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NOTATION

a interfacial area, o
a' interfacidl area per unit volune, cmacm-s.
A absorbance
(arH] concentration of aromatic in acid phase, mol 1~1
cfl . equilibrium concentration of solute in contiﬁuous phase, mol 141
c concentration of solute in continuous phase, mol 17"
[cE] ‘concentration of chlorobenzene in the acid phase, mol 177,
D . . diffusivity, ca” g7
E ‘activation energy, cal m01‘1.
[5*] concentration of hydrogen ions in the acid phase, mol 1-1(strict1y
| activity, a;)
ASHform enthalpy of formation, cal mol™ .
AH_;  enthalpy of solution, cal mol
HR acidity function
[HEO] concentration of water in the éqid phase, wol 1_1 (Striqtly aﬂao)
ko zeroth-order rate of nitration, mol 1-15;1.
k1,k_1 first-order or pseudo-first érder rate coefficients, 5“1.
k1',k_1g ka,ka' second-order rate coefficients, 1 molﬁqs‘q.
k (1) ™Mass transfer coefficient (in phase 1).
L diameter of stirrer blades (tip-to-tip), cm.
N . stirrer speed, rev s, .
R " rate of reaction per unit volume of acid phase, mol 1"15_1-.
Re. Reyndldé number
- B rate of surface rénewal, 5-1

Sch. Schmidt number.

t fimé, 5, min or houf.
T temperature,'oc or K.
(7] concentration of toluene in the acid phase, mol 1 .

( xii)



. -2 -
Vv instantaneous mass transfer rate, mol cm s
-1

<

average mass transfer rate, mol cm

"AX thickness of liquid film, cm.

distribution coefficient.
viscosity, Poise or cP.
density, g mlfq'g,]

i . . L 2 =1
kinematic viscosity, cm's

0\\:: e

9{(t) age distribution function

subscripts
a acid phase
b bulk

o ‘zero time
t ‘time t
o  infinite time

" Buperscript

s saturation value

( xiii)
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INTRODUCTION




CHAPTER I.

The nitration of aromatic conpounds has been performed on an
industrial scale since the turn of the century. The rapid
development of nitroaromatics as explosives and their use today in
fhe dye industry and as intermediates in organic syntheses makes
nitration an important, large scale process. The importance of
nitration as a modél-electrophilic aromatic substitution feaction
for the investigation of electronic effects in organic molecules
led to it being studied in great depth in the homogeneous phase;
Until réceﬁtly, however, there was a sparse amount of information
on the industrially significant fwo phase reaction with mixed
“sulphuric and nitric acids and little attempt had been made to
apply the results éf kinetic experiments in a single phase to the

phenomena observed in two phase batch and continuous nitration plants.

In the last few years, however, much progress has been made
aﬁﬁ a better understanding of the processes involved in these sjstems
is now possible. The rates of nitration in a miniature stirred batch
reactor and stirred cell containing pureAtoluene‘and chlorobenzene
have been successfully interpreted on the basis of Danckwerts' -
Surfacé Renewal Theory of mass transfer1. Many of the factors which
affect the rate in these systems have been investigated and suitable
rate equatidns tested experimentally. ﬁespite the progress, however,
the results obtained.are not totally conc}usive and several anomalous
features have become apparent. The object of this work ig to account
for these features and hence try to sﬁbstantiate the Theory of
Danckwerts as applied by Cox and Stfachan to the nitration of aromatics

in two phase systems,



1.1, HOMOGENEQUS KITRATION

The nitration of aromatic compounds has played a significant
rolg in the development of the electronic theory of organic chemistry.
A vast amount of literature is now available on the reactions of
benzenoid compounds with nitric acid under a wide variety of
conditions. Ingold and his collaborators2 first éstablished the
existence of the nitronium ion as the effective electréphile in
organic solvents such as nitromethane and acetic acid. They accounted
for the characteristic features of the reactions in terms'of a
mechanism involving the production of the nitronium ion from nitric

acid followed by its attack on the aromatic ring:

fast + - .
HNO + HNO _— H NO NO spPoEeeee l
3 3 - 23 T N5
/
+ ' k1 +
. e T .
| S,
N02+ + ArH --—-————2---9 ArNOa srescane 3

Here, the comparatlvely slow heterolytlc fission of the nitric
acidium ion, H h03 R 15 preceded by the fast proton exchange between
two molecules of nitric acid. ' Under most conditions the rate |
determining sﬁep iz the electrophilic attack.of nitronium ions on
tﬁe aromatic substrate and the overail rate is depéndent'on both the

concentration of nitric acid and the aromatic substrate.

In agueous sulphuric acid, the so called mixed acid system,
the first step is replaced by the reaction of a nitric acid molecule
with a sulphuric acid molecule. The equilibrium concentration of

nitronium  ions increases rapidly with sulphuric acid strength such



that in ¢a.90 per cent acid the nitric acid isrfully ionized to
nitronium ionss. Nitronium ions are observed in such solutions
by the appearance of a band at 1400 cm~ | in the Raman spectra.
The band, however, is not detectable in solutions below 85 per cent
- sulphuric acid. The continual effectiveness of the ﬁifronium
ion mechanism in acid strengths lover than 85 per cent has been
iﬁferred from cérrelafions of the rate of reaction with the acidity
of the medium. Schofield and coworkershcorrelated the‘ébserved
second-order rate cbefficient for the ﬁitration of_a series of
activated substrates with the modified acidity function
ﬂ(HR + 108108H20) wherg aH20 is the activity of water and Hp, the
acidity function, is based on the ionization of model tri-aryl

carbinel compounds.

RCG-OH +H —> roct + 10 reeessnses B

3 * 3 2

This equilibrium c¢losely resembles the combination of Equations 1

and 2 which may be written:

HNO, + H' == NO,® + H,0  .eeeeeevees 5

3 A 2 2

If it be assumed that the ionizing charécteristics of nitric acid
are similar to those of the organic indicators ﬁsed to define the
scales of acidity, then closé correspondence betwéen‘the'acidity
dependence of nitration and Hﬁ would.suggest that Equation 5 is

5

applicable. Schofield and co-workers” obtained excellent straight

line correlations over the range 60-84 per cent sulphuric acid
between the logarithm of the second-order rate coefficient, ka,
and —(HR + 10gloaH20) for a wide ragge of substrates (Figure 1). Deno



fig. 1 Dependence of k2 on-(HR+ldg]U aHZU} fora number of sub;trates.
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and co—workers6found that between 58 and 93 per cent sulphuric acid

HR and percentage sulphuric acid are linearly related. The dependence
of k, on the activity of water was explained5

by the assertion that
in this particular acid range nitric acid exists predominantly as

the monohydrate.

The effect of molecular diffusion upon the rate of nitration
of reactive substrates was first discussed by Schofieldu. The
observed second-order rate coefficient, k2

the theoretical limit due to encounter between two molegules in

sy was found to approach

a cdncentrated sulpburic acid sclution. A large number of reactive
‘substrates, having a wide range of reactivity, were found to nitrate
at about the same rate at 25°C in 68.3 per cent sulphuric acid

(Table 1).

T.&BI;E 1 -

smstars | foRoRefeR | By Prediotyd
Benzene N 0.058 L 1.
Toluene 1.0 23
Diphenyl 0.92 35
p~xylene 2.2 - - 50
o-xylene 2.2 60
mfxyleﬁé R 2.2 : - hoo
Mesitylene 2.1 : 16,000
Naphthalene 1.6 %00
Phenol 1.4 | 104




The value of the bimolecular rate coefficient for encounter, ke’
may be estimated from the equation?:

8RT : 6

k = e sesoenee

where R is the Ideal Gas Constant, T is the temperature (X) and Y
is the viscosity (Poise). This is related to the observed second-
order rate coefficient for nitration by'the‘ratio of the equilibrium
concentration of nitronium ions to the stoicheiometric concentration
_of nitric acid in 68.3 per cent sulphuric acid:

vo,"]

N i P

i

In 68.3 per cent acid the concentration ratio can be estimated# :

8 ama k_ca. 6 x 105 1 mo1™1 &™7

to be ca. 10 , 80 that the limiting
rate coefficient should be ca. 6 1 mol-'1 5-1.. Thisris'in good

- agreement with the‘observed value of ca. 2 1 mol” ! 5"1. Schofield

introduced the concept of an encounter pair (e.p.) and visualiied |

a modified reaction scheme as follows:

+ -~ +
HNO; o+ HT NO," 4 H,0 eeeee... 8
, k, S
NO‘2 + AI‘H "_—;: (e-p-) assssass 9
(e-p) _“—'_) i PI“OduCtS srrrasBOEE 10 ‘

Under enqounter controlled conditions step 10 is much faster than step

9 and the rate coefficient for nitration is given by Equation 7.



Whether or not nitration is governed by encounter control, k2
increases rapidly with increasing sulphuric acid strength (Figure 1)

+
since the concentration ratio [FOZ ] rapidly increases from ca.lO
[ﬁNOB]St :

in 68.% per cent to 1 in 90 per cent sulphuric acid. The ease of
ionization of nitric acid in sulphuric acid strengths between this
rangé accounts for the use of this mixed acid system in the two phase

industrial process.

1.2. TWO PHASE NITRATION

In contrast to the more traditional homogeneous kinetic work,
nitrations performed in batqh or continuous reactors, with the two
virtually immiscible phases agitated into a fine dispersion of droplets,
are ielétively rare.' Fufthermoré, many of‘thé early studies were
based on aésumptions that have proved to be false and have not stood
rigorous criticism. Also, much interest was centred on the isomer
proportions of the nitro-products since this is of some ecohomic_

importance.

Two early papers on the subject came to similar conclusions.
Lewis and Suen8 studied the reaction of benzene in both a batch and

9

continuous reéctor whereas McKinley and White éoncentrated on

toluene nitratidn'in a continuous reactor. Both groups recorded a
high temperature c0efficient_of 5bout 2 for a change of 10% whiéh.
pointed té the kinetic control of the 6Vera11 rate and the elimination
of mass transfer resistances. Lewis and Suen assumed that reactioﬁ |
took place in both phases whereas McKinley and White considered that
only reaction in fhe acid phase was significant. Brennecke and Kobelp

nitrated toluene in a continuous stirred tank reactor and also found

a temperature coefficient of about 2. Barduhn and Kobe11 found that

7.



the nitric acid solubility in the organic phase had the effect of
reducing the quantity of nitric acid available for nitration in the
acid phase but they considered nitration in the organic phase
unlikely. This has since been confirmed by Cox and Strachan for

the nitration of chlqrobenzenela.

15

Hanson, Marsland and Wilson] in a critical review of the
subject, re-examined much of this early work and"conclﬁded thaf the
e&idence for pure‘kinetic control of the rate was doubtful. The
effect of temperature, they argued, was very complicated and cannot
‘be used ﬁs'conclusife proof. wilson,lhworking on the nitration |
of toluene in a miniature continuous stirred reactor, found
‘temperature coefficientslbetwge? 1.92 and 1.45 for 12°%¢ intérvals.
These were of a similaf magnitude to those obtained by previous
workers who ciaimed to have eliﬁinated mass transfer resistances. - -
Hanson and_co—workers,133130 ﬁroperly drew attention to the fact
that whilst there was an enormous amount of evidence to show #hat
the nitronium ion mechanism applied in homogenous phase systems, no

comparable evidence existed for the two phase industrial process.

The contribution of Hamson and coworkers, with their acceptance

of some mass transfer resistances being present whatever the conditions,

t
led the way for the work of Cox and Strachan1 12,15,16. They

determined the rate of nitration of chlorobenzene and toluene in a
miniature stlrred batch reactor and a stirred cell and successfully

17,18

applled the Surface Renewal Theory of Danckwerts to the data.;

This work will now be_dlscussed in some detail.



1.3. DANCKWERTS' SURFACE RENEWAL THEORY.

Danckwerts! SurfacelRenewal Theory is not the only model for -
the treatment of results from systems where mass transfer is accompanied
by chemical rcaction. The Film Theory, developed by Lewis and Whitmanlg,
and the Penetration Theory, proposed by Higbiezo, as well és other
treatments have.all been used. .However, the Surface_Rgnewal Theory

is the most widely used and was‘by adopted by Cox and Strachan for

their systems.

TheVSurface Renewal Theory is an extension of the Penetration
Theory and was initially devéloped and used with gas-liquid absofptiOR
systems; The mathematical details have been dealt with in great detail
by Astarita?l- Danckwerts pictﬁred turbulent e&dies of liquid,
located at tﬂg'interface betwéen both phases, that continually mix
the liquid at the interface into the bulk of the continuous phase and
expose fresh surfaces to the gas for varying lengths of fime. The
rate of mass transfer is governed by the lifetime of these elgments
and not the motion of the liquid beneath the surface. Danckwerts
assumed that the diffusion process in each element was governed ﬁy.

Fick's 2nd Law:

D d ¢ - de . '
-—-----------—-da = -a—E cansssnss ll
dx .

mwhere_Dfis_the_difosivity_of_the_gas_inﬁthe_continuous phase. The
solution to this differential eguation is well known and leads to.an'l‘
éxpfession for thg concenfration gradien£ at the interface, which
determines the rate of mass transfer into fhe liguid phase.. The
instantaneous rate of mass transfer is then expressed by the

equation, involving the lifetime (t) of an element:



* D
V= (C -cb) ‘l:E——- L RN I W S 12

where ¢* and ¢ are the equilibrium and bulk concentrations of

solute in the continuous phase. Danckwerts proposed that the lifetimes
of the elements varied between t and t+dt and that, under constant
conditions of turbulence, the rate of surface renewal should he

constant and eqial to s. The average rate of absorption is given by: -

- 1D . : | ' '
V= Tt (c ~cb) AE)dt seeeecesnsen 13

where 8 (t) is an age distribution function. If the rate of
disappearance of an element of a certain age is simply proportional

“to the number of elemenﬁs of that agé,‘then:

-4 g _
dt sﬁ LA L A L ] lli'
Integration of this equation and substitution into Equation 13 followed -

by further integration from time equal to zero to time equal to

infinity gives:

\7 = (C*-Cb) \/E } = }{L (C*"Cb) . essscvmen 15

where.kL is the mass transfer coefficient in the absence of chemical
reaction. This equation applies only when the reaction rate is fast
enough to keep the concentration of the solute down to zero in the

bulk but not fast enough to prevent accumulation at the interface.

