was

added to the calibration curve reading to allow

for liquid in tubing connectiohs.
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O
.

Cole. Space Velocity. This 1is calculated by dividing

the hourly volume rate of acld feed (Col.Q) by
the volume of thie liquid phase in the cell
(CO].Q 5)0

Zol. 7 ¢ Acid Feed, 1530, wtef. The concentration of

: sulfuric acid in the feed solution was determined
g by titration with standard NaOH.
Col. A

e

Acld Feed, Density. These values were ottained

from the composition-density table for sulfuric

acld In Perry's (13) "ilandbook for Chemical Engi-

1

nears," and are corrected to room temperatures

Cole ¢ : Acld Feed, ¥1l./lir. The volumetric acid feed

rates were obtained from timed observations of
11lguid levels in the acid reservoir. The volu-
metric rate in ml./hr. is numerically equal to
b the product of the rate of liquid level lowering
and the reservoilr calibration constant, 69.1 ml.

per cm. height,

Col. 10: icid Feed, Gm./ s “he rravimetric acid feed

rates in gme/t.r. are equal to the product of the
density (Col. ) and the volumetric feed rate

(Cole C)a

@]
Q
4
.

11: Benzene Feed, Ml./Hr. The volumetriz benzene

feed rates were obtained from timed observaiions
of 1iquid levels in the benzene reservolr. The
volumetric rate in terms of ml./tr. of liquid

benzene 1s egnual to the product of the rate of
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liquid level lowering and the benzene reservolr
callibration constant, 6R.2 ml. per cm. heighte

Cole 12: DBenzene Feed, Gm./l'r, These values are equal to

the product of the volumetric feed rate (Col. 11)
and the density of liquld benzene at roocm temp-
erature.

Cole 13: ZRenzene Condensate, ""1./1r. The volumetric

benzene condensate rates were obtalned from timed
observations of liguid levels in the condensate
recéiver, and Include the small quantities of
water vapor pfesent in the benzene leaving the
reaction cells The volumetric rate in ml./nr.
ligquid is equal to the product of the rate of

liquid level rise and the condensate recelver

callbration concstant, 44.5 ml. rer cm. height.

b Sol. 14: Benzene Condensate, Gme./Fr. These values are
equal to the product of the volumetrlec conden-

sate rate (Col. 13) and the density of 1liquid

benzene at room temperature.

Col. 13: Product, !1./fr. The volumetric product rates

were obtained from timed observations of liquid
levels In the product receiver. The volumetric
rate of product in ml./nr. is equal to the pro-
duct of liquid level rise and the product receiver
calibration constant, 43.9 ml./cm. height.

Col. 15: Product, Gme/lire The sravimetric rate of product

overflowing from the reactlion cell was obtained
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by an overall total material balance:

(Gme/hr. Product) = (Gm./hr. Acid Feed) + (Gm./hre. Benzene
Feed) = (Gm./hr. Condensate),

or (Col. 16) (Cole 10) + (Col. 12) - (Col. 14).

Col. 17t Product, Density at 23°C., Gm./lil. The product
N

densities were measured with a Westphal balance
and corrected for temperature.

Col. 18: Reaction Rate, (Mole BSA)/(Hr.)(Lit.)e The

reaction rates were calculated from the concen-
tration of benzenesulfonic acid in the product,
the welght rate of'product formed, thé reaction
liquid volume in the cell, and the molecular

welght of benzene sulfonic acid, 158.17.

(Vite? BSA)(Product rate)

R =
L (100} (Reaction ligquld volume) (158.17)

Cole 19: Reaction Rate, (Mol. BSA)/(Hr.)(Mal. HoSO04)e.

These reactlon rates are numerically equal to
the ratio of Ry and the molar concentration Cp

of sulfuric acid, or, R[/Cp.

Analytical Data.

Analytical data describing the composltlions of the re-
action 1liquid mixtures are shown on Table 4, "Reactlon Mixture
Analytical Data." A detalled treatment of Run No. 20 1s shown
in Appendix A to i1llustrate the analytical procedures employed;

In order to reduce sampling errors, two samples from each

reaction mixture were withdrawn and analyzed. In each run, wilth
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the exception of Runs 1, 2, 3, 4 and 6, one sample was withdrawn
directly from the cell, and one sample was taken from the over-
flow line. Sampling errors arising from loss of benzene vapor
from the cell sample and Qater produced by after-reactlon in the
overflow sample are corrected by relating these two samples
through a materlal balance on sulfur contentse.

Compositions of reaction mixture samples wilthdrawn directly
from the reaction cell are shown in columns 2 to 6 of Table 4.
Water determinatlions were made on cell samples of the flrst ten
runs, and on the overflow samples for the remainder of the runse
Column & shows the percentage of sulfur in the cell samples as
calculated from the sulfuric acid (Col. 2) and benzene sulfonle
acid (Cole 3) concentrations.

Columns 7 through 11 show the compositions of the overflow
product samples. Column 11 shows the sulfur contents as calcu-
lated from the concentrations 5f&su1furic acid (Col. 7) aﬂd
benzene sulfonic acid (Col. 8).

Columns 12 through 15 show the compositions of the cell
reaction mixtures as adjusted for sampling errors. These values
are obtalined from the cell and overflow sample compositions

which were adjusted as follows:

(Cole2)(Co0lell)/(Col.6)

Cole 123 HpS504. # HyS04

"

Cole 13: BSA, 4 BSA (Cole3)(Colell)/(Cole6)

Cole 14: 1150,

Runs 3, 7=-10: BHo0 = (C0l.4)(C0l1.11)/(Col.6)

Runs 11-31:
(NIOYN. H2O )

(?e‘f o . H2$04)

A0 = (Col.9) = U001.12)-(Col.7)
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The ratio (Colell)/(Col.6) represents the sulfur
material balance correction factor to adjust the total sulfur
cbntent of the cell sample equal to the sulfur content of the
overflow sample; 1t is the correction factor which compensates
for the loss of benzene experlienced in taking samples from the
réaction cell.

The quantity [}Col. 12)-(Col.7)] (MeWe Hp0)/(MoWe HoS0,4)
represents the correction for the water produced by after-
reaction in the overflow sample.

