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~ABSTRACT

The objective of this research was to study the overall
reaction rate constant, the reactlion rate constants of each

reaction involved in the syétem, and the overall mass trans-
fer coefficient in a system of two liquid phases with chem-
lcal reactions taking place in both phases. To accomplish
this objective the mononitfation of benzene with mixed nitric
and sulfurlc acidswss used;

The overail reaction rate constant of ﬁhe system was
‘found to be a function of phase volume ratio and temperature.
For an average of 30 vol. per cent of acld phase and between
71 and 98‘F the activation energy was 9;1 Kcal. per g. mole.
Values for the individual rate constants were obtained but some
of them are in complete disagreement with the theory. The
reason_for this could be the fact that the nitronium ion is
the reactive entity and not the nitric acid. This suggests
that the reaction rate equation should be expressed as a func-
tion of the concentration of the nitronium 16n and not as a

function of the concentration of the nitricfacid.A

111



To obtain the necessary data, a single constant-flow
stirred tank reactor was used. The data were collected from
the steady state of the system with the system attalning
steady state in about 3 1/2 hours of operation., Steady state
tenmperature varied from 71 to 98°F. for overall holding times

from 25 minutes to 34 minutes;
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INTRODUCTION

Many industrial chemical reactions such as nitrations,
alkylations and sulfonations are necessarily carried out in
~systems of two fluld phases. In some cases fluid-fluid re-
actlons may aiso be made to take place to facllitate the
removal of an unwanted component from a fluid or a desired
pfoduct of reaction as is the case of "extractive" reéction.
This is defined by Piret and co~workers (1) as one in which
an immiscible solvent is deliberately added to an homogeneous
system in order that extraction of =a produéf and conversion
be carried out simultaneously.

Reactions between two relative immiscible 1iQuids are
greatly influenced by the mutual solubilities of the two
pheses., They are favored by intimate intermixing to pro-
duce 2 highly extended interfacial area in the nature of
an emulslon and to approach an equillbrium distribution of
all components in the two phases, Many of these reactlons

are carried oat in well-agitated tank-type reactors.



Although a large number of publications have been devoted‘
. to this subject of chemical reéction in two phases,‘liquid—
liquid; of gas-liguid system accompaﬁied by méss transfer,

the problem has been only partially solved. For many of these
reactions the theory and mechanism a2re better ﬁnderstoéd than
they were several years ago. However, from an engineering
viewpoint'better understanding is needed of the kinetics

and of the mass-transfer coefficients between the two phases,
Solubilities of the various components in each phase and
mixing chsracteristics at various levelé of sglitation are

also of interest,

This study was undertaken to throw some light on these
problems, éspecially on kinetics and masé transfer. For this
purpose, the nitration of benzene to mononitrobenzene with
nitric acid, especially as mixed nitric and sulfuric acids,
was chosen.,

This nitration was carried out in s silngle constant-flow
stirred-tank reactor and data were collected from Steady

state conditions.
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LITERATURE SURVEY

Nitration of benzene, as well as nitration 6f other aro-
matic hydrocarbons, 1s a very important industrial reaction
that has been greatly studied and its theory and mechsanism
are better understood. The most common medium for nitration
of aromatic hydrocarbons is mixed acid, thls is a solution

of HNO. stou'and HZO: For economic reasons H_SO, is used

3 277,
"but other strong aclids such as perchloric acid, hydrogen

fluoride, acidic ion-exchange resins and boron trifluoride
can be used. ’Acetic acid‘and other relatively weak acids

are sometimeé used for the nitration of eassily nitratabdle

hydrocarbons°

Bennet (2) reports that the function of HZSOb in aro-
matic nitrations is 3-fold: (a) to produce the nitrating

39 4 or stou

with the proton that 1is released at the site of substitution,

agent (NOZ) from HNO (b) to react either as HESO

and (c)'as a solvent for the hydrocarbon.
Reference has been made several times to the existence

of the nitronium ilon and nitratioﬁ through it. Nitration of

aromatlc hydrocarbons through the nitronium lon is an o0ld

3
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theory proposed by Euler (3) in 1903, =nd f}équently sup-
ported on indirect grounds since ﬁhat date, (4,5,6); but it
was not until 1946 that the existence of the lon was demon- .
strated (7,8,9,10). Its formation in large amount in certain
solutions, notably in sulfuric acid solution, has been dem-
onstrgted by cryoscopié measurements énd by svectroscopic
.studles on such solutions,