If, however, the concentration profile is maintained throughout
‘the greater part of the eleménﬁ% life, because chemical reaction is
so fast és to ﬁrevent further accumulation, the concentratipn grédient
at the interfacé is dependent upon the chemical rate constant. Thé

 diffusion process for a first-order or pseudo-first-order reaction

10.



is now governed by the following:
"""—'é' = kC sesssssssDEss 16

The solution to the zbove equation gives us an expression fof the
gradient at the interface, again, and hence the average mass transfer

rate: '

v:c“ ka ) L N N B 17

The overall rate of mass traﬁsfer is then seenlto depend. on
‘two competing factors; the physical diffusion rate (measured by kL)
and the chemical reaction rate(measured by k). The competition gives
rise to the slow reaction diffusional regime and the.fast reactibn
regime. In a sjstem where the r?action rate may be varied over a wide
range without anz@preciable'variétion in the physiéal conditions 
(i.e. viséositj) these fegimes méy be sharply.defined. This wasqfound
, t; be true_for.the two liquid phase system in the nifration of aromatiés 3
:with mixed sulphuric and nitric acids; where a 10 per cent increase '
in sulphuric acid strength leads to an increase of ca.lO4 in the
second~-order rate cdefficieﬁt, k

2

viscosity varies by only a factor of ca.Z2.

s while at the mame time the

Cox determined the initiai rate of nitratiﬁn of toluene andl
chlorobengene at 25°C in a 500 ml batch reactor agitated at 2,500 -

-2;800 rév.minfl by a spectrophotometric method between 60 and 80

per cent sulphuric acid. A plot of initial rate versus per cent

acid is shown in Figure 2. For both aromabics a gradual incline

wag observed af the low acid strengths (Kinetic'regiﬁé) followed by

a plateau region, where acid strength ha@ little effect on the rate of

reaction (Slow reaction diffusional regime) which in turn gave way

11,



Fig.2 Initial rate of nitration versus percentage sulphur:c ClCId for chlorobenzene
and_toluene in the st;rred reactor |
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to a region where the rate was observed to increase dramatically
over a small range of acid strengths (Fast reaction regimel). Each

regime will now be considered separately.

1.4  KINETIC REGIME

In this regime the rate of reaction is so slow compared with
the diffusional rate that the aromatic sﬁbstrafe concentration in the
continuous acid Phase is maintained at its equilibrium value, ife.
it takes the saturation value. The concentration profile near the
interface under these conditions is shown in Figure 3(a). Assuming

that the customary second-order reaction kineticslapplies the overall

rate is given by:

L :
R =k, [HNOB] [AirH]a ceececsscses 18

 where [Arﬂ]z is the saturation cbncentration of aromatie substrate
in mixed acid media at a particular temperature. This equation is
identical to that which applies in the homogeneous system and is

independent of any of the physical conditions of the system.

Cox and Strachan12

performed a series of stirred reactér,runsr
with chlorobenzene in 70.2 per cent sulphuric acid using low concent-
rationé of nitric acid (6.032 mol 1-1), Good pseudo-first;order
behaviour was observed.-_The effect 6f temperatﬁre on the pseudo-first-
order rate coefficient was measured and pave an overall activétion
energy of 20.9 + 0.1 keal mol Y. This was in excellent agreement‘ |
with thé value éf Eké 'fllﬁ50§ﬁich was eéugl to 20.93 : 0.3 kcal.mol_l.
This agrees with the prediction that under these conditions kinetic,
and not mésé transfer, control is in forge according to Equation718.

—

12.



Fig3  Concentration profiles for the different regir'n-es

(a) The_kinetic reqime
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(b) The slow reaction diffusional -regime o
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A similar series of.runs was performed with toluene.  Due
to the vastly different reactivities of the two arqmatics it was
necessary to dilute the organic phase with an inert solvent. Also
due to the vastly different reactivities chlorobenzene itself
provided the most convenient solvent for this purpose. The dilution
resulted in a corresponding decrease in the acid phase concentration
of toluene and hence the rate of reaction. This could then be
followed by conventional kinetic means. The subsequent logarithmic
pseudo-first—order‘plots were not, however, peffectly linear.
.During the early stages of reaction a curvature was present which
suggested that mass transfer control was beginning to compete with
the previous dominétion of kinetic control. Assuming a steady state
is quickly reached and maintainéd, such that the rate of mass transfer
6f toluene to the acid phase and its réte of reaction are exactly

balanced, the following is true:
i m1S o - C
a'k (X, (]S [TJa) =k, [HNO3] [T]a cereeee 19
wherej(m is the mole fraction of toluene in the organic phase.

, ' - . - . .
Assuming that both a andwﬂT are constant, then the rate of
nmitration in the transition region between kinetic and slow reaction

diffusional regimes is given bj:

R =k, [HNO3] [T]g ='. Kk, a'XT [T_'li [Hr503]

ceees 20
k2[§N03]+ a’ kL

The relative magnitudes of‘kZ[HNO3]and a,kL determine the extent
to which the reaction is kinetically or mass transfer controlled. From

the results of Cox aﬁd Strachan it was evident that kz[HNO ]was ne -

3
' . . !/ . :

longer negligible in comparison with a kL and in the early stages of

reaction the rates were reduced below that expected if pure kinetic

control was in progress.
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1.5. SLOW REACTION DIFFUSIONAL REGIME

Figure 3(b) shows the concentration profile for the slow
reaction diffusionai regime.. Under conditions where the réte of
reaction is fast enough-fo kéep the concentration of aromatic in the
_bulk of the acid down to zero but not fast enough to prevent accumulation
of toluene at the interface the mass transfer rate is independent of
the kinetic rate coefficient (aﬁd hence nitfic and sulphuric acid
concentrations) and is governed by Equation 11. This 1eadslto the

rate egquation for reaction in the slow reaction diffusional regime:

R= a [ Ds ki ceveenen 21

1.6. FAST REACTION REGIME

In this regime the reaction is fast enough to prevent
éccumﬁlation and the concentration profile is maintained throughout
the preater part of an elements 1ife (Figure 3 {(c¢)). The steepness
df the profile, the concentration gradient at.the interface, doés,
howe#er, depénd on the kinetic rate cqefficient. The greater the rate
coefficient the steeper thé gradient. The mass fransfer rate is |
governed by Equation 16 and for pseudo-first-order nitration the

rate equation is: _ :

R = a, Dk [HJ.\IO ] [T]S sSessanes 22
T2 37 0 a : o o

The dependence of the rate on the root of the pseudo-first-order rate

’ :
coefficient, k = kz[HNO3],resu1ts in a steep rise in the rate with

sulphuric acid strength.

1.7. INTERMEDIATE REGION BETWEEN SLOW DIFFUSIONAL AND FAST REACTION
REGIMES.

In this intermediate region the diffusion process is governed

by boﬁh the rate of accummulation of solute and its rate of reaction:

14,



dc de
D 2 - -a-t- * kc 7 censeonae 23

molecular transport = accumulation + reaction.

Solution of this equation is complicatedleut it leads to
a simple expression. The rate is simply given by the sum of the
physical mass transfer and kinetic terms inside the root signs in

Equations 21 and 22:

' / 2 . N i
R = a-\/D k, [HNOB] LI S [le [ evieeses 24

Equaﬁidn 24, knowﬁ as thé Danckwerts equation, can, under

. suitable coﬁditions, be used to obtain values of the parameters

a? and kL in two phase'systems..iUse of the equation ip gas-liquid
systems was made by Danckwerts; Kennedy and Robert322 Qho studied

the absorption of carbon dioxidg‘by alkaline solutions in a pﬁcked
column and obtained good correlations for the square of the rate
versus the kinetic rate constant. .Sharma and'coworkers applied the
equation to mechanically agitated liquid-liquid contactors with the':
fast pseudo-first~order alkéline hydrolysis of formate esterSzB.
They used it to determine the interfacial area produced.in ar
continuous flow stirrea reactor ﬁnder a wide variety of conditions.
Huch_of'the.pioneering work has been reviewed by the two princiéal
exponents of the technicue, Sharma and Danckwertsah, and they continue‘

to publish work in this £ie1d22126+27428,29

If the interfacial area per unit volume is known, as is.the
case with two immisible liquids stirred sldwly in a stirred cell,
the equation may be used to accurately determine the diffusivity and
mass transfér coeffiéient in the absence of chemical reaction. The |

importance of the Danckwerts equation in the design of batch reactors



and contactors is easily appreciated. Cox ;nd Strachan1applied the
equation to the two phase nitration of toluene and chlorcobenzene

in both a stirred reactor and a.stirred cell, In the former sysfem
there was little trouble in determining the appropriate acid strengths
over which the Danckwerts equation applied. TFigure 2 shows‘élearly
the transition regioﬁ between fast reaction and slow reaction
diffusional regimes for both ar;matics. Danckwerts plots were

drawn using the rate data in this region together with vélues for

30,31

the saturation concentration of aromatic and second-order rate
6oefficienth‘32 for nitration at each acid strength extrapolated from
the data of previous wprkers. The Danckwerts plots, shown in Figure

i, were constructed assuming the following:

2 i

(_B____) = a 2( Dk, [HNO;] +

2
[ArH] : )

sersesve 25

where the nitric acid concentration remained fixed for each run.at
0.55 mol_lnl of acid phase. Good straight line correlations were
obtained in each case with the intercept and slope given by (a’kL)a

and afaD, respectively (Table 2).

TABLE 2
SUBSTRATE - sLOPE/s‘1 INTERCEP‘I'/S-Z
Toluene 1.9 x 207 | 4.75 x 1070

L b

Chlorobenzene | 2.275 % 10 525;0'x 10~

Since none of the three parameters, a’, k, and D, involved in

L
Equation 25 was known with any acctracy a series of nitrations was

performed at various strengths in a stirred cell. Essentially,'this
consisted of a small reactor in which only the acid phase was géntly

stirred at 65 rev.min-l to give a virtually flat interface with organic

phase above it. The rate of reaction was determined by the same

16.



F1g.L  Danckwerts plots of toluene and chlorohenzene

In the stirred reactor
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spectrﬁphotometric method used with the stirred reactor. The interfacial
area per unit volume of acid phase was constant and célculéted from

" the internal diameter of the vessel to be 0.2024 cm2 cm_B; Figure 5
shows the effect of sulphuric acid strength on the initial rate of
nitration of toluene and chlorobenzene in the stirred cell at 2500.
Figure 6 shows the sﬁbsequent Danckwerts plots assuming that Equation

25 applies over the same acid rénge as for the stirred reactor. Table

3 gives tﬂe values of the slope and intercept of the least-squares

lines through the points together with estimates of D and khgassuming

the above measured interfacial area per unit volume of acid phase.

TABLE 3.
-1 -2 2 ~1 -1
SUBSTRATE SLOPE/s INTERCEPT/s ~| D/em™ s kL/cm,s
Toluene 1.51 x 1077 |16.3 x 1077 |0.32 x 1077 | 6.3 x 107
Chlorobenzene|34.25 x 1072 3.25 x 1077 10.8% x 1070 | 2.8 x 1072

Two major quéstions arise from this work. Tirst, és shéwn by‘
the plots of initial rate versus percentage sulphuric acid (Figure_S)
in the stirred cell, a plateau region, correspbnding to the slow
reaction diffusional regime was not observed with either aromatic.
A'décreaée in the acid strength leads to a éontinuous lowering of the |
initia1 rate well below thatlwhich might be expected. This was matched
-by a tailing off from the least-squares lines drawn in the Danckwerts

plots, at low values of k,[mo, 1,

'Secondly, the diffusivity of toluene was many times lower than
that of.chlorobenéene (Table 3) which itself was a further ten times
- lower than often quoted typical values of ca.lo_scmas-l. 21733 This
ten fold decrease in fhe diffusivity of chlorobénzené was explained

satisfactorily by Cox and Strachan in terms of increased viscosity

17.



Fig. 5 Initial rate of nitration versus percentage sulphuric acid for
chlorobenzene and toluene in the stirred cell
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of the medium. There is an inverse dependence of diffusivity on the
viscosity of the continuous phase, in this case, concentrated snlphuric-
nitric acid-water mixtures. They estimated the diffusivity of toluene
and chlorobenzene as a function of sulphuric acid strength using the
modified Wilke-Chang Equation proposed by Perkins and Geankoplith

for a mixed solvent system:

. (
D‘ = 6 tssonvas 26

where D = diffusivity of solute in the mixed solvent.

=
1}

. . . 1
mean associated molecular weight for a mixed solvent

viscosity of the solvent (c¢P)

B Y
I

temperature (X)

!
U

molar volume of solvent.

The values obtained are listed in Table 4. They are.very
similar for both aromatics and correspond closely to the experiéentaily
determined value for chlorobenzene in the stirred qell over this acid
 range. Furthérmore, they fit'closely with valueé based on direct'
experimental dgtermination of -diffusivities by workers at Bradford

55

University””. They determined the diffusivity of toluene at low
sulphuric acid strengths, at BOOC, by a laminar?jet method and derived
an empirical expression for the dependence.of it on viscosity:

) -0.8
D = (0.92 + 0.04 Nn)7 ‘........ 27

where.Nn is the normality of nitric acid. Itis worth noting the

change in the exponent of the viscosity from ~1.0 to -0.3 compared
- with th%t in the Wilke-Chang expression and the small influence of
the nitric acid term. Some of thé Bradford workers' results, with

) Nn equal to zero, are included in Table 4 for comparisén.
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TARLE L.

% Haé% D/cne s L Dfen® 5 -
| roLUENE CHLOROBENZENE
5.0 10.12 x 1070
14,0 ] 9.82 x 10 -6
21.5 ref. 35| 9.3k x 1070
38.0 72,07 = 1072
63.5 J | 2.56 x 1070
69.6 | 1.36 x 107
71.8 - 06
L | 1.0% x 107 1.05 x 1070
76435 0.92 x 0® 0.9% x 1078
76485 0.90 .‘x -6
77.5 10.87 x 107
7775 0.85 x 10™° , o_.87'x_10"6
78,1 0.8% x 1070 "
7845 0.81 x 1070 0.83 x 107°
79.5 0.80 x 107°
79.8 o.;7? x 1070
80,3 : 0.75 x 1078

The very low diffusivity of toluene_compared to chlorobenzene
in the stirred cell remained unexplained, howefér. So also the somewhat
higher value for its mass transfer coefficient in the absence of
chemical reaction. The two anomalous results were considered to stem
from the one effect; a low wvalue for the_slope of the Danckwerts
‘plot for toluene compared to chlorobenzene. A factor of ten in the
slope results in a factor of ten in the diffusivity .since the former

is given by a 2 D.
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An identical effect was observed with the stirred reactor.
In the case of chlorohenzene the value of the diffusivity obtained
from the stirred cell was inserted into the stirred reactor
Danckwerts slope. The value of 3.0 x 10_30m 5_1 for kL obtained is
in excellent agreement with that found in the stirred cell and
assoéiated with such systems geperallyBé.. The interfacial area per
ﬁﬁit ﬁolumé of acid phase was considerably larger than that used
in the stirred cell, as one would expect, and had the value of

15.5 cm2 cm—3. Toluene, however, gave a slope sone ten times lower

7 fhan that of chlorobenzene in the stirred reactor.