Columns 16-18 show the compositions of the reaction mix-
tures on a "benzene-free"™ basis. The values shown therein
were obtalned from the corrected cell analyses by dividing
Columns 12-14 by'their total, Column 15. It was assumed that
tre differences between 100% and the totals shown in Column 1§
was due to benzene dissolved in the reaction mixturese.

Column 1¢ shows the concentratlons of water present 1in
the excess benzene vapor which left the reaction cellvdﬁring

5peration under steady-state conditlons.

Materlial Balancese.

Table S5, "Material Balances,"” compares the entering and
leaving rates of key constituents for each run. The quantities
of sulfur, oxygen and benzene (both free and combined benzene)
entering and leaving the cell are shown on an hourly basise.
These values were computed from rate and composition quantities
in the previous tatles; the computation procedure 1s illustrated

in Appendlx A.



Correlatlion Datae

Table 6, "Correlation Surmary,"

presents derived values
employed in correlation of the data. The prpduct densities
(Col. 4) at the reaction temperatures were computed from their
densities referred to 25°C. and the experimentally determined
volumetric expansion coefficient of 0.0006 °C~1. The total
moles per liter of reactlon nixture (Col.9) were computed from

the product mol fraction compositions, Columns 5-=-7, and the

densities at the reactiocn temperatures. Vglues for'(RL/CA) ]
c8&.iCe

were computed from the emplrical equation (Eq. 18) of correlatione
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RUN MATERIAL RALANCES

GRAMS PER HOUR
.. SULFUR OXYGEN BENZENE
Hun
No. N ouT IN ouT IN ouUT
1 16045 168.2 34041 3577 536.5 510.6
2 484.8 405 .8 1037.4 106047 761.5 740.5
3 438R,.1 468.7 cfl2.3 1017.0 76448 748.1
4 4CE 40 405.6 1064.2 1065.2 R4C .2 R4B.4
g 4C2.7 4C1 .6 1054.7 1054.7 832.0 832.8
> ;21.6 ;19.2 111408 1131.0 94907 94594
7 50€ o7 510.4 1087.7 1080.2 0GGel 1007.0
G SCR.7 513.0 1087.3 1089.6 c68.8 062 .8
10 4C5.0 406.0 105749 1046.7 97240 984.0
11 180.3 181.3 384.¢ 384.¢ 3675 36647
12 6£82.4 684.1 1457 145R.0 10768 1076.1
13 5C4e5 594.5 126C.1 1267.2 10775 107%e7
15 £517.1 621.0 1316.0 1327.2 1036.5 1026.2

:

14 42 .3 543 49 115G.0 1163.3 1001.4 COg .5
17 241 .8 242.1 S517e1 518.3 40R,C 407 2
1R 413 .4 41540 8R3 .8 R8¢ .2 6736 6663
1< 3653 3675 c08.5 Cl5.5 3255 315.5
20 76444 7680 17571 17677 560G 0 58443

’21 1cf,.2 200.6 45547 461 .5 216.C 208R.13
22 708.¢ 7108 175041 17473 57242 5739
23 1RA.1 188.¢ 45G.5 465 .6 371 371.6
24 315.5 318.8 R3R,C Ra6.0 240,2 246.0
25 1573 157 <4 41R.0 41R.9 Gle6H C5e7
26 351.7 342.4 868.3 B49.6 534.1 524.3
27 377 «6 381.1 B6ER.O 8773 603 42 358C .S
28 57441 57842 12275 1236.5 10585 1044.9
20  40%e3 413.%° 875.2 RR3 .6 7075  694.6
30 GR3 A ARG, 4 1461.2 1475.1 1117.5 1097.1
31 270.¢ 274.8 6717 68B0.0 HR.S 558
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SULARY

CURRELATIuN

o4

Run Reaction
No.  Temp,
°c,

_l_
1 100
2 160
3 100
4 1ue
B} 100
6 140
7 140
8 140
G 140
v ldy
11 140
12 10
13 100
14 1w
b 140
16 140
17 1N
ls G
1y luy
20 1w
2l 100
22 100
23 140
24 140
25 120
28 120
27 120
o3 120
26 90
0% 140
31 90

* Reaction Liquld in Run No. 30 was not saturated With

Froduet Mol Fraction

benzers,

) - Total ¥ol,
frodict Densit Jer:ere-Free 3asls xA-lx,+lx—] per Lit
25°C. At React, — — A
Temg, ipdey  BOA Hou
Aj XS X"V CL

3 4 B) £ 7 o ¢
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Lol 148y G060 LLeTr o 306y LapdT 1c.4l
1,590 146y A047 LY 0 L3930 1,42
Lol Ldus 400 Ll 3616 L3lw Le,03
Loowl Lisun 000 L 1bb? 3090 L3219 Lol
1,560 140y AT 1 L2404 17,92
1,536 Lot w0 Al 3% L4u0y 14,43
1,652 1,562 D30T JL43T R Ldude 11,36
1,724 1S T8 0230 bl 20T 21,7
1,547 Lidid 4000 L1821 BT 3o Luoob
Lo Lodoy Aoty Jloel el 304 1t.48
1.oud Lol AT L1626 Ldwe L3032 I
1,621 1,531 ST 000 LRl L34 1,46
1.6ty 1,616 wub6 0T 4R L5l 25,408
1710 1,636 Dt el LAl 32 23,47
1,662 1,590 AULT O Usdl 4312 Lol 25
1,747 1,672 AUTS 014 ey 08T 27,53
1,656 1,549 4240 L06EL 5072 LLETE 2u.lu
1.7l Lbel AT WI0S b 1352 2.7
1,705 1,613 A2 W Lot 13 30,07
LT 618 A670 L0300 .40 L2200 2,76
1,662 W72 AT95 0888 L4316 2660 20,64
1514 1.527 4050 LL6LS JMsr Lkl 16,00
1.63u W06y Q2761425 L3 LBk - Luaod
162 1,022 w060 L1549 - L3381 L378] 16,47
1741 676 JAubl L0162 49Ts L4l 26,32