From cryoscopic measurements made by Gillespie and others
(8) it was concluded that nitric aclid in solvent sulfuric

acid produces the nitronium ion according to the following

éq&ilibria:
H,S0, + HN93 = HSO, + H20+___ No,, (1)
H20+—-__N02 - H20~'+ No; (2)
HyS0, + HO0 = HSOy + gjo* (3)

Equations (1) and (3) represent the expected acid~base
equilibria. The overall equilibrium may be expresséd ast
+ + - ‘
2H SO + HNO = NO + HO + 2HSO (4)
2 4 3 2 3 4
Cryoscopic (11) and Raman spectroscopic (12) measurements
indicate that pure nitric acid contains the nitronium 1lon,

as a result of the ionization:

+ : T
2HNO_. = NO, + NO_ + HO
HNO 5 3 2 (5)
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The extent of lonization of pure nitric acid according
to egqn. (5) is small compared with that of nitric acid in
sulfuric acid,; where it 1svessentially complete;

The fact that the nitronium lon is present in the nitrat-
ing medium does not prove that it is a reactive entity in
aromatic nitrations.. Evidence that it is derives mainly from
kinetic studies. The presence of the nitronium ion in agqueous
sulfuric acid has already been discussed. The othé; possible
nitrating entities present under these conditions are nitric
acid and the nitric acidium lon (HZNOE) which is formed as
follows:

= + -
2HNO 5 H,NOY + NOJ (6)

Halberstadt (13) has shown that the vgriation of the rate
of nitration when water is added 1s not related to the change
in concentration of nitric acid. Therefore the possibility
that nitric acid be the reactive entity has been elininsted.
According to Norman and Taylor (14), if the nitric acidiun
ion were the reactive Speéies "the raﬁe of nitration should
follow the Hammett acidity function, Ho, whereas in practioe
it follows the Jo function over a wide‘ooncentration~rénge,
as expected if NOZ i1s the reactive entity".

In pure nitric'acid, Norman and Taylor (15) point out
that "nitric acid itself is not the reactive speclies, for the

addition of nitrate ions and of sulfuric acid, which should

not significantly alter the concentration of nltric acid,



T-1203 6

affects the rate of nitration apprecisbly".

Concerning the mechanisﬁ by which the nitronium ion
reacts with aromatic hydfocarboﬁ, some theoriles have been
proposed. The most accepted theory 1s that two stages are
involved,‘a slow ubtake'of nitronium ion followed by rapid

transfer of the proton. This mechanism can be written as

follows:
) + Loe s
ArH + NO S ar'NO, (7)
+ fast +
ArH NOé —— ArNO + H (8)

where ArH represents the aromatic hydrocarbon..-The nitration

process is then completed by the following reactlon:

B' + HSOT = H S0 (9)
L T Ty

of all the reactions that take place during the nitration,
eans. (1), (2), (3), (7),'(8) end (9), reaction (7) is prob-
‘ably the rate;controlling chemical step (16).

- As for rate of.nlﬁration of aromatic hydrocarbons,
Martinsen was the first to obtain a definite order. He found
that the nitration of nitrobenzene with nitric acid using
sﬁlfurib acld as solvent was a second-order process. This
result was later confirmed by Westheimer and Kharasch (5)
and Bennett and others (17). |

Ingold (18) pointed out that nitration. with nitric acid

used as a solvent. 1is a first-order process. Tnis process is
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what the previous one would become if nitric acid were in
constant excess, as it necessarlily 1s when it is thersolvenﬁ.
He also s2id that for some aromaztic nitration in organic
solvents, especlally niltromethane and acetic acid, usually
with nitric acid in cbnstant_exoess over the aromatic com-
pound; the reaction order is zeroth. This means that nitra-
tions proceeds at a constant réte, independently of the
concentration of aromatic compound. The reaction will sud=-
denly stop when no more aromatic hydrocarbon is left.

On nitration of benzene, previous studies (19) have
shown that the reaction between benzene and nitric acid in
mixed acld is essentially irreversiblé.