Cox1 suggestedAthat the difference between the two aromatics
“was the résult of solute-solﬁent interaction which affects toluene
but not chlorcbenzene. He consiaered that in a highly solvating
medium such as sulphuric acid thé solvation of the(flcomplex (thland
Intermcdiaté) of toluene, with an inherent increase in the effective
volume, can account for the low experimentally observed difoSivity
in the two phase systems. The exact quantitative effect of such
solute-solvent interactions is difficult to estimate. Clearly,
though, this explanation is difficult to reconcile with both observed
-6 2 1

‘and calculated diffusivities for toluene of ca.l0 ~cu” s~ , at this

acid sfrength. Another explanation must be sought.

To summarize; there are two problems fhat require further
investigation. Firstly, the absence of a plateau due to the slow”'
reaction diffusional regime in the %tirred cell. Secondly, the
suppresséd rates of nitration of toluene compared to chlorohenzene
in both two phase systems over the range 70-80 per cent sulphuric
acid. It was with theée two problems in mind that the following

work was undertaken.
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CHAPTER 2.

This chapter consists of a description of the apparatus and
chemicals used in the experimental work together with a genersal
description of the procedures. Precise details of conditions employed

at each stage are to be found in the appropriate chapters of results.

2.1. PREPARATION OF AQUECUS SULPEURIC ACID.

Aqueous solutiohs of sulphuric acid were made up.by'the addition
of a known volume of concentrated sulphuric acid (4nalar grade, s.g. ca.
1.84) to chilled distilled water. The composition ﬁas determined by
“titration with standard sodium hydroxide using methyl orange as
indicator and also oacésionally by density measurement with a

Gallenkamp model hydrometer (1.60 ~ 1.65 density range).

2.2. STIRRFED CELL RUNS.

The stirred cell (Figure 7) was that used by Cox1 and cénsisted
of a cylindrical, parallel~walled flask of 250 ml capacity and internal
diameter 6.61 cm. A two-necked 1id gave access for a stirrer, driven
by an electric motor (Fisons S.A. klbs per_squaré ins., 1/30 H.P).
and for sample removal. The cell was mounted in a water bath held at
a constant temperature I 0.2%. various shapes and sizes of stirrer
were used. For moét of the runs invdlving nitration a 6 cm diameter
turbine stirrer was used. For the mass transfer runs, however, an
'almost_square flat-bladed propellér was preferred. This gave a more
effecfive agitafion of the buik of the acid phase. The speed of the
stirrerrwas estimated viSually and its position held constant in the
acid phase (the lower phase) ca.lmm beneath the interface. Prior
to a run the acid phase, contained in the stirred cell, and a quantity
of the ofgdnic phase, held in a flask, were equilibrated at the

desired temperature in the water bath. The stirrer motor was started

22,
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and the organic phase pipetted slowly onto the acid phase to start
the run. A stop-watch was started half-way through the addition.
Two types of run were performed and for each a different sampling

technique was necessary.

(2) DETERMINATION OF THE RATE CF NITRATION

In this case the accﬁmulation of nitroproduct in the organic
phase was followed by sampling the organiclphase at regular intervéls
of time with a syringe (Summit, 1 ml or Hamiltonm, 59u15- A known
volume of o;ganic phase was then immediately diluted with hexane.
;(FiSOQS, Spectroscopic grade) and its absorbance measured in a 1 cm.
silica cell at a suitable wavelangth on a Hilger and Watts H.700

spectrophotometer against a hexane blank.

(bj - DETERMINATION OF THE PHYSiCAL-MASS TRANSFER COEFFICIENT.

Here, the accumulation of the un—nitrafed organic phase i.e., pure
toluene (B.D.U. Analar grade) orrchlorobénzene (B.D.H. Reagent gradé)
in the bulk of the acid phase (Aqueous sulphufic acid only) was
observed by withdrawing samples of the acid phase through thg organic
phase at regular intervais of time. TFor this purpose; after the
stirrer had been momentarily stopped, a 5@1 pipétte fitted with a
pumpette was used to withdraw sufficient acid phase each time to fill.
a lem silica cell directly. The absorbance was meésured as before, at
a maximum in the benzenoid band for the aromatic, versus a distilled
water blank. Greaf care was taken in this_érocedure to ensure as
little disruption of.the flat interface between the two phasés whilst
sampling and the acid was replaced immediately after its absorbance '

had been measured.

2.3. STIRRED REACTOR RUNS.

The stirred reactor was the unbaffled 500 ml, three-necked,

round-bottomed flask that Cox usedq(Figure 8). It was stirred by
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Fig  The Stirred Reactor
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means Qf a two-bladed glass propeller t2 cm diameter) driven at high
speed by a varisble speed electric motor (Voss, 1/30 H.P). The

reactor was mounted in a similar wate? bath to that used with the
stirred cell. The aspeed of the stirrer was measured with a
stroboscopic tachometer (Dawe Instruments stroboflash, type 1200 E).
~Prior to a run the two phases were equilibrated at the required
temperature, the acid phase in the reactor and an excess quantity_

of the organic phaée in a separéte fiask. The stirrer ﬁas then
started and the run initiated by the addition of the required amount

- of organic phase to the acid phase with a pipette and the simultaneous
"starting of the stop-watch. Sampleé of the diépersion were:blown over
at regular intervals of time through sampling probes, by the gentle

_ appiication ofair pressure, intg iced distilled water where fhe two
phases. were allowed to settle oﬁt. A fresh probe was used for each . _
sample. A guantity of the‘orgaﬁic phase was then withdrawn by Syringe,
diluted with hexane and its absorbance measured at a suitable wavelength -

as before.

2.4, DETERMINATICN OF THE SOLUBILITY OF ARCHMATICS IN AQUEQUS SULPHURIC
ACID.

The method of Cox1 was followed. The sfirred reactor was used"
to mix eéual quantities of aromatic and aqueous sulphuric acid at
the reﬁuired temperature. After about 2 hours agitation the.stirrer
motor was stopped and a glas tube, héving a closed end of thin glass;_
was inserted into the flask through into the acid phase; ‘Thé two
phases were allowed to settle out overnight. A giass rod was then
inserted into the tube and the end gentl& broken. Gentle appliqatién
of air pressure allowed samples.of the acid layer to be blown over
into a flask, heid in the water bath, without contamination by the
organic layer above it. A sample of this was then withdrawn by pipette

and delivered into a weighed graduated flask. The flask was reweighed

2k,



and the dissolved organic phase extracted once with hexane. .The
absorbance of the extract was measured, at a maximum in the benzenoid

band for the aromatic, versus a hexane blank:

2.5. CALIBRATION FACTCORS

To convert the above absorbance changes per minﬁte for the
stirred cell and reactor runé into initial rates, in mol l—ls-l; it
was necessary to multiply by a conwersion factor. To establish this
value Cox1 made up a mixture‘of mononitrotoluenes (or mononitro-
phlorobenzenes) having the same composition as the reaction products
i.e. 59 per cent ortho, &4 per cent meta and 37 per cent para in the.
case of toluene (337per cent ortho, 1 per cent meta and 66 per cent-f"
para for chlorobenzene). A series of‘tolueﬁe {or chlorobenzene)
solutions of this mixture was aécurately prepared and each solution
was analysed in exactly the samé_wéy as a reaction sample. In each

case a plot of absorbance versus percentage conversion was linear

up to at least 20 per cent conversion.

2.6. STOPPED-FLOW SPECTROMETRY.

The instrument used was a Nortech.SF—BA "Canterbury” stopped-~
flow spectrometer. It consisted ofra corfosion fesistant-siiica
and glgss flow system with "Teflon" taps (a large pért of whiéh was
suspended in a thermostatically controlled (20.001%C) water bath),
a light source and photomultiplier unit (Figﬁre 9). 'The substrate -
solutions wéré sféred in.reservoirs above two glass syringes which
were connected to glass thermostat coils beneath thellével of the
vater bath. The two syringes could be closed simultaneously b&
_oyening a large piston which had its flat face in contact with both
syringe plungers. This forced liquid thfough the flow system and mikéd
the two solutiens rapidly in the silica optical cell. Spent solution

flowed out through the other side of the cell into another syringe
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which was forced open. The flow was suddenly interrupted when the

blunger of the outlet syringe hit a back-stop fitted with a microswitch.

Thé formation of nitroproducts in the optical cell was followed
by conventional spectrophotoﬁetric means. A quartz-iodine light
source (Nortech, is-l), operating over the visibie region and into the
ultra violet region of the spectrum, was employed. Light was channelled
from the source through a focussing and filter unit and then to tﬁe
optigal cell, situated beneath the level of water in the thermostatically
controlled water bath, by means éf a silica fibre light guide. The
output from the cell was channelled back up to a fasf‘response
photomultiplier (Nortech, PM-1) and its output displayed on an
oscilloscope. The oscilloscopé was externglly triggered by the depression
of the microswitch on the back~stop. Two oscilloscopes were employed.
For muﬁh of the wofk a storage m;del was used (Advance, 032200) whereas
for photographed runs a conventional oscilloscope (Hewlett-Packard,
130C) fitted with a polaroid camera (Hewlett-Packard, 196 B) and fast

film (Polaroid, type 107) was necessary.

The light from the source was filtered by two methods. For some‘
of the early runs a wide spectrum glass filter (Chance—Pilkington OXl)
and infra-red water cell were placed between the focussing unit and |
" the coﬁverging lens leading to the light guide. For the majorify of
lruns, however, theée were replaced by a grating monochromator with
varisble 5lit width (Nortech, 1G~1l). In many cases, especially with
high amplification of the input signal to the oscilloscope, some
degree of electronic filtering of noise was reqﬁired. This was nade
possible by use of a filter unit supplied with the pﬁotomultiplier uniﬁ.
. Some discretion was necessary in its use to avoid damping or distortioﬁ
of the os&illoscope trace; At all times the filter time constant was

kept equal to or below the time-base setting on the oscilloscope. For
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example, if a time-~base of 10ms was uéed a typical filter setting
would be 3ms. . Where possible the use of the filter was avoided

altogether.

2.7. A TYPICAL STOPPED-FLOW RUN.

1. Two graduated flasks containing aquepus-sulphuric acid were
equilibrated at the desired temferature in a water bath

2. The nitric a01d solutlon was made up by the addition of nltrlc
acid (Analar grade, ca.69.5 per cent, s.g. 1.42) to one of the above
flasks from a pipette and shaking. The arpmatic subgtrate solution

was made'uy last by thg dropwise addition of aromatic from a syringe
.{Hémil#on, 59}*1) onto the surface of the sulphuric acid cqntainéd

iﬁ the other flask and vigorously shaking for 5 minutes. The'solution N
was allowed to gettle fér a furéher 20 minﬁtes.

B iThe flow $yst¢m was blown dry with a stream of nitfogen for

twé hours. | |

k. -.. Both reactant reservoirs werg.fiiled ﬁith a different solution
which was pushed around the flow system to the outiéf-by thé.repeéted
opehing.and shﬁtting of the inlet sy&inges. The_solutiqns'were then
 a1lowed to equilibrate insi&e the flow syétem at.the deéired.temperature. o
5. ;; To ?repare for é ruﬁ.both inlet syriﬁges vere filled up and .
their plston heads allowed to rest. agalnst the flat face of the dr1v1ng .
piston. Their taps were opened to the flow system onIV._The outlet

' syriﬁge was emptied and 1ts tap opened to the flow systen.

6. | A run was 1n1t1ated by a rapld opening of the driving plston
with the hand until the cutlet plston rammed up agalnst the back-stop |
and the mlcrosw;tch was depressed. An accumulation trace was observed
“on th0.0SCillOSCOpe screen. o o

7 : After each run the outlet syringe was quickly.emptied and |

the microswitdh released. o
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3. A linear trace, representing the absorbance at infinite time,
was obtained by manual depression of the microswitch some appreciable
time after the run. (The time was dependent upon the half-life

of the reaction but was always greater than ten half-lives),'

™
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CEAPTER 3.

MASS TRANSFER IN THE.ABSENCE OF CHEMICAL REACTION IN THE STIRRED CELL.

The mass transfer coefficient in the absence of chemical reaction,
k , was determined as described in Section 2.2(b). A 20 ml'qnantity
of chlorobenzene or toluene was stirred at 50 rev min—l with 170 nl
of aqueous sulphuric acid at 2560 in the_stirred cell. Thé uliraviolet
absorption of the aromatic in the acid phase was determined at 262nm
in fhe case of toiuene and 265nm for chlorobenzene. Three runs were
performed at the highest acid strengths possible, although iow enough
‘to avoid ahy appreciable sulphonation during the course of the run.
This was checked by comparing the ultraviolet absorption spectrum.of
the acid phase at the end of a run with that of pure aromatic in
aqueoué sulphuric acid. Each run showed a typical exponential incfease

)

in absorbance, A, with time from which linear plots of 1n (A,

/A A
versus time were constructed (Figure 10). The slope of each plét, when
set.eéual to aIkL, allowed kL to be Qetermined since the intérfacial
aréa per unit volume of acid phase, a 2_was equal to 0.2024‘cm20m"3.
Table 5 lists these vaiues of kL togethef:with the aaturation solubility,

[ArHWi, of aromatic in aqueous sulphuric acid. The latter values were

by calibration of

obtained from the absorbance at infinite time, A, ,

the absorbance with standard solutions of aromatic in agueous sulphuric

acid.
TABLE 5
AROMATIC | %H,SO Jem s~ | [art]® wol 17F | [Ars] %/mol 17 (ref.1)
Fy 2 1+ IL‘L ) 3 a ~‘_a -
Toluene 65.55 1.95x10"” 1.99 x 107 2.07 x 107>
Toluene 20,70 2.?1x10"4 L 2.23 x 1077 2.28 x 1077
Chloro- 70.35 1.73;:10‘LF 1.7% x 107 2.11 x 1077
benzene

29-




» [ig10 Plotsof (n{A-/A=-A) versus time for the mass transfer
Pr of chlorabenzene and toluene into aqueous sulphuric
acid_in the stirred cell,

70 T70%

L)

o/ | e
ol e/ 6555 7,

o
) HSO
70.35 /o 50,

® O

o
} TOLUENE
(-] .

_ . | O CHLOROBENZENE

In(Au/Aw -A)

Time/hours |



COMMENT

The mass transfer coefficients in the absence of chemical
reaction were observed to fall in the range 1-3 x 10“LP cm s~l.
This is some ten times lower than that obtained from the Danckwerts
plots for the stirred cell when appreciable chemical reactién is
taking place (Table 3). The saturation solubilities ére, however,
in good agreement with those previously reported by Cox1 (Table 5),
and interpolated from data obtainedrby the more precisé, orthodox.
rrocedure involvihgiextraction of the aromatic from the aqueous
sulphuric acid followed by spectrophotometric analysis. In the light
of these results the difference observed by Cox between stirred cell
and stirred reéetornitrations; the absence of a plateau region due

to the slow reaction diffusional regime and the tailing off of the

Danckwerts plots at low acid strengths, may be explained.