MOl ’ HQSO4

Per Lit

Oy

Ao

L4605
e
15,26
10,56
10,40

L.od
04y
badb
Uodb
Y

7.5¢
.3
10,2
15.24
N

044
¥, 36
Vel
113
1¢.66

11,24
10.66

12,37
lC.w*

12,50
1u,u6
Y 4u
.32
.60

1.m

REACTIUN RATE

R, i R DUL,
T N
observed caletd
11 12 13 14
4,07 0,270 .46y +),J02
U LT 0T +,169
8T Uoobd y,ub2 {0,098
v VL3 0,994 <0061
v 0,924 1.061 - 137
13,95 1.587 1,506 -0.31%
15,04 1761 1.sll 0,120
Wz 1562 1 U056
1344 1ooud 1.274 Gl
levol  Lo77 1793 +u, 124
£ 917 1,002 -, 288
14,63 1,429 1,200 +0.22%
10,2303 1,463 1,103 . olU
L1v Guotd T +, 013
Lade  Losll 1,650 YRIN
1037 loetd 1,000 +0.044
0wd 0531 Guoud 0,047
Gl wesdl Ul T +(.047
Josd U330 0.3 +0,016
£.30 vl u.446 +,059
2,80 o5 0,204 0,009
LES 0,120 ullle +0.,004
udd 0,208 .23 -4.,026
Gewd 0TS G,0T03  #0.0050
v,23%  G.0186 u.clBT  L0.0001
2.1 0,075 01w -0,0085
0,10 0,670 0,448 «J, 018
16,6 1.342 1,375 0,083
T G747 0,792 <0000
12,86 1.3 3.1l 1.7
U.663 0.0462 0,0476  +0,0006
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Vo. DI SCUSSTION

In these experiments, the rate of reaction between
btenzene and sulfuric acid was determined in solutions which >
were maintained at a saturation concentration with respect to
benzene. Sufficient agitation was employed to maintain-the
liquid reaction phase in equilibrium with the benzene vapor
phase. Therefore, the specific reaction rates determined in
twis work are for those benzene concentrations which correspond

to saturation at atmospheric pressuree.

A. EFFECTIVENESS OF AGITATION

Saturation of Reaction Liguld.

Since it was desired to measure the sulfonation rate of
benzene in sulfuric acid solutions saturated with respect to
benzene, the degree of agitatlion necessary to maintain the
benzene concentration at the saturation level was investigated.
A series of runs performed at the highest rates of reaction was

.ﬁade with all run varilables -- space velocity, reactant feed
composition, temperature. ~- other than the rate of stirring held
constant. Ficure 15 shows a group of runs performed with an
acid feed of 95.1% 1580, by weight, a space velocity of
3.07 * 0«03 hr--l,'and a température of 140°C., with agitation
speeds of 0, 650, 1260 and 1770 r.pems. Therein is plotted the
rates of reaction versus the speeds of stirring. From the graph
1t 1s evident that the rate of reaction was substantlially inde-
pendent of the degree of agltation over a range of 650 to 1770

r.c.m., and was considerably retarded when no agltation was
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i

employed, as shown by the rate of reaction in itun No. 30.

Distribution of Feed Liguld.

An additional test upon the effectiveness of the agil-

tation was made by an observation on the rapldity by which the
"incoming acid reactant was distributed throughout the liguld
system in the reaction-cell. With the cell 1in operation at an
agltation speed of 650 r.p.m. and at a temperature of 100°C.,

a methyl red dye solution was introduced 1nto the acid reactant
feed stream.  The time required for the red color of the methyl
red to reach the top and bottom portions of the 1iquld reaction
isystem was approzximately one second as measured by a stopwatche
‘The entering acld feed solution was thereby indicated to be

distributed rapidly throughout the entire reaction liquid.

N

E. TESTS ON BY-PRODUCT FORMATION

?

Diphenyl Sulphone.

The reaction between benzene and sulfuric acid to pro-
;duce benzenemonosulfonic acld was found to bte quite free of
b%y-product formation under the conditlons employed in these
éexperiments. The normal by-product, diphenyl sulphone, was
gshown by Harvey (f) to appear only when the reactlion had pro-
% 2e cled nearly to completion and the benzenemonosulfonic acld
;concentration had exceeded values of about 80% by weighte. The
gabsence of sulfone formation in these experiments was indicated
éby the lack of precipitatlon when product samples were diluted

- with water; diphenyl sulfone is but very slightly soluble in

. water.
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Benzenedisulfonic Acid.

The presence of disulfonic acids was tested by pre-
parin; a barium salt of the sulfonlic acid formed in Run No. 30,
and analyzing the barium sulfonate salt for varium contente.
The barium content of the sulfonic acid salt preparation was
determined to be 2%.31% bariume. This compares favorably with
the barium content of the salt barium monosulfonate monohydrates
The barium content of the bariun sulfonate formed from Run No. 30
product 1s compared in Table 7 with the calculated barium con-

tents of other bharium sulfonatese.

TABLE 7

BARIUM CONTENTS OF BARIUM ISULFONATE SALTS

Salt 2 Pariunm
by welght
Sulfonic acids of Run No. 30 2%e31
| Za (0205 06H5)2 e HnO 2C.25
9a(05023535)2 30.41
e (0805 ),C¢H, | 3677
| Ce CCRRELATION OF RBENZENE SULFONATION RaATES

Composition Correlatlion.

The experimental rates of reaction between benzene and

" sulfuric acid in solutions saturated with respect to benzene

correlate as a functlon of reaction system composition and

temperature. Figure 16 shows values of log RL/CA plotted against

!

- the corresponding values of log (x, - 1/2 Xy * 1/4 Xxg)e In this

- plot, the values for the rates of reaction measured at a common




)

temperature lle close to a straight line, which may be used
to express a functional relationship between the rate of re-

action and th: solutlon compositilone.