Lewis and Suen (19) state that, in the nitration of
benzene with mixed acid, reaction occurs in both phases.

The rate in the acid'phase being several fold the rate in

the orgahic vhase. They point ocut that "the rate of reaction
is extremely sensitive to the com?osition of the acid phase".
They also say that "the rate of nitration doubles, other
things being equal, for aAéémperature rise of about 10°C",

"Rate equations for mononitration of aromatic hydrocar¢
bons with mixed nitric and sulfuric acids have been,deVeloped
by Hougen and Wetson (20) and Biggs and White (21). Hougeﬁ
and Watson developed the following equation assuming that
agltation 1s sufficient to approximate'equilibrium between

N

the phases,
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r = kX (Va + VbK?®) (10)

Aa an XBb K‘Bb

where r = moles of A transformed per unit time per unit
volume of total system

k = reaction velocity constant (k =_kaKB)
K' = kaA/kaKB |
K,,Kz = distribution equilibrium constants
an = mole fraction of HNO3 in acid phase .
bi = mole fraction of aromatic in organic phase
‘@Aa = activity coefficient of HNo3
téb = activity coefficient of aromatic
Va,Vb = fractional volumes of 2 and b phases, respectively

Subscripts A and B refer to HNOq and aromatic, resvectively
Subscripts a and b refer to phasés a and b, respectively

They also say that "the overall reaction velocity con-
stant k is a function of temperature which may be expressed
by the Arrhenius equation®.

Bigazs and White (21) developed a rate equstion expressed
‘also as 2 function of mole fractions, activity coefficlents,

rate velocity constants and volume fractions.

r = (kaVa + XbVb) (11)

Kga géb

XAabi
The notation for egn. (11).is the same as for egn., (10),
In the same paper they correlated the rate of reaction of
benzene as a function of temperature, volume perdentage of

acild phase and composition of the reactants, v.g. nitric

acid and benzenée
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‘Although most of the facts presen'ted in this section
were not directly sssociated with the nitration of benzene,
many, 1f not all of them, represent very well this particular

reaction.
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EXPERIMENTATION

The experimental equipment, materials of construction,
reagents, methods of analyses and procedure used in this

study are described in the following sectlons.

Eagulpment 2nd Materials of Construction

A flow diagr=am of the equlipment used in this study is
shown in figure 1. Mixed acid and benzene flowed by gravitj
ffom constant-head tanks through rotameters. Before entering
the resctor the reactants were passed through colils immersed
in a constant-temperature bath to insure s constant inlet
temperature of the reactants. Then they flowed into the
reactor where good mixing wes provided with two turbine-
'type impellers driven by a high, variable-speed motor. The
product from the reactor overflowed into the separator ﬁhere
the two phases separsted completely. In the same way the
lighter organic phase overflowed from the separator and the
heavier écid phase was syphoned from the bottom of the
sepsrator.

The reactor was a round-bottom baffled tank of Pyrex

10
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'gléss, with four 1/2~1n. equally spaceé baffles. The-round.
bottom of the reactor together with the baffles, which main-
tained a fairly uniformbfluid level, provided a good circu-
1ationiof the reactents that improved the emulsion charac-.
terisﬁics of the two phases. The-feactor,(figure 2), 4 in.
wide and 7 in. high from bottom to outlet, was insulated with
a 1—1n; thick layer of ssbestos cement. HThe reactahts
occupled a volume of 1,18 liters. ‘The éonstant—head tanks
and the separator were alsq‘of glass, and the separator was
insulated.

Stalnless steel, type 304, was used for the stirrer
shaft, the impellers, coolihg coils of the reactor, and
the heating coilrfor the mixed acid feed; Copper tubing was
used for the heating coil of the benzene stream, Cooling
coils of the reactor were 20.5 ft. long, 1/4 in. 1in outside
diameter, and 0.02 in. thick; Effective heat-transfer area
was 1.26 sq. ft. The heating coil for mixed acid was 20 ft.
long and 1/4 in, in outside dlameter, the one for benzene
was 14 ft, long‘and 1/4 in. in outside diameter. The two
impellers, attached to the stirrer shaft, were turbinewtype
" with six bledes. The motor used for mixing was a 45,000-rpm
1/5-hp, variable-speed motor, manufactured bvafecise Products
Corporation;

The mixed acid and benzene fldwvrates were measured with
preclsion-made rotameters msnufactured by Fisher and Portér

Company. The coolant, punped by a centrifugal pump, also
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flowed through the same type of rotameter. Stainless steel
needle valves were used to control flow rates of both mixed
acld and benzene.