Tfansition from fast to slow reaction oqcurs when ka[HNOBJ
becomes less than kLE/D. The Danckwerts plots for the stirred
reactor and stirred cell indicate that kB appears fairly constant
over the fast reaction regime with much”the same value in_the.étirred

cell systenm as.in the stirred reactor. Since the same concentratioﬁ

of nitric acid was used in both systems and k. depends solely on the

2
sulphuric acid strengfh, the transition to the slow reaction diffusional
regime would be expected to occur in the stirred cell at about the
same.strength of sﬁlphuric acid as it dées with the stirfé& reaqtor;

The transifion‘should lead to R/fﬂrﬁjs becﬁming constant.and equal

to a’ka Figure 11 shows the stirredaqell behaviour which might be
expected for éhlorobenzene on the basis of data obtained from the
Danckwertsrplot (dashed line}. The plateaun regime would be expected

to extend to much lower sulphuric acid strengths than observed with

the stirred reactor since transition to the kinetic regime will not
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occur until ka[HN03] becomes less than a kL’ Since a for the stirred
cell is some 80 times smaller than for the stirred reactor, tramsition
- to the kinetic regime is not expected until sulphufic acid strengths

below the 70 per cent mark are reached.

Figure 11 c¢learly shows %hat this behaviour is not followed.
Instead R/[pB]S falls continuously as the sulphuric acid strength is
lowered and noablateau is ever reached (full line). Since a' is
fixed, kL must fall with the rate of chemical reaction in the stirred

cell from its value of 2.8 x 10_3 citt s-l, in the fast reaction regimé;
_to ca. 1.73 % 107 o s-l, when little or no chemical reaction is
taking place. An exadtly similar behaviour is observed with foluene.
.In the stirred reactor system kL does not fall with the rate of
chemical reaction but is maintained throughout the faét and glow

reaction regimes giving rise to the observed plateau of the slow

reaction diffusional regime (Figure 11).

It is clear that iﬁ the stirred cell chémical reaction promotes
good surface renewal which mechanical agitation alone cannot sustain.
étirred cell systems containing water as the continuous phase have
observed mass transfér coefficientslin thé region of 10—3 cm s-l 36.
The conéentrated sulphuric acid medium encountered here hés an
inhérently lower mass transfer coefficient and this is thought to be
largely due to the high viscosity bf this medium compared to that
of water. However, the factors affecting the.value of the mass

transfer coefficient in stirred cell systems are numerous and the topic

will receive a more detailed discussion later in the thesis.
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Fig.11 R/ICBI; versus percentage sulphuric acid for the
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CHAPTER 4

CHANGE IN THE KINETIC ORDER OF NITRATICN WITH RESPECT TO TOLUENE
IN THE TWO PHASE SYSTEM.

4,1, DEPENDENCE OF INITIAL RATE OF MNITRATION ON THE COMPOSITION
OF THE ORGANIC PHASE IN THE STIRRED REACTCR.

The initial rate of nitration of toluene in the stirred

- reactor was determined with various solutions of toluene in 242,14
trimethylpentane as the organic ﬁhase as outlined iﬁ Section 2.3.

Pure 2,2,4~trimethylpentane (Fisons Spectrogfade reagent) was used

2s a diluent because of its high baling point of 9900, its unreactivity
toﬁards concentrated acids and its transparency to ultraviolet light
at the wavelengths to which measurements were confined. The acid
phase consisted of 300 ml of 76.50 per cent sulphuric acid tb which
was added 0.90ml of nitric acid (Analar grade, S.g. 1.42) to give a
solution 4.70 x 1072 mol 1°F in nitric acid. The sulphuric acid

was kept below 10°% during the addition to avéid the production of
nitrosyl-sulphuric acid. rThe amount of nitfic acid added was so _.
small that no correction was applied to the sulphuric acid streﬁgth
for the water added with the‘nitric acid. The qrganic'phase compriéed
50&1 of a solution of toluene in 2,2,4~trimethylpentane. Ofganic
pﬁase eompositions in the range 0.25-2.00 volume per cent were employed.
All runs were performed at 2500 and with a stirring‘speed of 2,500 rev
min~t. About 12 nl samples of dispersion were blown over into equal

~ volumes of iced water. Sambles of the organic phase.(O.S@I)'wéfe
diluted to 10 ml with hexane énd their absorbance measured at 350nm.
Linéar plots of absorbance versus time were observed in the initial
stages of reactiop; The slopes of the 1east-squares.lines through

the points, in absorbance minul, were converted into initial rates

of nitration, in mol 1L s_l, by multiplying by the conversion factor

32.



i

of 2.3% x 107 '. This was obtained in a similar manner to that

- described in Section 2.5 with the synthetic mixture of nitrotoluenes
diluted as above. The value may Be compared with that obtained by
adapting Cox'sl value of 5.86 x 10™2 for the change in dilutien

and volume of organicland acid phases which was necessary in this
work. The adapted value aécording to Cox is 2.80 x 10-4'which is

in reasonable agreement with our ﬁew measured value. Table 6 shows
the variation of initial rate, R, with the volume per cent of toluene

in the organic phase.

TABLE 6.

ORGANIC PHASE COMPOSITION INITTAL RATE/mol 17+ s™%
(VOLUME PER CENT TOLUENE)

2.00 7 3,66 x 1077

1.50 | 2.9% x 1077

1.00 , - 1.81 x 1070

0.50 } 1.07 x 1077

0.25 5.2 x20°

L.2o. DEPENDENCE OF INLTTIAL RATE OF NITRATION ON THE NITRIC ACID
CONCENTRATION IN THE STIRRED REACTOR.

The initial rate of nitration of a dilute solution of toiuene
in 2,2,§—trimethy1pentane was determined with various nitfic acid
concentrations in thé acld phase between 1.57 x 10-3 and 6.26x 10"2
mol 1-1 as described in Sections 4.1 and 2.3. The acid phase was
made up by’the addition of the appropriate volume of nitric acid
to 300 ml of ?6.?5 ﬁer cent sulphuric acid. The organic phase
comprised 50 ml of a 1 per cent solution (by volume) of tolﬁene in
‘2,2,4ftrimethylpentane. A1l the runs were performed at 2500 and

2,500 rev minhl. The linear initial portions of the absorbance
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versus time plots cobtained were converted into initial rates of
reaction by multiplying by the calibration factor 2.34% x 10_4,

the determination of which has already been described in Section

L,1. The initial rates of reaction for each nitric acid concentration

are shown in Table 7.

TABLE 7.

[Hnoé]/mol 1L R/mol 17% 57t
1.57 x 107 5.62. 5.85 x 107
3.13 x 107 5.59 x 10°°
6.26 x 107 7.00 x 107
1.57 x 1072 1.03 x 1077
3.1% x 107 1.48 x 107
.70 x 107%. 1.80 x 1077
6.26 x 1072 2.11, 2.14 x 1077

4.3, DEPENDENCE OF THE INITIAL RATE OF NITRATICN ON THE SULPHURIC
ACID STRENGTH IN THE STIRRED CELL.

The initial rate of nitration of a 1 per cenﬁ solufion of
toluene in 2,2,4~trimethyl pentane was determine& over gz range of
acid strengths between 75.60 and 81.50 per cent sulphuric acid as
outlined in Section 2.2ta). The nitric acid concentration was kept

" constant for all the runs at 6.26 x 10#3

mol 1-1. The temperature

was maintained at 25°C and the stirring speed was 50 rev min_li The
acid and organic phase volumes were 150 and 25 nml, reépectively;giving
‘rise to a modified interfacial area per unit volume of acid phase

of 0.229 cmacm—B. Samples of the organic phase (O;Eml)_were diluted

to 10 ml with hexane and analysed as before at 350mm. The least-

squares slopes of the linear initial portions of the absorbance
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versus time plots were converted into initial rates of reaction as .
before by miltiplying by the calibration factor 5.85 x 10™%. This
value was obtained from the estimate previously made for the stirred
;eactor of 2.%4 x 10“4 by allowing for the different érganic and acid

phase volumes and dilutions employed here. Table 8 shows the initial

rate of nitration at each sulphuric acid strength.

L 4, DISTRIBUTION COEFFICIENT COF TOLUENE BETWEEN ACIP AND CRGANIC
PHASES.

In order to know the concentration of toluene in the acid
phase corresponding to a particular organic phase composition it is |
 necessary to determine the distribution coefficient Between the two
'.phases. Thus the sdlubility of toluene in 69.90 per cent sulphuric
acid was Getermingd with various solutions of toluene in 2,2,4~trimethyl-
pentane as the organic pﬁase (Section 2.4). Due to the possibility
of sulphonation at higher acid strengths 69.90 per cent sulphuric
acid was used rather than 76.50 per cent. All the runs wefe performed
at 2500 and the spectrophotometric determination of toluene in the
hexane extract was made at 262 nm (& =235). Table 9 shows the solubility
of toluene in 69.90 per cent sﬁlphuric acid for each organic phase
composition together with the distribution coefficient ¥ (69.90%)

given by Equation 28.

The solubility of toluene in.?6.50 per cent‘sﬁlphuric acid ﬁay
be estimated by assuming that the concentration of toluene in the
" acid phase increasés betweeh 69.90 and ?6.50 per cent acid by the same
constant factor for each organic phase composition. This factor is
given by'thé ratio of the saturatién cpncenfrationlof toluene in
96,50 per cent sulphuric acid ( [T]Z.: 2.02 x.10_3mol l_l) to‘that

in 69.90 per cent acid ( [T]: = 2.19 x 10 2mol 1) which is equal
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TABLE &

% H,S0, R/mol 17~ st
75.60 8.h2 x 1078
76.25 1.43 x 1077
77.85 2.77 x 1077
77.90 3.25 x 107/
78.05 2.88 x 1077
78.45 2.85, 3.06 x 1077
78.50 3.35 x 1077
78.65 4.29 x 1077
78.85 .97 x 1077

©79.10 4.00 x 1077
79.45 5.29 x 107/
79.50 7.08 x 1077
80.00 6.84 x 1077
80.50 8.54 % 1077
80.75 | 8.5t x 1077
81.05 1.15 x 1076
81.10 9.07 x 1077
81.50 1.19 x 1076

to 1.38. This leads to the values of the solubility in 76.50 per
cent acid shown in Table 9 and the distribution cpefficient at this

acid strength, ¥ (76.50%).

T] (organic-phase).‘ " ssssenssss . 28
X = [ OI‘{’2
[T], (acid phase)

36.



TABLE 9.

ORGANIC PHASE [T]org [T]a(69.90%) ¥ (69.90%) [Tﬂa(?6.5a£) ¥ (76.50%)
(ggfigilgégm Jmol 11| fmor 17t Jmol 17T
CENT TOLUENE)
100 9.380 2.23 x 107> Lot 3,08 x 10~ 2048
60 5.630 | 1.93 x 107 2917 2.66 x 107 2134
30 2.810 1.12 x 1077 2509 1.55 x 1072 1818
10 0.938 5.70 x 1074 1646 7.87 x 107" 1193
8.5 0.797 b2k x 107 1880 5.85 x io"h 1362
7.0 0.657 3.15 x 107" 208 4,35 x 107 1512
5.0 0.469 2.56 x 107 1832 3.53 x w0t 1328
ko 0.575 2.0#,2.20x10“4 1838,1705 2..82,3.04:.:10'4 1332,1236
3.0 0.281 1.5% x 207 1825 2.13 x 107" 1322
2.0 0.183 1.03 x 10“LP 1825 142 x 10"4 1322
1.0 0.094 0.94,0.82x10”4 1000,1146 1.30,1.13x10“4 725, 830
4.5.  ZEROTH-ORDER KINETICS IN THE HOMOGENEOUS PHASE

The nitration of aromatics in the mixed acid system has

hitherto been assumed to follow typical second-order kinetie behaviour

such that the rate’' of reaction is dependent upon the concentration

" of aromatic substrate and nitric acid in the aqueons sulphuric acid.

- In the homogeneous system therefore:

R =k, [HNOB] {Ard]

[LER N EREERENENENE NN NEN]

29

For the two phase nitration of aromatics in the fast reaction regime

it follows that rate is governed by:.

A P —— i S
R = a V/kaD [HNOB] - [ArE] D el 30

where the rate of reaction is still dependent upon the first power of
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the aromatic substrate concentration. Under suitable conditions,
however, nitration in the homogeneous phase may become independent of
the aromatic substrate concentration i.e. zeroth-order with respect
to aromatic. Ingold and coworkers2 were the first to report zeroth-
order kinetics in the nitrqtion of reactive substrates iﬂ organic
solvents, Under these conditions, they argued, the rate determining
step éeases to be the electroﬁhilic attack by nitronium ion on the

aromatic substrate but the ionization of. the nitric acid.

The nitration of aromatics in mixed acid may be simply written

as:
/
+ . *

HNO_, + H == NO + HO seeeessess 31

~1

kl

+ 2
NO + ATrH —_—— Products .eecessvees 32

In theory either Reaction 31 or Reaction 32 may be the rate controlling
step. For the general case, where either possibility can obtain,

the rate equation is arrived at via the steady-state assumption:

Rate of formation of nitronium ions = rate of removal of
nitronium ions

dee. Ky {HN031 [5"] = (% [E,0]+ ka' [ Art] ) [Noa“]...;' 33

- Thus ! + |
’ ky [HNOB] H]

s ’ )
k_, [Hao] + .k2 [ArH]

S . R
[wo,"] = 3h

The rate of reaction is now given by: ,
/ / -
k, ky [Hr-:o3 1) {arH]

/ r
k) [1{20] + Kk, [ArH]

R = k; [Noa’”] [ArH] = cesveessnsas 35

- . + / I '
Under normal first-order gondltlons k_l[H20]$>k2 [Arlf]and:
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! / +
k, k [HNO}] [r*]

R = . [ars]
k) [8,0] :
=k, [EN0, ] [arH] | revecsssssranees 29
. . /! Vi + 7 L3
where Kk, = E-a———lf-}-—[-i]: ko [0 ] eeeennecseneaces 36
K, [5,0] _[HNOB]

Under zeroth-order conditions, however, k:l [H20]<§ké [ArH] and:

! +
R o= Ik [HN03] ] | " eeesessessencanss 37

Thus the rate of reaction is independent of the aromatic substrate
concentration and governed only by the rate of formation of nitronium

ions from nitric acid at a particular sulphuric acid strength.