Each temperature line may be represented by the straipght

line equation

R
log C% = b log (x, - 1/2 x, + 1/4 x ) + log I, (14)

vhich reduces to the form

R, = T (x4 - 1/2 xy + 1/4 x5)° Cp (15)

where log I 1s the Intercept at log (xy - 1/2 x, + 1/4 xg)
equal to zero; t represents the slope and is a function of
temperaturee. | |
Sinte the reaction rates were measured 1n solutions
maintained saturated with respect to benzene at atmospheric
pressure, the fugaclty of the benzene component is maintained
at a constant value of one atmosphere. The reaction rate for
the system In wrnlch the benzene component 1s maintained at a
constant fugacity may be written in a condensed form, and be-
E&:omes
Ry, =k C, , (16)
when taken on the basis of a first-order reactlon with respect
to sulfuric ascide From this equation 1t may be seen that the
quantity RL/CA shown in Figure 16 1s mathematically equivalent
to the specific reaction rate coefflcient k.
The composition function (x - 1/2 Xy t 1/4 Xg) may be
regarded as "anhydrous" H550, on the basis of the hydration

reactlions
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H2504 + 2 H20 = H280 e 2 H

CgHg S00H + 1/2 Hp0 = CgHg S0,0H » 1/2 HyO

All water present 1s assumed to enter into hydration reactionse.
In these reactions, the benzenesulfonic acid is regarded as a
dehydrating reagent, reacting with water to form the hemi-
kydrate. The remalning water 1s regarded as combined with the
sulfurlc acid to form the double hydrate. The remaining sul-
furic acid may then be viewed as belng iIn the anhydrous form,
and 1ts mol fraction represented by the function (xi4}/ﬂiw4i/axs):
In product-free solutions, the dependence of the reaction
rate upon the composition function (xz - 1/2 xy + 1/4 xg) is in
agreement with the "pi-value" concept defined by Guyot (7)), and
evaluated more extensively by others (6)« In the caselof ben-
zene sulfonation, the limiting value of sulfuric acid concen-
tration, below which the reaction will not proceed, has been
evaluated at approximately 747 by welght of sulfuric acid. This
.Yalue corresponds stoichiometrlcally to the dihydrate Ho50,4°2H50,
‘and 1is equlvalent to a zero value for the composition function
(xp - 1/2 x,+ 1/4 x4) in product-free solutions. From the
correlation chart, Ficure 16, 1t 1s evident that as the composi-
tion function (x; - 1/2 x4 + 1/4 xg) approaches zero, the
speciflec reection rate likewlise extrapolates to a zero value.
The presénce of the benzenesulfonic acid product favors
thé rate of reaction by combining with some of the water present
In the system, thus increasing the effective concentration of |

Esulfuric scid reactant. This 1s in agreement with Spryskov's '
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otservations (15) on the monosulfonation of napthalene with
sulfuric écid. He sulfonated napthalene with sulfuric acld

to give spent acid concentrations as low as 40.3% at 100°C. and
2545 at 162°C., which are far below the "pl-values®™ of 65% and

Gl eThy respectively, previously established. Spryskov concludedv
that hydration reactions occurred between water and the sulfurilc

and sulfonic acids, as )

1,504 + 2Hx0 = HpSO4* 2 HpO

C10H78020H + HQO = ClOH7SOZOH . H20

nhe napthalene sulfonic acid apparently increased the effective
concentration of sulfuric acid by combining with water to form

a hydratee.

Composition~-Temperature Correlatione.

In a sulfonation system of constant composition, the
reaction velocity coefficlient was found to follow the Arrhenius

temperature relationship

! log K = % + BDe . (17)
Flgure 17 shows the experimental specific reaction rates plotted
agalnst a combined functlion of temperature and reaction mlxture
compositi ne The stralight line drawn through the experimental
points oﬁ this {lgure 1s mathematically equivalent to the four
temperature lines shown on Flgure 16. This line 1s represented

by the equation

R
log —& = (-c.23¢ + E%ﬁg Jlog(xy = 1/2 x4 + 1/4 xx) + 2.07

Ca (18)




j-Se236 + 2349

or Ry =118 (x, - 1/2 x, + 1/4 xg T .o, (19)
_ 3346
or Ry, = 118 e( €239 + == Jln(xy - 1/2 x, + 1/4 XS)-C (20)

A
A comparison of the calculated and the observed values for
RL/CA are listed in Table 6. The mean deviation for the thirty
runs (not including Run 30) is 8.5& between the calculated énd
observed valuese.

Equation (20) is presented in a form employing the
natural lorcarithmic base to facilitate comparison with an equa-
tion based upon theoretical considerations. By comparison wigh

Equation (13) values for the basic reaction factors k*, AS*

+

AF =2an e obtained from the empirical correlatlon equation.

and

Sy momparison of Zqguations (20) and (13), it 1is seen that

¥ = 117,
¥ F _
AS Al _ 4 234¢ 7 - 1 -
T o T (mre230 z%f— JIn(xy - 1/2 =, + 1/4 xg)  (21)
. . + L
Values for the quantities AS and AH then tecome
b‘ 6sT = -0.239 R In(xp - 1/2 zmy + 1/4 xg) (22)
AT = -5349 R 1n(xpy - 1/2 =y + 1/4 xg) (23)

The entropy and enthalpy factors are here sinown to be a
by ISh's

functlon of the solvent medium of tho reactlon. Over thre rance

iof this experimental data, as represented by Runs Nos. 12 and

27, the calculated values for as¥ vary from +17.5 to +3%,

cale/mo0l/°C., ani the values for AH vary from +C,30C to

21,200 cal./70l.
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Farvey'!s Sulfonation Data.

The data of thls experimental work cover a space veloclty
range of (.76 to 3.2¢ reciprocal hourse The data of EHarvey (8) -
are on batch sulfonations of benzene by sulfuric acid for periods
ranging from three to twelve hours, representing space velcocltles
which can be conservatively estimated as equivalent to (.08
to 0¢33 reciprocal hnours. The batch dnta therefore represent

condltlons of reaction as are present ‘n tre irher degrees

G

f 2cnversiones S ltooush the rates of reactlon computed from

these vatch experiments have larpge uncartaintlies, they are use-

ful Tor order-of-mapnitude investigation of some factors in

tne kinetics of the sulfonation reaztion. Table 8 shows the

rates of reaction and reaction ~ixture composition values as
computed from Harvey's data. The derrees of conversion wers
‘computed from the bateh sulfirnation data, and grarhically smoothed,
iaﬂd ~raphlcally differentiates, to cbtain thc specific reaction

‘rate values shown in Talblec 8.

.