The constant-temperature bath, used to keep a constant
inlet temperature of reactants, had about 20 liters capacity.
Commercial mineral oil was used as the heating mediun.
Heating Qoils were used and the temperature was regulated
by an automatic on-off temperature regulator.

A copper-constantan thermocouéle with stainless steel
sheath was used to measure the temperature inside the reactor.
Difference in temperature between the inlet and outlet tem-
perature of the cooling weter was measured with iron-
constantant thermocouples. Both the temperature inside the
reactor and the difference in temperature of the coolant
were recorded on & dual-channel Hewlett-Packard strip chart
recorder, Model 7100B,

A Bausch and Lombd Abbe refractometer was used to measure

refractive index of the orgsnic phase.

Reagents

Reagent-grade nitric (69-71 per cenﬁ) and sulfuric
(95-98 per cent) acids were used to prepare the mixed acid
and some solutions used for chemical analyses. Reagent-grade
benzene manufactured by Industrial Chemicals Corporation was
used in this study. Minimum purlty of benzene was 99.5 mole

per cent. Nitrobenzene of reagent grade was used for preparing
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standarization curves used 1in refractive}index analyses.
Reagent-grade ferrous sulfate heptahydrate wasgs used to pre-.
pare the solutions for the analyses of nitric scid.
Reagent-grade sodium hydroxide was used in chemical
analyses., ‘'Baker Analysed' Reagent potassium biphtalate wes

used asg the primary standard.

Methods of Analysis

Standard methods of analysis were used for determining
total acidity (22), nitric (23) and nitrous acid (24) in the
acid phase. No chemical 2anslysis was made to determine the
sulfuric acld, but was deternined by the difference between
total acidity and nitric acid.

Refractive 1ndex was used to determine the composition
of the organic phase, The refractive index was determined
after the organic phase was washed with water to remove the
‘acids and then dried with calcium chloride. Acid content
of this phase was determined by the same standard methods
mentioned above. A qualitative test (25) wass made for

dinitrobenzene.

Experimental Procedure

To obtain.the necessary data for this study the equipment
was set as shown in figure 1. A single constant-flow stirred-
tank reactor was used and the data were collected from the
stéady state., To insure a constant composition of mixed acld

feed,'large amounts were prepared initially.
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A run was started by filling-the reactor with the react-
ants in the same prOpoftion used in the feed. The bath_thréugh
which the reactants were passed had been previously set at
the desired temperature. Also the coolant flow rate was set
and the inlet temperaturé to the reactor was kept constant
by heating and cooling ﬁrovided in the reservoir from which
it was pumped. Immediately‘éfter the reactor ﬁas filled
wiﬁh the reactants, the stlirrer was turned on and the valves
in the feed streams were opened to obtain the desired flow
rates of the reactants. For all runs the agitator speed was
in the neighborhood of 3,400 rpm.

The system was brought to steady state conditlons in
about 3 to 3 1/2 hours of operation. For all runs, the
temperature of the reactor was recorded from the beginning
of the reaction., For the first 2 1/2 hours of operation,
the approach of the reactor'temperature to a constant value
served as an indication of the approach to the steady state.
After these 2'1/2 hours of operation, samples were taken
from the reactor every 10 minutes, and chemical analyses
were made until three consedﬁtive samples showed_constant
nitric acid,c;mposition.in both acld and organic phase.

' These samples were taken from the separator which was insu-
lated to keep the same temperature as that of the reactor,
Keeping the separator at reactor temperature maintalned
physical equilibrium in the_separator‘the same as that in the
_reactor.