4.6, HALF-ORDER KINETICS IN fHE TWO PHASE SYSTEM

The change in rate determining étep in the homogeneous phase
has a significant effegt on‘the rate of ﬁitration in*the two phase
system. Consiaer a system whefe the rate of nitration in the fast
reaction regime is solely governed by the iohization of the nitric acid
i.e. pure zeroth-order kineties a?pliés. The diffuéionlprocess is

now governed by:

by Lo | (a*][Eno,] - 38

This differential equation may be solved by putting dzc

dx

= 2A and

integrating to give:
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The concentration gradient is given by:

dec

—d__;{- = '—ZA(].-X) ..-....Ott'l....l.t I.{,O

Both equations satisfy the boundary conditions x =1, ¢ = 0 and x = 1,

de

== °

Now, from Equation 38f A = i) [H10,] [2']
2D

If x=0, ¢ = [ArH]:’ and from Equation 39:

5 _’[ArH]S L 2D [ary]
o B = e B
‘ k] AT, i

and the concentration gradient at the interface is given by:

de o= =2
dx / x =0

Assuming that the rate of mass transfer is given by:
= de

the overall rate of reaction is given by:

=1 / o+ '
R, = Va =a/2Dkl [HNOB][H ][ArH]: . 5 §

. . * .
The above equation predicts a half-order dependence of the rate on

“the aromatic substrate concentration in the acid phase.

The onset of zeroth-order kinetics in the two phése system

- would result in a suppression of the rate of reaction compared to



‘the rate expected assuming first-order kinetics given by:

7 +
Ry, |2 ] 42
R — S L O N B B BB N BN NN NN N N R N

1 kZ[ArH]a

Fa
R, k;[ArH]:

The fall-off of the rate of reaction in the fast reaction regime

- under these conditions is dependent upon the ratio kil[HEO]

< ]2

In the case of toluene k;[}rHj: renains virtually constant as the

' . ’ .
sulphuric acid strength increases, k. taking the encounter control

2
value at each acid strength, whereas k_l[Haojdecreases with increasing
acid strength. The ratio Ro would thus decrease with increasing

= .

sulphuric acid strength. 1

The pbstulation.of'a‘changedﬁer in the kinetics of nitration
as déscribed above provides an explanation for the results of Cox;s
work on toluene in the range 70-80 per cent sulphuric acid, where the
initial rates of nitration both in the stirred reactor and stirred
cell were well below that predicted by Danckwerts' Surface Renewal
Theory. If, in this acid range, the nitration of toluene in these
systems was changing from one of first-order with respect to toluene
to one of zeroth-order in the acid phase Schofield'sqﬁalues of k2
would no longer apply and the slopes of the Danckwerts plots woﬁld be

low. To test this hypothesis the rate of nitration of toluene in the

stirred reactor and stirred cell was redetermined using an acid phase

L.



concentration of toluene appreciasbly lower.than that used by Cox.
Sincé the exact order of reaction with respect to éoluene is governed
by the relative magnitudgs of k;[hrﬂjand kil[haoj and the low
'concentrafion of toluene wouid expect to favour first-order kinetics,

the subsequent Danckwerts plois should yield reasonable values of
4
a and kL.

L.7. DANCKWERTS PLOT FOR THE STIRRED REACTOR.

The results of the stirred reactor nitrations described in
 Section 4.2. are consistent with reaction occurring in the transition
region between fast reaction and slow reacfion diffusional regimes.
The nitric acid concentrations employed are, of course, appreciably
smaller than those used by Cox. This has the effect of shifting |
the plateau'region due to the slow reaction diffusional regime to the
right in Figure 2. The transition to the fast reaction regime will
then ogccur at a higher sulphuric acid strength. Figure 12 shows a
Danckwerts plot based on the rate data_in Tabie‘7 with a slphuric
acid strength of ?6.45 per cent. It shows a good correlation to a

straight line.

The solubility of toluene in the acid phase, [T]a, corresponding‘:
to an organic phase.cmnpositiqn of 1 per cent toluene in 2,24~
trimethylpentane, and.necessary for the construction of the Danckwerts
rlot, was estimated by assuming a.mean value for the distribution
coefficient in 76.50 per centlsulphuric acid. For the lowest

concentrations of toluene in the organic phase this was 1310 (Table 9).
Given that a.l per cent solution contains 9.38 x 10_2 mol 1-1 of
1

toluene, [T]a is estimated at 7.16 x 107° mol 1°'. The second-order

and diffusivity, D, in this sulphuric acid

1 -1

rate coefficient, k2'
strength were estimated from the data of Cox1 at 741 1 wol” and

0.92x 10—6 em’ sfl respectively.
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Fig.12 Danckwerts plot for the nitration

of a dilute solution of toluene in the
stirred reactor.
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The least-squares line through the points in Figure 12 yeilds
a slope and intercept of 1.82 x 10_3 sﬁl and 2.09 x 10'"3 5—2, respeétively.
The slope may be compared with that obtained by Cox with an organic
phase of pure toluene in the‘stirred reactor (Table 2). In the
previously reported;6stirred reactor runs in the transition region
between slow reaction diffusional and kinetic regimes-a.fkL had the
value of 0.069 5—1. Under these conditions.i.e. in acid strengths
between 6 2.40 and 71.60 per cent sulphuric acid, first-order Kinetics
are considered to_prevail and thus the valué of a{kL should.bg a
- reasonahle estimate for the system. If kL is assumed to ﬁave a normél

-1 3

value of ca. 10—30m 5 7, a{ must be ca.69cm2 cm . This may be
combined with a mean calculated diffusivity for toluene in the acid
range 70-80 per cent sulphuric acid to give a predicted value of ca.

5 x 1072 51 for the slope of the Danckwerts plot. Cox's experimental

value is 1.9 x 10_5 swl with a pure toluene organic phase, more than

250 times smaller.

The slope of the least-squares line thfough the points in
Figure 12, 1if equated with a 2D gives a value for a  of 44,5 erZem 3
Likewise, the intercept, if set equal to (aka) y leads to a value
 for kL of 1.03 x 10"3 cm s"l. Thus the Danckwer£s plot with diluted
toluene gives réasonable values of a and kL in marked coﬁtrast to
the béhaviour of pure toluene. The conclusion is drawn that with the:
" nitration of pure toluene in the stirred reactor in the transition
region between slow diffusional énd fast reaction regimes (71.60
- 7775 per cent sulphuric acid) first-order kinetics with respect to
_ the concentratlon of toluene in the ac1d phase is rapildly being dlsplaced
by zeroth~order kinetics in the acid phase. If, however, the organic
ﬁ%ase is sufficiently diluted, such that the concentration of toluene in

the acid phase.is ca.lO times lower, first-order kinetics may be restored

and the initial rate of nitration is once more governed by Equation 25.
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4.8, DANCKWERTS PLOT TFOR THE STIRRED CELL

The results of the stirred cell nitrations at different
sulphuric acid strengths in the transition region between slow
reaction diffusional and fast reaction regimes, shown in Table 8,
permit us to confirm the observations made with the stirred reactor.
However, the data obtained showed considerably poorer reproducibility
than that from the stirred reactor and a Danckwerts plot waslnot
constructed. There are two probable reasons for-the irreproducibility
between runs. First is the.error involved in estimating the sulphurib
acid strength by titration (0.1 per cent). Second, and probably
most important, is the small absorbance differences observed which
were at tﬁe liﬁit of measurement by this proceduré. Thé principal
limitation was the voiume of organic phase that could be withdrawn
and diluted without significantly affecting the volume of the organic '
phaée during‘the course of the run. The data‘obtainedAmay'be more

conveniently treated by means of a statistical average.

The corresponding values of EEL and k, at each sulphuric acid

strength were obtained. The values of ka were interpolated from a

plot of log k, versus percentage sulphuric acid based on the data of

2
Cox1 and which was linear over this acid range. The solubility of"
toluene in each acid strength corresponding tp an organic phase’
compositioﬁ of 1 per cent toluené in 2,2,4-trimethylpentane was
estimated by the procedure deécfibed in Section L.b,by assuminé the

" concentration of toluene in the acid phase increased with increasing
acid strength by the same factor by which the saturation concentration
changed from that at 69.90 per cent sulphuric acid. The valﬁg 6f[T]a
in 69.90 per cent acid corresponding to a 1 per cent organic phase

was estimated from the mean distribution coefficient of 1810 at this

acid strength. Table 10 includes all the data necessary for the

Ik,



construction of a Danckwerts plot, including values ofEP]Z at
each acid strength interpolated from the data of Cox1. Also included

is the value of the guotient (R/q)a .
[

k2 iHr~503]

The theoretical intercept of a Danckwerts plot based on the
above data may be estimated by assuming a normal value of kL of ca.

10—3cm s"? and the interfacial area per unit volune of acid phase of

2 -3

enm Z. The maximum value of the intercept is given by
8 -2
S.

0.229 cm

( kL)2 at 5.6 x 107

. Since at low reaction rates in the stirred
cell poor surface renewal leads to a lowering of the kL value
(Chapter 3) the intercept is probably lower than this. Comparison

of the intercept value with the values of (34 )2 in Table 10 indicates
LTJ, '
that with all the data the intercept is negligible and the value of

the guotient accurately givesthe slope of the Danckwerts plot at each

acid strength. The average of the quotients shown in Table 10 gives

8

an observed Danckwerts slop2 of 7.4 x 10

of 2.2 x 10"85*1,'

-1- . . e
s with a standard deviation

The obéerved value of the siope shows reasonable agreement
with the predicted value of ca. L x 10"85—‘1 given by a’z D and
calculéted_assuming a mean diffusivity in 75.60-81.5@ per cent
sulphuric acid of 0.81 x 10—6cm25-1. 1 It contrasts with tﬁerbehaviour
in the stirred cell contalning pure toluene as obserﬁed by Cox1 wheré
the slope was 1.31 x'lo_gsfq, some 30 times lower than the predictéd'
assuming first-order kinetics. The results of the stirred cell study
therefore confipm, within experimental error, the obsérvations made.
with tﬁe stirréd reactor., With a pﬁre télueﬁe organic-phase first-
order kinetics are being replaced by zeroth-order behaviour in the
sulphﬁric acid range 75.60-8L.50 per cent but virtually pure first-

order kinetics maﬁ be restored by use of a sufficiently dilute organic

phase.
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TABLE 10

W50, | o/ mo;:} [2]8/no1 17" kéhnoé][ﬁL/m011T1(ﬁ%gf/é-2 Rfﬁgf /s
75.60 355 | 2.93 x 1070 22.2 | 6.93x1077 1.48x10"° | 6.67 x 1078
76.25 631 | 3.01 x 107°] 39.5 | 7.12x10™| 4.05x10™° | 10.3 x 1078
77.85 2512 3.20 x 10°] 157 | 7.58x1070 1.33x107° | 8.47 x 10 -8
77.90 2630 | 3.21 x 10°3| 165 ?,60x1077] 1.83x10™° | 11.1 x 10°9
78.05 2985 3.23 x 1072 | 187 | 7.64x10~7 14321070 | 7. 65 x 10 -8
78.45 4220 3.27 x 1070 | 264 | 7951070 1.35,1.56x10] 5.11,5.91x10"0
28.50 hy16 3.28 x 1077 | 277 | 7.77x107°|1.86x107° | 6.71 x 1078
78.65 4955 3.30 x 1073 310 7.81x1077|3,01x10™°  [9.71 x 10 -8
78.65 5957 3.32 x 1070 | 373 '7.87):10"'5 3.99x10°  |10. 7% 1078
29.10 7586 | 3.36 x 1077 | 475 {7.95x1077|2.53x107°  |5.33 x 1070
79.45 | 10000 | 3.0 x 1070 | 627 |8.05x1077|k.33x10™° | 6.91 x 10~C
79.50 | 10720 | 3.4l x 1070 | 671 18.07x107°|7.60x107°  |11.5 x 1070
80.0 15350 3.4 x 1072 | 993 8.20x107° |6.97x10™7 7.02 x 10 -6
80.50 25120 3.53 x 1077 1570 [8.35¢107°|1. 05x10-4‘ 6.69 x 10 8
80.75 | 3199 | 4.56 x 1073 2000 |8.43x107 1. 03x10 "% 15.15 x 10 8
81.05 | ho7ho | 3.59 x 1073 | 2550 8.51x107|1.82x10™"  [7.14 x 10 -8
81.10 41690 3.60 x 1070 | 2610 8;52x10-5 1.13x107F (.33 % 1070
81.50 61660 3.65 x 1070 | 3860 8.65x107 |1. 90%10 -4 4,92 x 10 -8
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'4,9.  THE KINETIC ORDER It ¥HE STIRRED REACTOR.

Further confirmation of the restored first-order kinetics

- with a diluted organic phase comes from the results shown in Table 6.
They may be combined with the values of the distribution coefficient
shown in Table 9 to give an estimate of the kinetic order with respect
to toluene in 76.50 per cent sulphuric acid. Figure 13 shows the
concentration of toluene in the acid phase as a function of organic
phase composition. A positive deviation from ideal behaviour is
'obsérved with organic phase compositions varying between pﬁre 2,2,4-
trimethylpentane and pure tolueﬁe and all the points fall above the’
line drawn through the saturation value. Over the small range of
organic phase éompositions for which the runs in Table 6 were madé,
however,K'(?G.BO%) may be considered to remain constant and take the
mean value of 1310. This allows values of [ﬁ; for each organic phasé

composition to be calculated.

Figure 14 shows a‘plot of loglR versus log [fL for the
nitration of a dilute solution of toluene in 76.50 per cent acid. A
good correlation to a straight line is obtained with a least-squares
slope of 0.88. This is reasonably close to the ﬁrediéted first-order
dependence indicated by fhe Danckwerts plot for the étirred reactor.
While fhe.deviation from unity may be due to the order beiﬁg intermediate
between 1.0 and 0.5, it is more 1ikeiy that it is just due to

experimental error.

k.10 ESTIMATION OF k, FROM PREVIQOUS STIRRED CELL DATA

Equation 41 allows us to estimate an important parameter,
., _ _ |
kl = kl[H+], the rate coefficient for the formation of nitronium ions
from nitric acid in agueocus sulphuric¢ acid. If, atlthe highest acid

strength for which the initial rate of nitration was determined for
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Fig.13 The solubility of toluene in 76-50 °/o
sulphuric acid as a function of organic

phase composition.
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pure toluene in the stirred cell’ (78.45 per cent sulphuric acid,

6 -1

R = 7.00 x 10 "mol 1 sul),pure zeroth-order kinetics prevail with

reaction in the fast reaction regime, insertion of the data of Coxl

into Equation 41 leads to a value of k., = 0.40s™" at this acid

1
strength and at 25°C.

48.



CHAPTER 5.