T A BLE 8

SATCH SULFONATION DATA (HARVEY)

Tempes Ilecaction ilol Praction Ry, Ry,
°c. Time, HpoS04 H20 BSA Sulfeone o= =
“Fi il’l [ 3 XA_ XVJ XS XP UA A
(1) _(2) (3)  (4) (5) (£) (7) (8)
All C e 715 283 C ~ - -
130 270 « 304 « 371 «325 ¢ «160 « 035
5'/0 0157 0251 0592 O ol?S 00975
AHO0 «110 172 o717 « 001 .184 «1622
82g .« 087 «14n e 76R « 005 «1C4 226
280 220 267 «513 C «24C « 0034
400 <155 . 248 « 597 0 e 277 « 1560
520 « 0068 155 o747 «CC1 « 317 «334 .
700 «0264 L0786  .A78 . 007 « 480 1.46¢
150 240 e 152 255 «5C3 0 « 775 o444
305 . (-\': 46 . 159 . 746 O - 6/:; . 7 QS
375 $ 0672 «115 13 « (1027 545 e Y61
465 «0194 L0095 (OS5 L0156 415 2.38
160 150 e232 .3881% 375 « 0005 +4C7 148
210 .131% «2383 21 <0025 440 « 416
274 LNRGB T G152 756 « 052 W848 .07
260 0174 L0844 (OGO oN2C4 3,37 21.2
- 46? 00147 DO‘Q»?‘:‘ o[‘f,‘l 01072 2.{2 23 .O
4 300 « Q120  LJCOOC:  4QLlO fNS0 Ta7Y 0Ll
§ 360 «N103  00%w L0322 $ 136 Te72 700
- 540 «0116 L0100 4703 275 3433 38.1

%+ HpoO welriit percentage values were reported as <:&.20£.




Test of the Effect of enzenesulfonic ~el on Sorrelatione

d
FiFures 18 and 1% illustrate the effect of benzenesulfonlc

w

aclid on the reactlon rate correclation. It can be seen in @

}_Jc
e

gure

o+

18 that when the benzenesulfonilc acid concentration g 18 not

included 1n the composition function, (:x; - /2 xs), ti.e batch-

sulfonation points lle far to the l1eft of the line which corre-

lates the flow data of this investiration. When the sulfonic

acld concentration term 1s 1Included in thie compositlon function,

oo

as (xp = 1/2 Xy F 1/4 xs), the batch-sulfonation points straddle
the flow-data points as shown in Fisure 1¢. The batch date,

representin~ the higher concentrations of benzenesulf»on

e

c acid,
‘ndlcate that the sulfonlc aclid has e significant «¢{fect upon
the rate of reactlion.

The correlation functlon,

L
log Ry/C. = (-10.180 + zﬁ%‘ Ylog{xs - 1/2 x4) +

r
.

AVAY
‘.

N
Y

represented by the stralight line drawn on Firure 18, was 4

®
B!
[
<
®©
o

4

)
H
ot
0

from a larre-scals plot of the flow gsulfonation data, siml

"at of Fi.ure 16.

“ests on Order of Reactiocne

Tests for first and second orders of reaction with re-

spect to the sulfuric acld component may also be applied to

the data. Tre first end second order reactlons may te expressed

as,
Firast order: Ry, = k Cp (15)
Second order: R = k CA2 (22)
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Flgure 20 shows the experimental points for the specific
reaction rates and the composition function , (XA-@/Q#W+@/4ES):
on the basis of a second-order reaction. It is seen that the
batch-reactlion points lie definltely above the flow-reaction
polnts, and trhat the two sets of data are not in agreement when
compared on the basis of a second-order reactione However, the

.
two sets of data do fa'.l torether when plotted upon e first-order
reaction tasis, as s:.ow in Figure 1¢, indicating that the sul-

o

fonaticen of benzene proceeds by a reactlon of the {irst ordere.
Thhe termperature-composition -correlation function shown

in "igure 2C for the seccnd-order reactlon 1is

AT _ ) 5T .
Loz EZ? = (=10.160 + T ) 1og(xA-@Aﬂxw+@/%xs) +1.38 (26)

“rls equation was derived from a large-scale plot of the flow
sulfeonation data, similar to that of Fizure 14. It is represented
Lty the streicht line drawn on Ficure 2C.

De APPLICATION OF CORRETZLTION MZITIEC

. TO Thx TCLJLIE NITRATIO. EACTION

As a test of the method Ty which the benzene sulfonation
rates of reaction were correlatecd, a simllar viewpolint was applied
to a similar type of reaction: the mononlitration of toluene by
g solution mixture of nitric acid, suliurlic acid and water.
McKinley and White's (10) cxzperimental data on toluene nono-
nitration at 95°F. was emnployed for this teste.

The reaction rate of toluene nitration 1s sensitive to

comparatively small changes In concentrations of sulfurlec acid



end water as well as 1in the prime reactant, nitric =
the éction of sulfurilc acld is regarded as that of a dehydrating
sxont, the rate of reaction wds considered upon the basis of the
effezt of hydration reactlons upon the solution environmente. It
was found that when the hydration reactions were assumed as

HNO3  + 3 Hp0 = HNOy * 3 Hp0 ,

a ~omposition function (XN%E/é%A4?/ﬂxw) wasg obtalned by which the
specific reaction rete could be correlatede If 1t be assumed
trat all the sulfuric aclid enters into the hydration reaction,
and that the remainder of the water reacts with nitric acid, the
quantity'(XNﬁE/ﬂxA-@/3;W) might be viewed as represecnting
"annydrcus" HNOq .

Tn the nltration of toluene, the specific reactlon rate
»RN/XTCN rlots very nearly as a straight line against the quantity
1 .

(XN+E/ﬂxA-@/ﬂXW) on a log-log plot, as shown in Filgure 21l. At

the higher and lower values for the specific rates of reaction,
trh.e polnts f211l above & line which represents the data over the
;ajor pertion of the chart. These particular values represent
~easurements made at the lowest and hichest concentratlions of
nitric acid employed. '‘'The polints lyinc above log (xN+E/ﬂxA-E/§xw)
equal to -0.Z1 represent reactions in solutlons having HNO3 con-
centrations bceclow 0.30% by weighte The fact that they lie above
the 1line misht te found in the difficulty of accurately deter-
mining small quantities of nitric acide The polnts lying below
loc (xN+E/ﬂxA—@/ixw) equal to -0e95 represent the reacticons con-
ducted at high concentrgtionssof nitric acid and low concentrations

Fal

of sulfuric acid.