After the steady state was reached and the chemicsal
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analyses were nade, the stirrer was turned off and the valves
in the feed streams and coolant stresm were closed. Then the
reactor was disassembled and the reactor contents were col-
lected to measure the volume of both phases. The densities
of both the acid phase z2nd the organic vhase were determined
with pyknometers. The reactor was then oleaned and assembled

for another run,
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CALCULATION PROCEDURYS

The equations used for calculations and calculation pro-
cedures are presented in this section. A digital computer
‘program was written to make the necessary calculatlons,

The overall rate of reaction at the steady state was
determined from the following material balances around the

reactor:
V489 - Y4By - (yra) Va - hA (alngz) Vv = 0 (12)

-Vs52

2

o = (=) Vo + h A (ag-a,) V= 0 (1»3).

equations (12) end (13) represent the material balsnces in
the acid phase and organic phase respectively. Adding these

two equations we get the followihg overall difference

equation:
Vig8qy - V42p = Vo3, = (m;a) Vv, + (-r,) Vv, (14)
where (-r_ ) V_ 4+ (-r)) V= (-r)V (15)

18
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19

The overall rate of reaction can be exoressed as:

(=r) V

= vV a - V. a - V. a

11 11 171 22

(16)

In this study no attempt was made to determine the order

of the reactions since a great deal of research has been

devoted to this subject.

Therefore, based on previous works,

thé reactions are assumed first order with respect to the

nitric acid 2nd first order with respsct to the benzene.

Now we

Now by

can write

P =

the rate equations as follows:

ka alb1

k a,. b
o

substituting eqn. (19) into eqn. (16) we

(17)
(18)

(19)

(20)

(21)

get the fol-

lowing expression for the overall reaction rate constant.,

- V184 V8o

V11%11

abV

(22)

It is also possible to calculate the reaction rate

coﬁStants of both the acid phase and the orgsnic phsse react-

lons,

For this the following procedure is suggested.

First,
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substitute egns. (17) and (18) into eqn. (15) to get the

following equation:

ka a, bl\Va + koa2 b2 Vo = (-r) V=R (23)

Now, 1f the sulfuric acid content of the acid rhase and the
temperature of the reaction are not changed and if the degree
of agitation is high enough to keep thg acid phase saturéted
with benzene; then we can say that the concentration of benzene

in the acid phase, b is a constant. Under these conditions

19

k8 1s also a constant and the product of ka and b, is another

1
constant.

et kb o= K (24)

Eqn. (23) can now be rewritten as follows:

Ka a1 Va + ko a, b2 Vo = R (25)

In eqn. (25) we only have two unknowns, K and ko. By chem- .

ical analysis a;, a, and b, can be determined, (-r) V is

2
calculated from eqn. (16), and Va and Vo are determined by
direct measuremehts, To solve for K, and k, we need another

independent equation:

K, aj VI + k, aj by Vi = R (26)

a 1
This other equation can be obtalned from a run under the
same conditions as those for eqn. (25) except for a different

proportion of acid'phase to organic phase. This variatidn

'will increase or decrease the reaction rate by increasing or
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decreasing’the amount of acid phase. Provilied the sulfurié
acid'content of the acld phase is not changed and the tem-
perature is the same as for eqn; (25) the rate constants will
be the same in each phase.

After solving these two equaﬁions, (25)_andﬂ(26),
simultaneously we obtain the.foilowlng expressioﬁs for

.Ka and ko:

[ -
- Raj bé ve R'az by V, (27)
a - ‘A
ay Va‘aé bl Vé - -ai Vg a, b2 Vo

2

R' -« K a' V!
]
aé b2 Vé

(28)

Once these reaction rate constants have been determined, the .
nitric acid transferred from the acid phase to the organic
phase can be calculated from elther eqn. (12) or (13).

Also from the same equations, the overall mass transfer coef-

ficient, hA, can be calculated. ‘
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DISCUSSION OF RESULTS

The éffeéts of temperature and phase ratio on the over-
all reaction rate constant and an attempt to correlate indi-
vidual reaction rate constants and overall mass transfer
coefficient according to the suggested»procedure-were the
‘main objective of this study. Among all the runs made, the
concentration of the sulfuric acid in the acld phsase varied
from 0.9105x10~2 to Q9235210-2 g. mole H,50, per ml. scid
 pﬁase, As can be seen from Appendix I, Table 2, this was
almost a constant &alue. Although no attempt wazs made to
study the effect of the concentration of sulfuric zcid on
the rate of reaction and reaction rate constants, it was
observed from batch runs that this has a considerable effect
on the rate of reaction. Chémical znalysis showed that no
sulfuric acid was present in the organic phase when the
steady stéte conditions were reached. Nelther nitrous acid
nor dinltrobenzene were detected in any of the runs. Chemical
_analysis also showed that the composition of nitric acid in
the organld phase was almost constant, These results are