CHANGE IN THE KINETIC ORDER OF NITRATION WITH RESPECT TO
ARCMATIC IN THE HOMOGENEQUS SYSTEM

The successful interpretation of the resulis of the two
phase nitration of toluene in the high sulphuric acid range, based
on a change of kinetic order from first to zero with respect to
téluene in the acid phase, immediately gave rise to speculation that
_'the'changeover inlrate controlling step might be more directly
observed in the homogeneous system itself. The homogeneous nitration
of reactive substrates such as toluéne and xylene in mixed acid
media has been extensively studied by Schofield et alhand Deno and
.-Steiﬁs?. They determined the value of the second-order rate coefficient,
ka, in sulphuric and perchloric acids for a number Af archatiés. |
For ﬁalf lives greater than 2 minutes theyhused a conventional
spectrophotometric technique whereas for half-lives greater than 50ms
a'stopped-flow apparatus was necessary. This; for example, allowed
values of k2 to be obtained up to the limit of measurement for toluene
in sulphuric acid strengths of ca.30 pef cent at 25°C. Schofield |
utilized arométic substraté concentrations betweén 10_4 énd 10_5mol 1&1
and thg nitric acid concentration, which was always at least 10 fold
in excess, varied between 1.2 x 10’41 and 5.5 x 1072 mol 11, Pseudo-
first-order kinetics with respect to the aromatic were apparently
observed throughout the acid range and with all the aromatic substrates

studied including toluene. Our first intention was to try and repeat

some of the results with toluene using our own stopped-flow apparatus.

5.1. THE NITRATION OF TOLUENE

Two series of runs were performed in which the effect of
sulphuric acid strength was observed on the nitration of toluene at .
25°C. In each case at least a ten fold excess of nitric acid was.
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employed by adding acqueous nitric acid (Analar grade, s.g. L.b42,
0.24 ml) to 100 ml of agueous sulphuric acid giving a soiution of
1.88 x 10%mol 17! in nitric acid. The two series differed
_esséﬁtially in the aromatic substpate concentration used. In the
first series a toluéne concentration of ca. & x 10"4 mol 171 after
mixing was used whereas in the second a concentratioo'of 1.4 x 10"3

mol ZL"1 after mixing. Siﬁce the saturétion concentrétion of toluene

in a@ueous sulphuric acid in the range 7058Oper cent lies between

2 ~-hx 10_3 mol 1"1 this meons that a virtually saturated solution
of'toluene resulted for the second series of rons before mi#ing in. |
 the stoppednflow apparatﬁo. In the first series the Chance-Pilkington
glass filter and infré-red water cell were used and tho traces were |
recordod on tho storage‘oscilloscope. With the seoond-series of

runs the gréting monochromator was used at a wavelength setting of
350nm and siit width of 5mm. This gave a bandwidth of 50nm. At

this wavolength the extinotion coefficients of toloene and.nitro—r
toluenes are so different that the absorptioﬁ due.to the tolgene:
becomeé negligible and only the accumulation of ﬁiﬁroproducts ié
observed. ‘?he.traces were displéyed on the conveotional osciiloécope.
~and photographed s0 fhat‘accurato measurements could be taken.. Threew

" typical photographs are shown in Figure.ls.'

(a) __RUNS WITH A TOW ARCMATIG_SUBSTRATE CONCENTRATION

| 'In the first series of ruhs the oscilloscoPe'traces'éhowed

" typical expopential curvature at low sulphuric acid streﬁgtho suggestiﬁg .
. pseudo—first—ordef kinetics with réspect.to toluene. Convohtional .

'first—order'plotslof In (A, - A) versus time,.where'A was'tho #oltage‘
correspon&ing.to a particular absorbance, proved linear up to an aoid
strength of 78.20 per cent sulphuric aoid."They allowed.estimatés

of the pseudo-first-order rate coefficient, and hence the second-order
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rate coefficient, to be determined. These are shown for the various
acid strengths in Table 1l.

TABLE 11.

5% 1,50, k/1 mol s
73.70 146
?4-35 200
76.05 | - 731
77.15 1761
77.95 3218
78.20 3595

At acid strengths greater than 78.20 per cent, however,
first-order 10garithmic plots ceased to remain linear. Furthéfmore,
the oscilloscope traces began to show a linearity during the.initial
" stages of the run before reverting to the usual exponential curvature
at the end of the run. As the sﬁlphuric acid strength was increased
so the linear portion extended further inte the exponential part of
the trace. Both observations aré indicativé of the onset of zeroth-
order kinetics in the system. Thus, during the sarly part of the
réaction, when the toluene concentration is at its highest, the rate.
of.feaction is independent of the aromatic substrate concentration and
governed only by the rate of ionization df nitric acid to nitronium
ions. The results of the runs performed with substrate coﬁcentrations
near to the saturation limit allow the effect to be put onto a more

quantitative basis.

(b) RUNS WITH A NEAR SATURATION SUBSTRATE CONCENTRATION

In the second series of runs, with aromatic substrate
concentrations much closer to the saturation 1limit, none of the runs
showed completely pseudo-first-order kinetic behaviour, even at

sulphuric acid strengths as low as 74.70 per cent. Figure 16 shows
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A Fig.16 Typical first-order plots for the homogeneous
~nitration_of toluene in the intermediate-order kinetic region
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some typical first-order logarithmic plots for these runs. They
‘show considerable curvature during the early pért of the reaction.

The 6scilloscope traces themselves shoﬁed considerable deviation from
the normal exponential curvature; the linearity at the start of the

run beconing more proncunced as the sulphuric acid strength was
increased such that, at the highest acid strength attainable (81.45

per cent),the rate was observed to increase linearly with time virtually
.to completion (Figure 15). Under these conditions zeroth-order
kinétics are dominant over first-order kinetics and the rate of .
nitration is constant until virtually éll of the toluene has reacted

whereupon the reaction suddenly stops;

Analysis of the oscilloscope traces obtained in the transition
region between first and zeroth-order kinetics is péssible by assuming
the general; steady-state, equation for the consumption of nitronium
ions by either reversal of Equation.3l or by reaction with aromgtic
substrate i.e.

aher] | %2 % [0, ] [ Jars]

= f L RN NN LI‘LI‘
dt k_1[H20]+ ké [ArH]

Inversion and separation of the variables gives:

(R:I[HZO] : X ) alary] = klakf! [H+_][HI\103] Atessees 45
“\TArA] Y 2 ‘

- Integration of both sides gives:‘
k:ﬂ[Hacﬂln[hrH] + kg [ArH] = - k; k;[H+ﬂHN03lt + constant
Now, when t = O,EArle[hrH]O, the initial concentration of aromatic

substrate.,

Therefore,

[H 0}1in Eﬁizg ( [Ard_] [_Arﬂ_]): 1_{; k; [H”][HNos].t o I+5
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The concentration of aromatic may be converted into absorbance (or

more correctl&, the voltage measured by the oscilloscope, A) since:

[Arr] Agm Ay
(ArH] 7 A, - A,

and

[ara] | ~{ars]= [ArH].O ( A, - Ao.)

Ay - B

where the subscripts t and eco refer to the voltage after time t and

infinite time respectively.

Substitution into Equation 46 gives:

| / LI :
( Am-Ao) 1n(Aw-Ao)+ Ky [arH), i, k[ JE{NOB](Am-AO)t e
Y - 7 = R7 ey AR
R, - A K- by | T ¥ TH0] k7 [H,0] i - A

Plots of (Aw - Ao ) In ( Ay = AO) versus (Am - Ao) . should b.e' linear
Ry - A, Ao = K A, - A

~ with g slope of ka[HNoi]and intercept [ArH]o | when
ANy

: _(Aw" .Ao) 1n(Aw— Ao) is equal to zero.
K, - & Ko~ A,
‘Alternatively, if the initial portion of the oscilloscope

trace is sufficiently linear to permit an accurate measurement of its

glope i.e. virtually pure zeroth-order kinetics prevail, then

/ . S e
kS [ArH]o is large compared to( A~ Ao) 1n(Aoo" Ao)

A - —
K TH0] A, - & Ap- Ay

and the latter in Equation 47 may be ipnored and:
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oo+
(At. - AO) = k1 [H ]@{NOB_‘[. (ﬁm - AO) -t serrssTRELIEALL Y L}‘S :

[ArcHT
The slope of the initial portion of the trace is then given by

k;[H+MHN03](Am - A)
[ArH] o

Figure 17 shows the intermediate-order plots for the runs -
utilizing a near saturation toluene éoncentration. They show a
good correlation to a straight line and lead, via the slope and
intercept, to values of k, and k, = k; ["]at each acid strength
(Table 12). The runs at 80.10 and 81.45 per cent sulphuric a¢id were
amenable to treatment by the initial slope metnod for the determination
of k1 but the values of k2 were not measurable, The voltage jump;
corresponding to the initial concentration of tolueﬁe, was estimated
ffom a calibration Jjump ﬁade between a solution containing pure
unreacted toluene in agueous sulphuric acid_and a solution after

compléte reaction had taken place.

TABLE 12.
% H,80, | ky/1mol s k, /87
74,70 232 - 0.79
76.35 8sh 1.07
77.00 1711 1.76
78.15 3393 3.96
78.95 262 | k.98
80.10 6.2
81.45 _ ' 8.30
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Fig.17 InterAmed’iute—o'rder plots for the nitratiop of toluene
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5.2 THE NITRATION CF O-XYLENE.

A similar series of runs to that performed on toluene and
described in Section 5.1(b} was carried out with o-xylene. Since
o-xylene is about 3 times more reactive# than toluene andabout half
‘_as,solublesgin aqueous sulﬁhuric acid, this was the most likely choice
of aromatic that would be expected to show a similar changeover in
kinetics as observed for toluerne. Stopped-flow runs were performed
atIVarious sulphuric acid strengths with a‘nitric acid concentration
of 1.88 x 10™° mol 17 after mixing. The nitric acid concentration
was at least_ten times in excess of the aromatic substrate concentration

(4.1 % 10“4

mol 177 after mixing). All runs were performed aﬁ 25%
withla monochromator setting of 350 mm and a slit width_of Smm as
before. Sufficiently good traces.were obtained to parmit them to be
displayed oﬁ the storage oscilloscope screen and readings taken

directly from fhis. An exactly similar changeover in kinetics was
cbserved as with toluene. At the highest acid Strength " the oscilloscope
trace was virtually linear to completioﬁ. Figure 18 shows the | -

intermediate-order plots for these runsrand'Tabie 13 lists values of

k., and k_. obtained from them.

1 2
TABLE 13.
% H,50,, k/1 mol s~ k1/s-1
74.05 181 0.69
75.65 758 1.17
26 .00 1251 1.0
76 .70 2116 1.48
- 77.50 3036 3.54
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Fig.18 Intermediate-order plot's for the nitration of o-.xylene
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5.3. THE LIMITATICHS OF ®E STOPPED-FLOW TECHNIQUE.

At very fast reaction rates, with half-lives approaching
l0ns, the limit of the stopped-flow technique was reached and three
intrinsic features of the apparatus began to show up. The first
was the effect of dead time, or the time that it takes the mixed
reactants to’ flow from the point of mixing to the point of observation
in the optical cell.‘ At normal reaction rates fhis is not significané_
compared with the reactioh time but at high rates an appreciable
amount of reaction may take place during this time. The result was
a reduced voltage jump at the higher sulphuric acid‘strengths vhere

the early stages of the reaction run were not observed (Figure 15).

Second was the effect of the backstop being slightly displaced
from the micfoswitoh, such that a small'amounf of ligquid flow occurred
after the oscilloscopé had been triggered. The result was a tail
to the oscilloscope trace prior to the start of the reaction and the
rapid increasé in voltage with time. This was particularly noticeable

at high sweep rates.

The third limitation to the use of the stopped-flow technique,
and the wmost important, was the problem of mixing. The Nortech
instrument is quoted to have a mixing time of 2ms. This is an
excellent figﬁre and probably repreéents the best attainable by a
'commercial instrument. It, howéver, relates to the mixing of aqueoué:
' solutions_of'reactants.. A somewhat higher figure.might be expected'
under the conditions prevalent in our w&rk. ‘The mixing time increases
with increasing viscosity of the reactants and in concentrated
sulphuric acid solutions (70-80 per cent) ‘?he viscosity ranges
from 8—16CP16 compared to a value of ca.l.0 ¢P for water at normal
. temperatures. The trace obtained with 81.45 per cent sulphuric acid
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(Figure 15) shows the observed effect in our system; a slight
curvature at the beginning of the run prior to the rapid increase in
voltage with time. The approximate duration of this process has been
estimated at 2ms. The increased viscosity of the system apparently

had little affect on the mixing time.

COMMENT

5.4, .© COMPARISON OF k_ and k, with PREVIOUS DATA -

Figure 19 shows a plot of log k. versus percentage sulphuric

2
' acid for the nitration of toluene in the stopped~flow apparatus.

Also included are the values originally obtained by Schofieldq et al.
A reasonéble agreement is observed over the extended acid range
although a small displacément is evident due to our values being
generally soﬁewhat larger at a particular acid strength. This
systematic error is probably due to the error in the‘determiﬁation of
the sulphuric acid strength since the second-order rate.coefficient

at least doubles over only one per cent acid increase. A similar
comparison of the o-~xylene results is not possible.since there is very
iittle previous data available. However, Schof:i.eldlF reports a wlue

1

in 68.3 per cent sulphuric acid of 2.21 mol_Ts- , Very similar to

‘ many other reactive substrates at this acid strength, due to the onset

" of encounter control (Table 1). This value may be compared with

1

that for toluene of 1.0 1 mol 's '. At higher sulphuric acid strengﬁhs

k2 for o-xylene and toluene should become very similar and this is in

" fact observed.

The rate of formation of nitronium ions at a particulaf
sulphuric acid strength is independent of the aromatic substrate being
nitrated. The values of k1 for tolﬁene and o-xylene may therefore bhe
direétly compared. Figure 20 shows the variation of lopg k1 with
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- hig. 19 Log kz versus _sulphuric acid strength for the

nitration of toluene at 25° C,
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versus sulphuric acid strength at 25° C.
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percentage sulphuric acid for both aromatics studied. Since the
dependence of log k2 on acid strength is virtually linear over this

. The

range a similar behaviour might be predicted for log k,l

results, however, do not allow this claim to be made with any
. conviction. Figure 20 does nevertheless show the expected increase of

kq with the acidity, and hence ionizing power, of the mediunm.

The value of k1 at 78.45 per cent sulphuric acid of ca.458_1
(Table 12) may be compared with the estimate made at this acid strength.
with Cox's stirred cell data, of ca. 0.40 s (Section 4.10). A
large discrepancy exists which requires an explanation. A number of
theories have heen put forward to account for the difference and they

will now Be discussed.

(a) The estimation of k, from the stirred cell dafa is, of course,
dependent uéon the validity of two assumptions. That at 78.45 per cent’
sulphuric acid pure zeroth-order lkinetics are - in existence and reaction
tékes place in the fast reaction regime. If either.ohe of these
assumptions was untrue and either reaction was takinglplace well inﬁo

the transition region between fast reaction and slow reaction
diffusional regimes,or with an intermediate kinetic order between 1
and Q0 in the homogeneous phase, the value of k1 could only be lower
than already observed.- Clearly, this argumeat cannot be used to‘.
. account for the low value of k1 pbtainéd fromn the stirfed ce}l cgmpared

with the stopped-flow estimate.