From Fil~ure 21, the rate of mononitration of toluene
at $5°F. may te expressed as

w

&t]"' ~ —

Log Xw&” = 2,08 log (XN+P/%XA{}/§XW) + £.40 (27)
L . . )8.09 m

or Ry = 2,520,000 (xy+5/Ix,-1/ 3k, *0C g (28)

This equation represents the niltration data over a range corre-
sponding to a ratio of 2300 to one in the value of the specific

reaction rate RN/XTCN .

E. SENSITIVITY OF REACTION RATES TO COMPOSITIONS

Fuantitative Factorse.

Since the correlations express the rates of reactions
as larce exponential powers of the cﬁmposiﬁion functions, the
Indlvidual rates of reaction are greatly changed by comparatively
usmall varliations in compositions of the reaction so%uﬁions. The
e’feat of the larsge exponential rowers 1s aumgmented by two addi-
tional factors: (1) The ccmparatively low molecular weight of
kﬁter, and (2) the composition fun-tions, (xA—P/%xw+P/%xs) and
(xN+E/ﬂxA—E/jxw), toth comprise differences between mol fraction

quantlties having the same order of magnitude.

Rates of DPenzene Sulfonatlione.

In the sulfonation of benzene, it is seen from Equation
1¢ that an increase of sulfuric acid concentratlon from R53 to
R6%4 by weight at 100°C. will result in an increase of 76#4 in the

i

specific rate of reaction Ry/C, .
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Rates of Toluene Nitration.

’

In the mononitration of toluene at ¢5°F., it is seen from
Fquation 28 trat small changes 1n concentrations willl result in
comparatively large changes in the specific reaction rate. A
reastdon mixture having a composition CoC1 7 HNOB, 54.28% P 5504,
35.49% Hy0, and 0.32% HNOp is taken for example. In thls case,
1 the concentrations of HN03 and H,0 be respectilvely increaséd
and cdecreased by 1% in weirht, the predicted speciflc rate of
reaction 1s increased by 215%. Likewilse, if the concentrations

of 1,30, and 15,0 te respectively increased and decreased b 17
2° 74 2 v

in welght, the specific rate of reaction is increased by 309%.

L
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Vie CONCLUSTIONS

1. The rate of sulfonatlon of benzene by benzene-saturated
sulfuric acid solutions has been measured over a temperature
range from 90°C. to 140°C. The reaction rates determined extend
over the range from 0.23¢ to 15.81 moles of benzenemonosulfonic
acld formed per hour per liter of solution.

2« The reaction cell employed maintalned the reaction l1iquid
saturated with respect to benzene at stirrer speeds of 650 Irepeme
and above. h

3 The logarithm of the specific reaction rate coefficient
is a linear function of the reciprocal absolute temperature,

A

Log k = T 0t B

winere A and B are functions of the solution composition.

4« The specific reaction rate coefficient is an exponential
?function of the solutlon comPOSition‘(XA‘@/%qui/éhs)'

5« The rate of sulfonation of benzene 1in benzene-saturated
sulfuric acld solutions at astmoespheric pressure can be expressed
.b a function of composition and temperature,

. ; _ - 4%
Ry = 118 0 /A, /A, T TR L,

£« The method employed to correlate rates of reaction in ben-
zene sulfonatlon has becn tested by application to the correlation
of rates of reactlion in the mononitration of toluene by mixed
acld. Specific reaction rates In both systems correlate as ex-

ponential functions of the solution compositionsg
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7« The specific reaction rate of toluene mcnonltration by
mixed acid at 95°F. may be represented by an exponential function

of the solutlon composition, as

Ry = 2,520,000 (xy+5/3x,- [1/3__\:( 8- 98 xp Cy
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NOMENCTLATURE

~

Component A '

Coefficient in Arrheniué equation
Stolchiometric coelficient

Component B

Constant in Arrhenius equétion
Stolchliometric coefficient

Slope

Benzenemonosulfonlc acid

Component C |

Concentration, mols component A/unit
Concentration of H,S0,4, mol/liter \
Concentration, mols component B/unit
Concentration, mols component C/unit

Concentration, mols component D/unit

volume

volume
volume

volume

78

Concentration of HNO3, mols HNOB/liter acid phase

Stoichiometric coefficient
Compoﬁent D -

Experimental activation energy
Base of natural logarithms

Free energy

Enthéapy

Flowmeter differential height, cme.
Constant

Thermodynamic equilibrium constant

Flowmeter constant, mle./(hr.) (cm.)
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Specific reactlion rate coefficient
Mononitrotoluene
Rate of benzene sulfonation, mol BSA/(hr)(liter)

Rate of toluene nitration, mol MNT/(hr)(liter of
acild phase)

React{on‘rate, mol/(unit vol.)(unit time)
Absolute temperature, deg. Kelvin
Terperature, dege. Centigrade

Actlivated complex component

Mol fraction H2804, benzene~-free basis in
sulfonation

Mol fraction H2804, acld phase, in nitration
. ) ’
Mel fraction HNOB in acid phase

Mol fraction diphenyl sulfone;, tenzene-free
v naot
, asis

KMol fraction benzenesulfonic acid, benzene-
free basls

Mol fraction toluene in organic phase, on
) acld-free basis

Mol fractlion water
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APPENDTIZX A

SAVMPLE RUN DATA AND CALCULATIONS

R’un No. 20

The procedures followed in obtaining the data of
this investlgation are 1llustrated herein by a detalled
treatment of un No. 20. This run employed an acld feed
soncentratlon of Rc.c8% H550,, an acid feed space velocity

of 3.92 hr."l, and was conducted at a temperature of 100°C.

Operating Conditions.

Acid feed: B8B¢.%8% H2$O4; 10.02% H,O0.
Stirrer speed: 650 r.p.mne

Rarometer: 731.8 mm. at 25°C.

Ambient temperatures:s 25°C.