shown in Appendix I, Table 2. This 1ndicates that the organic

22
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phase at the high degree of agitation used,{S,hOO rpm;
was satursted with nitric scid. However it 1s not clear
whether or not the effects of mass transfer were completely
eliminated since saturatibniconcentration should be some
function of temperature ahdsteady state temperatures were
dlffereﬁt for these studies. -
. Tﬁe‘overall»reaction-rate constant was calculated ac-
cording to'eqn.'(22). A plot of 1n k verSusrl/T is shown
in figufe 3. |

Suﬁstituting eqn. (19) into egn. (23) and solving for

k, we get the followlng expression:

a,b,V_ a,b Vv
K=k, =2 4+ g 220 (29)
: abV abV

As it cen be seen, the overall reaction-rate constant is not
solely a function of temperature. In the plot of figure 3

the stralght line represénts an averagé for 30 vol. per cent
of acld phase. For this average and within the tempefatﬁre
range shown in the graph, the activation energy was found to
be 9,1 Kcal,‘per e mole as calculated from the Arrhenius
equation. ’Therefore'for the same percentage (30 vol. per cent

of acid phaSe);k can be expressed as follows:

6 _-9,100/RqT

k = 8.3 x 10 (30)

The overall reaction rate constant is also a2 function of the

sulfuric acid concentration. Therefore, eqn. (30) should
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only be used within the range of sulfuric agid concentration
used in.this research (Appendix I, Table 2). |

An attemptvwas.madé to calculate individual reaction=-
rate conStanté according to the vprocedure suggested before,
but'resulté'are inconsistent with each other, and 1n some
‘cases they are in a complete disagreement with the theory.
These results are shown in Appendix II,

An_explanation of these results could be the fact that
it is not the nitric acid that is the reactive entity but
ﬁhe nitronium ion (No;); therefore, the reaction-rate equation
should perhaps be correlated as a function of the concentra-
tloh of the nitronium ion instead of as a function of the
nitric acid, as previous authors have done. The concentration
of these two compounds are different,and that of the former
one can be determined by Spectrosébpic and cryoscoplc tech-
niques, However, at fixed sulfurlc acid concentration, the
nitronium ion and nitric acid concentrations are directly
related. Rate constants based on one of these species should
be related‘to the rate constasnt based on the other species.,
These facts validate the suggested procedure as a possible
_wgy to determine individusl reaction rate constants, and
-consequently, rate of reaction in each phase and oversll
mass transfer coefficient.

The nitric acid transferred from the acid phase to the
.organio phase at steady state was calculsted with‘these re-

sults and according to eqn. (12). These results are given



in figure 4, The overall mass transfer coefficlents are

shown in figure 5.
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Reactor temperature and cooling water temperature rise
were monltored during the approach'to steady state for each
of the experimental runs. Typical curves are presented in

figures 6 and 7.
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Coolant temperature: 79°F,
80 } - .
75 d t 1 ) 1 [l ' )
0 - 2 3 time (hr.)
Figure 6:Reactor temperature history
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CONCLUSIONS AND RECOMMENDATIONS

From the results obtained in this study, the foliowing
conclusions were drawn:

1. Overall rate con$tant has been found as a function
6f tenperature and volume per cent of aclid phase which has
not beén done previousi&.

2. The rates of reaction are extremely sensitive to the
copposition of the acid phase, especially the concentration
of sulfuric acld which acts as a catalyst.

3. The individual rate constants could be determined if
the rate equations are accurately expressed as a function of
the nitronium ion instead of as o functlion of the nitric acid.

It 1s recommended that further studies be conducted to
correlste the concentration of the nitronium ion as a function
of teﬁpérature, concentration of sulfuric acld and concentra-
tion of nitric acid. The author believes that the reaction
rate constant of acid phase reaction is not only o function
of tempersture but also a function of the sulfuric acid cone-
centration in the acild. This 1s not the case for the reaction

-rate constant 1n the organic phase reactlon since no sulfuric

28_
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acild was found in that phase.