(b) There was speculation that the disagreement may be due to a
change of dependence.of the zeroth-order rate of nitration on the
nitric acid éoncentration; from its usual first-order, with the nitric
acid concentration employed in the stopped-flow work (1.88 x 10—2

mol‘l—1), t0 nearer zeroth-order with the concentration employed in
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the stirred cell (0.56 mol 171). The result would be a higher value
of k1 than calculated assuming a first-order dependence. To test
this, the value of k1 was determined by the usual method in.the
intermediate-order region with toluene in ¢a.?75 per cent sulphuric
acid,using as wide a range of nitric acid concentrations as possible.
Tﬁe intercept of the intermediate~brder plot may be equated with the

- zeroth-order rate.of nitratiom, ko:

Intercept = kT[I‘TN—O; = -1-{-;-

An increase in the nitric acid concentration from 1.88 x 1072 to 7.52 x 1

mol 1-1 resulted in a decrease in k1 from 0.67 to 0.57 s-1. ‘Tﬁis
indicates that thé‘Value of n may be decreasing as the nitric acid
strength is increasing. This may be misleading, however, since the
'valué of kzsimilarly decreased frém 270 to 255 1 moi1sf1_with_
increased nitric acid concentration. This was due to the effective
lowering of the sulphuric acid concentration with the additiop of a
small amountrof watef with the aqueous nitric acid. A similar
effect, although less wmarked, would be éxpected in the caée of the

kq'values.

(c) ° ACCURACY OF DETERMINATION OF k, FROM HOMOGENEOUS DATA.

There is somewhat greater error associated with the
determination of wvalues of k1 from intermediate-prder plots thaﬁ with
the determinafion of ka. Tﬁe intercept of the plot is obtained by
extrapolation of points some way off the axis. The errorrin the
determination of the intercept may then be considerable whereas fhe‘
error in the slope remains small. Furthermore, the estimation of
k1 frpm the intercept, given by _ngﬁk , or the slope of the initial

K_[INO_]
10
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portion of the oscilloscope trace, given by k1[ﬁN03]{%m - Ao),

ArH o
requires the accurate knowledge of Duﬁﬂo whereas the estimation of
k2 does not. Several problems were encountered in the making up of
near saturated solutions of aromatic in concentrated sulphuric acid.
It was therefore decided to determine accurately, by the spectro-
photometric method described in Section 2.4, the effective initial
concentration of toluene in ca.76 per cent sulphuric acid. ‘Sevefal
solutions were made up at 2500, in preciseiy thé same manner as for
the stopped-flow runs, by adding BQf‘l of toluene to 100ml of aqueous
sulphuric acid in a 100 ml graduated flask. This géve a theoretically
predicted concentration of 2.82 x 10_3 mol 1_1. In each case the |
solution was allowed to settle and a sample of the acid withdrawn,

extracted with hexane and analysed at 262nm. The results are shown

in Table 14,

TABLE 1k.

[T]a/mol 17!

1.86 x 107
1.78 x 1072
1.98 x 1077
156 x 1073
1.40 x 1073
1.30 x 107

1.92 x 107

A considerable variation in the effective tolucne concentration

3mol 177 with

is evident. It falls in the range 1.30 - 1.98 x 10~
an average of 1.69 x Zl.(.)-3 mol 1H1. This is 40 per cent below the
predicted value and suggests that up to about half of the toluene is
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lost from the acid by the time’extraction takes place. Three
possible explanations for the loss of toluene were proposed. The

. first was that appreciable sulphonation had taken place prior to the
extraction or a stopped-flow run. Since the toluene sulphonic acids
are virtually insoluble in hexane this would lead to a low value for
the absorbance in the hexane extract. Ihe second was that toluene is
sufficientlj volatile that an equilibrium is set up between the acid
and the air space above it giving # low residual concenﬁration‘in the
acié. The final explarnation was that not all of the toluene had
dissolved in the acid due to the poor mixing of the substrate with

the highly viscous sulphuric acid.

The possibility that sulphonation plays a significant role
in the reduction of the toluene concentration may be eliminatéd.

The data of Cerfontain et a139 show that at this strength of
sulphuric acid sulphonation is so slow, the half-life in 76 per‘cenﬁ
acid being ca.l00 hours, that it may be ignored. This was verified
by the result of a run in which the concentration of toluehe in the
acid was estimated as a function of time ffom when the soiution vas

made up. No appreciable change had occurred after three hours duration. .

To investigate whether toluene is vaporizing into the air
space above the solution two'solutioﬁs were made up, as described
previously, to give a predicted toluéne concentration of 2.82 x ‘.].0—3
mol 1—1. Two different sized flasks were used giving free volumes
abo}e.the liquid of 7ml and 49Cnl. The residual foluene'concentration
in tﬁe acid phase was_estimaﬁed to be 1.92 and 0.68 x 10-3m91 1“1,
reépectively. This sugzests that toluene does vapourize intd the air

- space since the larger the air space. the lower the residual toluene

concentration in the acid. If one mqle of gas at S.7.P. occupies

61.



22.4 litres and the vapour pressure of toluene at 25°C is 28mm of

mercury, 490ml of air might be expected to hold 490 x 28 x 273
' 22400 x 760 x 293~

- )
7.4 x 10 4 mol of toluene. Since 2.82 x 107 mol of toluene was

originally put into the flaék it can be seen that up to ca.? times .
this quantity may be accommodated in this air space. With a 7ml air
space, however, only ca.3-4 per cent of the original toluene may be
accounted for inm this way. Furthermore, all attempts at achieving
the predicted concentration of 2.82 x 102mol 177 with flasks having
negligible air apace above the 1liguid, failed, although the
concentration obtained was slightly improved. This may, .however,
be the result of poor mixing due to the absencs of air bubBles td

act as agitators.

The effect of poor mixing may well be the most significant
factor in the low concentrations of toluene observed although it
is difficult to estimate the extent to which it affected results.
It may be assumed that for solutions near the-saturation limit the
attainment'of an equilibrium concentration, evén with effective
agitation, is longer than with more dilute solutions. The process
is greatly affected by the viscous nature of the:solvent.' An atfempt"'
'wés made to ascertain whether any toluene was left remaining on the |

top of the acid after mixing, but this proved negative.

A full explanation for the low substrate concentrations
observed iﬁ the stoppedelow eXperiments when.solutions are made up
iﬁ fhis manner_is diffigult to find. It is considered that a
_combination of factors may be present. The present data does,
kowever, allow a correction to be made to the values of k1 obtained
with toluene. If an aromatic substrate concentration is assumed

consistently 4O per cent below that predicted for the intermediate-
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order runs, the corrected values of k, at 2500, shown in Table 15,

1

are obtained.

TABLE 15.

% 11,80, k1/s-1
74 .70 0.47
76.35 0.64
77.00 1.06
78.15 - 2.38
78.95 - 2.99
80.10 3.85
81.45 k.98

The above values are now considered to be accufate to t15 per
“cent as indicated by the scaiter in Table 14. The overali variation
of [T]a observed in the making up of solutions by the procedure
described agrees well with the célibration juﬁp values obtained in
 the stopped-flow runs which showed a similar variation. A recommendation
for future work suggests ifself here, in that many of the pfoblems-
described above may well be overcome if the solufions of arométic

are made up by a modified procedure; This would involve making a
saturated‘solutiQn up initially, by mixing aéueous sulphuric acid

_ with an exéess of toluene, separating the two phases and then diluting
the acid phase with, say, an ecual volume of aqueous sulphurib acid.
Some care would be necessary, however, in the maintenance of

" temperature since aromatics_rapidly come out of solution with only

a few degrées drop in temperatufe at near saturation levels. The
correction for low toluene concentrations brings the k1 values for
toluene closer in line with the value obtained from the stirred

¢ell data but still leaves them considerably apart. The discrepancy
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is thought unlikely to be the result of experimental error and requires
further work so that the gap between the homogeneous and two phase

systems may be bridged.

Despite the above aréuments the work on the homogeneous
nitration of toluene at high sulphuric acid strength has confirmed
the suggestion that the lower than predicated igitial rates of nitration
in thé two phase systems was caused bj a changeover in the kinetic |
ofder of nitration from one to zero in the homogeneous phase. The
further implications of the phenomenon will bé discussed a 1it£1e

later.
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CHAPTER 6.

THE NITRATION OF CHLOROBENZENE AT HIGH SULPHURIC ACID STRENGTHS

6.1. DEPENDENCE OF THE INITIAL RATE OF NITRATION ON TEMPERATURE
IN THE STIRRED CELL

The initial rate of nitration of chlorobenzene in the stirred
cell was determined at various temperatures between 10 and 5500 in
79.80 per cent sulphuric acid according to the procedure described
in Section 2.2(5). The acid phase was made up by the addition of
acueous nitric acid (Analar grade, s.g. 1.42,6.25q1) to 175ml of
aqueous sulphuric acid giving a solution O.56mol l_l in nitric acid.

A quantity of thisr(l70ml) was taken and stirred at 50 rev mi.n“‘I with °
20ml of chlorobenzene. Samples of the organic phase (Egul).were '
withdréwn at regular intervals of time and diluted to 1Oml. with hexane
and the absorbance measured at 240nm. The slopés of the initial
portiong of the absorbance versus time plots pbtained were convérted._ _
into initial rates of nitration by multiplying by the facfor1 3.75 x 10-3.
The results are shown in Table 16.

6.2. DEPENDENCE OF THE SECOND-ORDERRATE COEFFICIENT FOR NITRATION
ON TEMPERATURE.

_ The scond-order rate coefficient for the mitration of chloro;
benzene in 79.45 per cent sulphuric acid was measured,at various
temperatures between 15 and 5500 by_meané of the Stopped-fiow technique
described in Section 2.6. Runs were performed with an organic'substréte
concentration of 0.98 x 10 -mol 17 after mixiﬁg and a nitric acid
concentration, at least ten fold in excess, of 1.88 x 1072 mol 17
after mixing. The monochromator setting was 350nm with a slitrwidth of

Smm. In all cases good pseudo-first~crder behaviour was'observed

and the oscillogcope traces, recorded on the storage instrument,

-allowed the values of k2 to be determined by the usual method. They
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" are shown in Table 156.

6.3. DEPENDENCE OF SOLUBILITY OF CHLOROBENZENE IN SULPHURIC ACID GN
TEMPERATURE

The solubility of chlorobenzene in 79.55 per cent sulphuric
acid was determined in the temperature range 10 - 4500 by the procedure
described in Section 2;4. The spectrophotometric determination was
made at 265mm (€ = 159). rGenerally, three separate extractions were
performed for each run and the average soiubility taken. Thisris
shown in Table 16. The accurécy of determination was estimated at

ca. £ 3 per cent.

TABLE 16.
TEMPERATURE/®C | R/mol 1 15~ k/1 mol s [c8] 5/mo1 1™t
- 10 1.82 x 107 2.20 x 16“3
15 | 129 | 2.29 x 107°
20 298 x1w”
25 hohz x 1070 256 3.18 x 107
30 - - ] 3.15 x 107
35 | 8.14 x 1070 nsh 3.7% x 1of3
b5 13.7 x 1070 936 3.91 x 1073
54.5 21.7 x 1070
55 1220

6.h. THE IRREPRODUCIBILITY OF RATES AT VERY HIGH SULPHURIC ACID STRENGTHS

Numerous determinations were made of the initial rate of
nitration of chlorobenzene in sulphuric acid strengthS'betweenISO and
90 per cent in the stirred cell. Two methods were employed. The

first involved the determination of the rate of accumulation of



monofiitro -chlorobenzenes in the organic phase as described in

Section 2.2(a), and Section 6.1. The second involved the estimation
of the loss of nitric acid in the acid phase by a colorimetric
determination based on the method devised by F.L. Englishqo. This
linvolved the formation of a wine red éomplex of ferrbus nitrosyl
sulphat; which was estimated spectrophotometrically. The modified
procedure is fully described in the Appendix. Stirred cell nitrations
were performed at 2500 and 50 rev min—1 in all cases. Identical

phaée volumes of 20ml of organic and 170ml of acid were used in both
methods with a nitric acid concentration of 0.56 mol 1_1.‘ In the
-case of the nitric acid determination, however, 0.1 ml sampleé of the
:acid phase were withdréwn, after momentarily stopping the stirrer,'by
means of a graduated pipette fitted with an all glass "Aglal syringe.l
They were dispensed into conical flasks containing 1;Omi of distilled
water, which satisfactorily quenched any reaction still taking place
in the acid as well as suitably diluting the nitric acid for the

determination.

Figuré 21 shows the :esults of some 30 runs performed with
...the stirred cell in the range 80~90 per cent sulphuric acid. Both.
methods of determination gave initial rates that showed increasing
irreproducibility as the sulphuric acid strength was increased.
‘Furthermore; at acid strengths greater than ca.8l per cent the organic
phase was observed to go cloudy almost immediately after the start
of_fhe run with the precipitation of a whitg solid at or neéf the

- inferface. The effect of $tirrer position was also observed to become
eritical at this acid stréngth. Figure 22 shows the absorbénée versus -
- time plots for typical stirred cell runs in ca.84.50 per cent sulphuric
acid where the depth of the stirrer beneath the interface was changed
during the coursé of the run from lmm to lcm and vice-versa. The
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Fig.21 The initial rale of nitration of chlorobenzene
‘at very high sulphuric acid strengths in the
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Fig. 22 The-effect of stirrer position in the stirred cell

on the initial rate of nitration of chlorobenzene in
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absorbance was in each case due to the ﬁononitrochlorobenzene
actumulation - in the organic phase. It can be.seen that as the stirrer
was rioved further below the interface so fhe rate decreased. As the
stirrer was moved up towards the intérface s0 the rate inﬁreased.

A similar run performed with 77.10 per cent sulphuric acid showed no
‘significant change in rate of nitration. Furthermore, all initial
rates determined up to an acid strengfh of ca.B81 per cent showed good

agreement with previous data.

" COMMENT

6.5, SUMMATION OF ACTIVATION PARAMETERS FOR THE NITRATICN OF
CHLOROBENZENE IN THE FAST REACTION REGIME

The nitration of chlorobenzene in the stirred cell and stirred
reactor in ca.80 per cent sulphuric acid is considered to take place
in the fast reaction regime. The rate of reaction should therefore

be given by:

7 S s : '
R: a Dkz[}ﬂ.\OBJ - [_CB]a . A E P SN B PPLEEB RN 1‘]’9

Two means by which the equation may be tested experimentally are

fouﬁd in the comparison of the observed initiai rate qf nitration
with the sum of the components on the right-hand-side of the equation
aﬁd in.the comparison of the overalllactivation energy with_the sum
of therindividual activation parameters. The fesults shown in Table 16

allow us to determine the validity of Equation 49 by both means.