Constant temperature bath heater control,

Hichs: 5.8 ampe. thrcugh "1250" watt heater.
Low : 3.7 ampe. through "750" watt heatere.

Acid flowmeter zeroi 1.9 cmle

Benzene flowmeter zero: Left, 25.4 cme3; Right, 25.6

Reaction Ligquld Volumee.

#le Liquid level at 1.28 in. below baffle = 357 ml.

#2. Liquid level at 1.26 in. below baffle = 35¢ mle.

Ave = 358 mle
Correction for liquid in tubing = 8 ml.
Ligquid volume in cell = 366 mle.

ClMle
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Samples Takene.

Overflow Samples for Dencity lieasurements

Sample Temp. Density Density Welghts, Gme
at 25°C . Gross Tare Net
0S-~1 27«0 1.70¢1 1.7108 152.7 H6.0 6.7
05-3 26.5 1.708¢ 1.7100 152.1 C7e1- ©5.0
0S5-4 270 1.7086 le7101 164.4 6.0 c8B.4
Cell Sample:
Sample + 10 ml. HpO + flask = 144.379 .
Sample + 10 ml. Hy0 = R5.828 g.
Ute 10 mle H,0 = CaC71l o
Weight cell sample = 74.8357 g.
Dilution factor, “4.828/74.857 = 1.1332
Benzene Condensate Samples:
: Gross Ta re Net
#1le 4:25:30 to 5:04:30 pume 137.47 ST7Te1l0 BC.37 g

/,’LZQ 5’:04:30 to 5:16):(\'0 Plle 130.?8 53.86 77012

aQ
.

Total 157 .49

e}
.
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Product Recelver T.evels Adjustéd for Outage.

Time Rec s Level Equivalent Level Out« Adjusted
_ Samplos Drain Rece Level
Cmoe Crme L Cme Cme v
3:45‘ £ e OO0 — FaH0
3:32:30 ¢ JRR 1.30 11.18
4:00 14470 1e30 16.00
4:07:30 19«40 1.30 2047 0%%
4:15 24420 1.30 25.50
4:2%5 3050 1.30 31.80
4:35 3530 2.57 39,07
4:35 17 .24 257 ' S0.81
5:05 12.15 257 42420 56602
5:17 17022 3.85 6327
5125 2220 517 6C o STt

4369 mle 138 equivalent to 1 cm. difference
in receiver levele.

n

#+:  Values used in subsequent flow rate computatione.

T"low latese.

Plow rates were obtained fron tired observatlions of
E the 1liquiad 1evels in the reservoirs and recelvers:
Acid feed'rate = (45.34-28.20) 31 (6€e¢1) = 1437 ml/nhr.
Benzene feed rate = (54.22-44.09) %% (6R.2)= 685 ml/hre.
Product rate = (£5.57=20.70) 7%%; (43.9) = 1661 ml/hr.

Condensate rate = i

[}13.28—5.25)44.; + i%gﬁg:} 28 = 260 mi/nr.

fLeld FeedrAnalysis.

Sample = 8C.490G - 82.4648 = 7.0261 gme Diluted to 250 ml.
and 25 ml. aliguot portlons taken.

#le NaOH = 47.20 mle.
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#2e MaOH = 47.16 ml. Ave 4718 ml. NaOH.

(47.18)(.27346)(4c.04)
(«70261)(1000)

x 100 = 8909’8,’% H2804o

Cell Product Analyslise.

Sample = 133.8630-144.7308 = ©.1322 <.
Diluted to 250 mle. and 25 ml. aliquot portions takene.

- Free Sulfuric Acid:

#1. RaS0, ppt. = 1£.924R-15.4682 = 1.4546 gn.
AVe = 1a4550 sme

(1.«4550) (0.42017)

X 100 = £6.99% HpS0y

CeC1l322
Dilutlon correction, (6€.09)(1.1332) = 75.92% HpS04
Total Acldity:
#1le a0l = 48,12 nl.
#2. NaOE = 48.10 mi. AVe 48,11 mle. NaOH

(48411 )(0.27346)(4C.04)
(De€1322) (1000)

= 100 = 70.60% HoSO0,4 acidity

Dilution correctlon, (7C.60)(1.1332) = 80.00% E,S0, acidity

Eenzene Sulfonic Acid:

158.17 _ . ; .
(B0.N0-75.292) -ﬁZTBZ_ 13.16% BSA

Overflow Product Analys!s.

Sample = 135.3562-127.4295 = 7.9267 ZMe

Diluted to 250 ml. and 25 ml. aliquot portions takene.
Free Sulfuric Acld: _
#le BasO, ppte. = 1€.7196-15.2977 = 1.4219 gm.
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#2. BaSO4 ppte = 13.7655-14.3435 = 1.4216¢ £me

N
HV e

(Le421¢)(0.42017)
0e79267

100 = 75377 HpS0,

Total Acidity:
#le NaOll = 47.14 ml.
',#2. T‘I&OI{ = 47 016 !‘f’.l - [;-\.70 = 47015 T.’ll.

LA47.15)(0.27346)(4C.04)

, w 100 = T7C.70% HaSO, acidit
(Ca7¢267)(1000) CeTra v

Benzene Sulfonic Acid:

o8, v
(7¢+70-75.37) S5e2%% = 13.563 Bsa.

'ischer Reagent Rlank:
#le 15400 ml. Fischer rearcent = 1l1e56 mle alcohel solne

#2e 15.00 rml. Fischer reagent = 1l.5% mle alcohol solne
fui

Av, = 11058 mle
Overflow Product Water Content:
#1 #2

Gross 1365176 go 13€.19S1 g
Tare 136.1¢91 135.7966
Sample 03185 g. 0.4025 re
Mle Fisher reagzent added 15.00 15.00

IIle alzohol solution required 3.C1 1.8¢
Blank mle. alcohol 11.58 11.§8

ile alcohol equlvalent of 7«07 C.EC

samrle

Alcohol factor = 0.00458 gme. HnO/ml. alcohol solution.