29.



T-1203 -

APPENDIX I
Dats
Table 1
run Vi1 V21 Va_ Yo_
1 11,6 2302 386 782
2 11.6 34,8 337 809
3 11.6 23.2 272 879
4 11.6 34.8 222 887
5 11.6 23.2 L8L 728
3 11.6 34,8 3l 5 814
2 11.6 23.2 3L 772
8 11.6 34,8 31 810
9 11.6 23,2 130 756
10 11.6 34.8 373 783
Table 2
run i1X103 a'gXlOL" b2x102 SX103
1 1.826 1,607 1,084 9.152
2 1,721 1.516 1.086 9,201
3 1,649 1.578 1.100 9.152
L 1.647 1,564 1,107 9,221
5 1.530 1.605 1,046 9.106
6 1.421 1.516 1.073 9.194
v 1,432 1.556 1.056 9,105
8 1.365 1.516 1,077 9.19%
9 1,251 1,610 1.040 9.235
10 1,237 1.516 1,055 9,201
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Table 3
3 b4
a11X10 a1X103 aZX1O RxlO2 Conversion
3,018 1.826 1,607 1.040 0,291
3.071 1.721 1.516 0,706 0.318
3,018 1.649 1.578 1732 0,287
3.060 1,647 1.564 1. L4k 0,259
2,976 1,530 1,605 1.002 0,408
3.065 1.421 1,516 1.088 0.417
2,977 1.432 1.556 1.315 0.426
3,065 1,365 1,516 1,268 0,424
30,050 1.251 1.610 1,616 0,501
"3.071 1.237 1.516 1,223 0,491
Table 4
| - @ oo
(d)ag' (d)oy Zclid organic ng2
1,573 0.879 1.568 0.896 1,5004
1.573 0.879 1.568 0.897 1,4985
1.573 0.879 1,568 0.898 1.4992
1.573 0,879 1,568 0,898 1.4990
1.573 0.879 1.568 0,898 1.5021
1.573 0.879 1,568 0.897 1.5017
1.573 0.879 1.567 0.899 1.5022
10573 0.879 1.568 00898 105015
1.573 0.879 1.567 0,900 1.5024
1.573 0.879 1.567 0.899 1.5023
25 C
nD = refractive index of the organic phase at 25.0 C.
(d)81 = specific gravity of acid phase initially
(d)oi = specific gravity of organic phase initially
(d)SS = specific gravity at steady state

Specific gravity measurements were made at room tempera-
ture. '
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Tss

7069
83.7
88.3
92.9
97.8

APPENDIX II.

‘Tndividual Rété Constants

K, "x 10

2.47
3:51
0;17
0,59
L.s58
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APPENDIX III

Nomenclature

mass transfer area, cm?
overall concentrstion of nitric scid, g. mole nitric

acild per nl.

= concentration of nitric acid in the acid feed streamn,

g. mole nitric acid per ml, mixed acid
concentrations of nitric acid ih the acid phase and
crganic phase respectively, g. mole nitric acid

per ml.

~overall concentration of benzene, g. mole benzene

per ml.

= concentrations of benzene in the acld phasévand

organic phasé'respectively, g; mole benzene per ml.

mass transfer coefficient, per minute per cm?

overall reaction rate constant, ml. per mlnute per
g. mole

kabl’ per minute

= reaction rate constants in the acid pnase and orgsanic

phase respectively, ml., ver minute per g. mole
(-r) V, g. mole per minute

universal gas constant

33
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overall rate of rezaction, g. mole per minute per ml.

rates of reactions in the écid phase and organic
phase respectivel&, g. mole per minute per ml.
concentration of sﬁlfuric acild in the acid phase,
g. mole sulfuric acid per ml. acid phase

absolute temperature

inlet temperature of reactants,®F.

outlet temperature of cooling water, °F.

reactor temperature, °F.

reactor temperature at steady state,°F.

total volume of reactants, ml.

volumes of the acid phase and orgsnic phase
respectively, ml.

outlet volumetric flow rates of the acid phase and
organlc phase respeétively, ml. pér minute

inlet volumetric flow rates of the acid_phase and

organlic phase respectively, ml. per minute
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