#1. (7'6zg(§iggi58) x 100 = 11.037 1150
#2.  (©.69)(0.00458) _ .,
10.402519 x 100 = 11.03% H50

Ave = 11.03% Hy0



Benzene Condensate Water Content:

88

#1 #2
(1) Flask, condensate, and HMeOH, . 144.24 140.73
(2) Flask and condensate, gm. 137.47 130.98
(3) Flask tare, gme 5710 53 .86
\4) ite condemsate sample (2);(3) T0.37 77«12
(3) Wte MeOH added (1)-(2) 6e77 CeT75
(6) Water content of MeOH added, ,J 1.51 1.51
(7) Aliquot portion titrated 25/101 50/101
(8) Ml. Fischer reagent added 15.00 500
(9) Mle sSstde alCOhOl SOln- Peq’d. 8-48 §030
(10) Blank’ ml. ”Std. alCOhOJ_ Soh’l . i 11038 11058
(11) Ml. alec. equive. of sample (10)=(T) 3.10 6e28
(12) GmeH20 titrated C.00458 x (11) . 01420 « 02876
(13) Gme Hp0 in WMeOH 0.00151 x (5)(7) . 00254 .00730
(14) Gme H20 in Sample (12)-(13) 01166 « 02146
#1. (0.01166) _ 101 L
o = 0.0585% HoO
(R0.37) 25 * 100 >H5% H2
#2 (0.02146) 101 _ >
(77.12) 50 2
Ave = 0.0574% Hp0

Correction of Cell Analysis by a Sulfur

Material Balance.

Zaslis: If no vaporization of benzene occurs during with-

drawal of the cell sample, the sulfur contents of

the cell and overflow samples should be equal.

FPactor Cell Ovserflow Adjusted
Analysis Analysls Cell
' Analysis
A HpS0, 7552 75437 7587
% BSA 13.16 13.56 13.15
% Hp0 11.03 10.54
% Total 0436 S5e96
%S in HgSO4 .32688 24.817 24.2037
35 in BSA «2026¢ 2.567 2.830
% Total 27.484 27 <467
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274467
Correction factor = 37 784 = 0eCTCA4
Adjusted HpSO4 = (75.52)(0.5994) = 75.87%
Adjusted BSA = (13.16)(0.$694) = 13.15%

After-Reaction Adjustment of HpO Concentration:
After-reaction decrease 1In % HpSO, = 75.87=75.37 = =0.50%
18.0 o
Water formed = 0.50 X TH.Y = +0.00%

Adjusted HpoO = 11.03=0.00 = 10.94%

Materlial DBalances.

Total YMaterilal Balance:

In: HpS04, 1437 x 1.80%0 = 2599 g./hr.
Benzene, 685 x 0.874 = cQ
Total 3198 g./hr.
Out: Product, 1061 x 1.0536 = 2783 g./hr.
: Condensate,460 x C.874 = 402
; | Total = 3185 g./hr.
E Note: 1.636 = estimated product density at 50°C.

Product Rate by Difference:

3198 g./nhr.

I

Total materials in

Condensate out = 402

Product rate o= 2706 ge/hr.

Sulfur lBalance:

I

In: By H,504, (2569)(.8¢08)(.3269) 764.4 £./hr.

Out: EY 1{2504, (2796)(.7587)(03269) = 693.5’ g./hr'.
Dy BSA, . (2796)(.1315)(.2027) = _74.5 '

Total 768.0 g./hf.




Oxygen Ealance:

U

In: By sS04, (257C)(.8¢908)(.6525) =1

vy
4
=rd

25.% Eo/hro
1

N {20 P (2599)(01002)(.8884) = i oé
Total = 17571 ro/nre

n

Cut: By HpSO0,, (27%06)(.7587)(.6525) =@1384.1 ge/Tre
By BSA , (27¢6)(.1315)(.3035) = 111.6
Ey HZO » (2796)(010?4)(0Q984) = 271.8

By Condes (402)(.0006) ' = o2

Total = 17677 ge/hr.

Renzene Balance:

In: DBenzene feed, (5¢C)(1.000) = 5C0,0 g./hr.
Out: By Conde,  (401.R)(.5594) = 401.6 g./Nr.
By BSA ,  (27¢6)(.1315)(.4538) = 181.6
By Product, (2796)(.0004) = 1.1

Total = 584.3 g./hr.

Rate of ZBenzene Sulfonation.

Rate BSA formatlon = (27¢6)(.1315) = 367.7 g./hr.
} 3677

it

2325 mols RSA/hr.
15h.2 325 sa/

2.325

= 6435 mols BSA/hr./liter
00366 3D / /




A PPENDTIX B

STANDARD SCLUTIONS FOR TULE DETERMINATION OF WATER

Preparation of Flscher Iodine Hearente.

The Fischer reagent was Prepared according to the nethod
of Almy, Griffin and Wilcox (1)e It is a dark brown solution

of approximately the following -conipositione.

Pyridine 31.3% \
lethiyl alcohol, anhydrcus 4% &7
Sulfur dioxide Sal
Todine 12.6

: 100.0%

« The solution was prepared in 2000 - fme quantities by
the éollowing procedure: 626 o, pyridine.was @ixed with

700 ml. atsolute methyl alconol in a 2-liter flask. The flask
was trer tared cn e lebtoratory scale and 128 ge of dry gaseoué
S0s introduced into the pyridine-alcohol solution thfough a
glass tube Imersed in the liquid. After cooliﬁg the solution,
an additional 550 nl. of methryl alcoliol was added and the
solution thoroughly mixe?. Tren 252 re of iodine crystals was

added. Trhe iodine liberated considerable heat upon solution,

and care was necessary to avoid overheating the mixture.

Standardization of Alecohol-ilater Soliutione.

The trinhvdrate of sodium acetate, Na Ac+3HpO, was used

as a primary standard; the hydrate contains 3%.73% by weight

of watere.

A

The alcohol-water solution was standardized by the

following procedure: A blank was obtained by determining the



g2

\

number.of ml. 5f-a1coho1 solution required to react with

20 mle of 1odine solution. Then 20 ml. of iodine solution
were added to an accurately welghed porticn of approximately
Ce20 g. HNa Ac*3Hp0, and followed by tlitration with the
alcohol solution to react with-the excess lodine reagent.

The difference between the quantities of alcohol solution used
in the two titrations was equlivalent to the water present in

the NWa Ac.*3H,0 standarde.

b
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