6

The initial rate of nitration observed at 25°C is k.43 x 107
mol 177 in excellent agreement with the value of 4.44 x 10_6m01 1!
5‘1 obtained by Cox1 in the same cell with a slightly highef stirring
speed of 65 rev minnq. The.solubility of chlorobenzene at 2500,

obtained by interpolation from a best line drawn through all the
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points in Table 16, is 3.0 x 1072 mol 171, If the diffusivity of
| 6

chlorobenzene in 79.80 per cent acid1 is taken as 0.77 x 10~
cmas—1 and the interfacial area per unit volume of acid is

0.2024 cmzcm-B, these may be combined with the data at 2500 in

Table 16 to give a predicted initial rate of 6.4 x 10—6 mol 1-1s~1,

in reasonzble agreement with that observed.

Arrhenius activation plots were constructed for the
dependence of the initial rate of reaction in the stirred cell (Figure
'23), the second-order rate coefficient (Figure 24) and the
solubility (Figure 25) on temperature. The first two plots showed

good correlations to a straight line from which E and Ek were
2

overall
estimated at 10.3 and 11.0 k cal m01_1, respectively. The dependence _
.of the solubility on temperature showed a much poorer correiation.
This was due to the vefy small changes in solubility of 2-3 x ]_O—l+
mnol ZL_‘l {ca.l0 per cent) that resulted from a 500 change in
temperature. The accduracy of the determination was estimated at
t«} per cent i.e. comparable to the change being measured. The
value of A“Hsol obtaired from the slope of the.lgast*squares line
‘through the points in Figure 25 is 3.1 % 1 keal mol” . This is of
the same magnitude as obtained by Cox1 and Cerfontain et a130

for Similar aromatics at this acid strength. Furtherﬁore, Cerfontain
observed éimilar deviations in the value of the solubility and[XHsol

obtained by a similar extraction procedure.

The value of Ek is determined by the sum of two
-2

activation terms:
Ek2 = Ekla' +AHfom ) asstebbonbsstboesas 50

where EXHform iz the heat of formation of nitronium ions from nitric

acid at-a particular sulphuric acid strength. The value of Ek/
2
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 Fig. 23 Dependence of the initial rate of nitration

¥

of chlorobenzene in the stirred cell on temperature.
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Fig. 25 Dependence of the solubility of
chlorobenzene in 79-55 °/o sulphuric_acid
. on temperature. | S
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varies with each aromatic whereas the other {g . independent of the
substrate. The major contribution to the magnitude of Ek isAH
_ > form

and this decreases with increasing acid strength. The extent to which
Zxﬁform’ and therefore ERZ,'decreases is independent of the aromatic
substrate and therefore affords a means by which the value of Ek
may be predicted for any aromatic, providing at least one value of

Ek is known at a particular sulphuric acid strength Figure 26 shows

32,1

values of Ek for a number of aromatics 1nclud1ng chlorobenzene
in 70 2 and 67 5 per cent sulphurlc acid. If a parallel decrease in
the value of Ek is assumed for each aromatic the predicted Ek

for chlorobenzene in 79.45 per cent sulphurlc acid is ca.ll kcal mol

in good agreement with our value.

The activation parameters obtained allow us to estimate the
value of ED’ the diffusivity temperature coefficient for chlorcbhenzene

in 79.80 per cent sulphuric acid, since:

Eoverall =

3(E, -+ Ekz) +AH501_"""""'".'" 51

Insertion of the Values into Equation 51 ylelds a predlcted value for

1

E, of 3. h—kcal mol Another estimate of this value may be

obtained from independent_experimental data reported by Fasullo#l.
He gives values of the viscosity'of aqueous sulphuric acid mixtures
as a function of temperature over ‘a wide range of acid strengths.

The dlffuslv1ty is related to the v150051ty by the. modlfled Wilke-

Chang expression where simply:

R D=CQnStantx E srssscessbscocsar 52

However, as discussed in Section 1.7 the dependence of diffusivity
on viscosity may be nearer -0.8 than =1.0 in this system and therefore
a better approximation may be obtained by assuming:

D = Constant x T '
-;7—0.8 L L BB BN NN R N NN 53
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‘ Fig.26 Dependence of Qﬁ on the -sulphuric acid

strength for a number of aromatics

| o Chlorobenzene
201 ’
* Fluorobenzene
o p-Dichlorobenzene
151
l....é.;_
E
ISl
[ )
N
Yt
—
l_‘_’ b
10F
) —l 1 l I ! ! .

66 68 -~ 70. 72 74 76 78 80

°/o H, S0,



Table 17 shows values of the viscosity of 80 per cent sulphuric
acid over the temperature range h.h4 - 60°¢ together with values of
T at each temperature. A plot of In T © versus 1 gives a good
7 0.8 : o 0.8 T 1
straight line which leads to an activation énergy of 5.0 keal mol .
This compareé quite favourably with the value of 3.4 kecal m01-1
above and goes some way towards confirming the validity of Equation 49
for chlorobenzene under fhese conditions. The magnitude of ED
is of some interest, and should be commented upon, for it is somewhat
higher than the values usually associated with diffusion‘phenomena
generally anduawhich normally fall within the range 1-3 kecal. The
value obtained from Fasullo's data may be compareé with that for the
viscosity“activation enefgygsof water, which at 0% is 5.06 keal and
which is likewise rather high. The anomalous behaviﬁur of water, and
ve suspect, concentrated sulphuric acid solutions, is explainethby
the degree of hydrogen bonding that takes place in these strongly
sssociated media. Thus, an additional amount. of energy, the so'called
"structure activation energy'" is required to break the hydrogen bonds.
before flow of the liquid can occur. As the témperature_of the solution
is raised sé the number of_hydrogen bbnds that héve to be broken-befofe
flow can occur decreases and a lower activation energy is observed.
The result is a non-linear Arrheniusplot over an éxténded temperafure
range.

6.6 THE EFFECT OF PRECIPITATION OF NITROPRODUCTS FROM THE ORGANIC
PHASE ON THE INITIAL RATE OF NITRATION IN THE STIRRED CELL

There c¢an be little doubt that the poor reproducibility of the
stirred cell runs above ca.8l per cent sulphuric acid strength and the
sudden critical dependence on the pbsition of the stirrer are closely
bound up wifh the appeérance of a white precipitate at the interface.

The precipitate can be assumed to consist of a mixture of mononitro-
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TABLE 17.

TENPERATURE | VISCOSITY | /%08
/% / oF /& o5 08
L L 35.6 15.9
15.5 - 24,0 22.7
26.7 16.6 31.7
37.8 11.9 42.9
8.9 8.8 56.6
60.0 6.7 72.8

ohlorobenzenes, the products of the nitration, and their precipitation
‘may be expected to have a considerable effect on the rate of mass
transfer across the interface. Two factors are important. .The‘

first is that the precipifation out of solﬁtian of the product will
decrease the absorbance measured in the organic phase. The second

is that the precipitation of a solid near or at the interface effectively
changes the s ystem from ahliquid-liquid one to a‘solid—liquid one

and this will affect the rate of mass transfer.

The degree‘of precipitation‘is iikely to'be influenced by
the extent to which.the organic phase is agitated and the rate of
accumulation- of product in the organic phase i.e. the rate of
chemical reaction. Thus, when the stir:er is moved down from the
interface further into the acid the organic phase adove it becomes
virtually stagﬁant,'pfecipitation is encouraged and the rate of
reaction decreases (Figure 22). When the stirrer is brought up to
fhe'interface the process is reversed, the rate.of reaction is iﬁcreased
énd the precipitate already accunulated: in the lower half of the
ofganic phase is.rapidly swept into solution. This results in the

sudden dramatic dincrease in absorbance observed under these conditionz
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(Figure 22). The resul%s of the experiments in which the rate of
nitration was determined by the loss of nitric acid method show that
a two-fold effect is present since the same irreproducibility in

fhe initial rate was chserved as when the rates were determined by
the accumulation: of nitroproducts method. Thus, the precipitation
gernuinely affects the rate of nitration observed in the stirred éell
as well as the rate of dissolution of the products into the organic

rhase.

- Under the conditibns prevalent in the stirred cell the nitro -~
products, when formed, would be expected to remain at the bottom of
the organic phase, near to the interface with the acid phase, because
of their rather gfeater density compared to the substrate (Table 18).
A three-layered systenm may be visualized where the mass transfer of |
the substrate into the acid phase is sevefely reduced by the presence
of the solid products. This e?planation for the results obtaiﬁed
with chlorobenzene at very high rates of reaction accounts for the
fact that with toluene the phencmenon was not observed despite
combarablé rates of reaction having been measured. This is because all.
three mononitrochlorobenzene isomers are.solid at 25°C (Pable 18) but
only the p-isonmer is for toluene, and this accounts for only about
one third of the total product. The problem severely limits the use
of the stirred cell for the study of the nitration of chlorobenzené
and emphasiseé the ineffectiveness of mechanical agitation in the

system.
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TABLE 18.

~ AROMATIC MELTING POINT DEMNSITY
/% /g n1”
Toluene -95 0.8669
o-nitrotoluene -9.55 1.1629
m-nitrotoluene 16 1.1571
p-nitrotoluene 54.5 1.1038
Chlorobenzene -45.6 1.1058
o-nitrochlorobenzene 33.5-35 1.368
m-nitrochlorobenzene L5 1.343
p-nitrochlorobenzene 83.6 1.2979

7h.
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CHAPTER 7

FACTORS AFFECTING THE RATE OF MASS TRANSTFER IN THE STIRRED CELL

- The use of the stirred cell in the study of mass transfer
with simultaneous reaction has one principal attraction in that the
interfacial area is virtually constant and easily measurable and
this allows values of the important parameters kL and.D to be_
estimated by application of Danckwerts' Surface Renewal Theory.
Against tﬁis advantage, however, may be set the comﬁlicatioﬁs of
turbulgﬁt flow and the effect of contamination of the interface
which nay appreciably‘affect the value of the mass transfer
coefficient. Nevertheless, Cox ané Strachan1 employed this system
for the s£udy of the nitration of toluene and chlorobenzene in mixed
acid media with some success. In particular, they 6btained
what appeared to be a reasonable estimate of 2.8 x IO_BCm 5—1
for KL at 25°C with chlorobenzene, an aromatig free of any kinetic
complicétions at the sulﬁhuric acid strengths.studied. The value
of k# in the absence of chemical reaction in the stirred cell was,
however, some ten times lower than this.at 1.73 x 10—40m's—1
and considerably lower than usually observed for the transport of
organic liqﬁids through water in stirred cell.systems. Interést,
therefore, centred on the facfors that influeﬁqe the rate of nmass

transfer in such systems.

7ol EMPIRICAL CORRELATIONS

Most of the work on the factors éffecting the value of kL
- in the stirred cell has been performed in the absence of chemical
reaction by the unhindered observation of the transfer of one phase

26

into another. Typically, Blokker” employed a thermostatted cylindrical
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transfer cell in which the two phases.wére.independentiy stirred
by counter-rotatiné paddles situated nsar to the centre. At the
stirrer speed used (120 rev min_q) only a slight undulation of
the interface was produced. The transfer coefficients were
determined either by measuring the change in conductivity of one
of the phases ér by sampling and analysing one or both of the
phases after certain intervals of time., Lewis employed a similaf
set up but was able to standardise the degree of turbulence by
restricting the intefface to an énnulaf gap between a'central and
peripheral baffle. |

L . .
Lewis found that the results of his work on systems,

diagrammatically represented in Figure 27 (a), obeyed the empirical -
"1enf:
1.65

kL(1 + 0.01673 1...54

y = 143 x 10“701 (Re, + Re, 7 2/7 »
where subscripts 1 and 2 refer.to the two liquid phaseé,‘? is fhe
viscosity, ¥ is the kinematic viscosity (denoted by?ﬁ?n , in
cmeshq)and Re is the Reynolds number (defined by LEN/D , where L is
the tip-to~tip length of the stirrer blades and N.is the number of
revclutions of the stirrer per second). The borrelation has
received considerable criticism despite being numerically satisfactory

to Iy per cent. The principal argument is with the absence of a
term in D1, the diffusivity of the transportiﬁg species through

phase 1.

. .
A more satisfactory correlation SIfor the mass transfer across

a clean surface in a stirred cell is:

kg gy 0-00316 (D,/L) (ReqRez)o's (7]2/971)1'9 (0.6 +72/,7 -1)"2’1P

(Sch.1)5/6 eees 55
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Fig.27(a) Diagrammatic representation of the stirred

cell system used by Lewis.
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where Sch. is the Schmidt number defined as{)/D. This correlation,
which is accurate in predicting values of kl.to Ino per cent,

/6

supggests that kljis dependent on D1 in the stirred cell and not

A

D% as predicted by Danckwerts' Surface Renewal Theory.

The dependence of kL on the diffusivity is a useful
indication of the mode of mass transfer in a system. Lewis and
Whitman's Film Theory46predicts a dependence on diffusivity to
the 'first power across a stagnant film of liquid near to the
. interface. Under these conditions the rate of mass fransfer is

governed by:

gg =
& -2 g Ae cevveseanses 56

where %% is the rate of mass transfer of material, a is the
interfacial area andQc¢ is the difference between the concentration
of solute at the interface and in the bulk. $he mass transfer

coefficient is defined as:
D . o N
}QL'._ AK . sssssssessnmae 5?

where /A x is the thickness of the laminar sublayer . or stagnant .

film. :

If, howe&er, there is an extreme of turbulence and eddies of
fresh solution are rapidiy swept into the immediate ﬁicinity Qf the
interface, neithef the laminar sublayer nor a stationary surface can
exist. 1In this case the diffusion path becomes so short that
diffusion is no longer rate-controlling and the rate of mass transfer

is governed by:

78.



'ig' = 5. _V. AC -c-.-..----.- 58

where ;n is the mean velocity of the liquid normal to the interface

and equal teo kL. The latter is now independent of the diffusivity.

The theory of Danckwerts predicts an intermediate dependence
betweeﬁ these two extremes of D% and mass transfer is visuwalised to
take place by the continual replacement of surface elements from
the bulk of the continuous phase by eddy diffusion. The validity
of the Danckwerts model has been proved experinmentally for such
systems as gas adsorption in packed columns where short contact
times of the gas with a turbulent liquid are en?ountered. In the
case of the stirred cell, the dependence of kIJon D‘]/6 in Eéuation
55 suggests that when the surface is uﬁcontaminated the replacemenf
by turbulent flow of elements of ligquid in the sﬁrface is very
important and that molecular diffusion from these elements-occurg
over a very short distance. On this evidence'sﬁccessful application
of Danckwerts theory to the stirred cell data obtained by Cox and

Strachan might seem doubtful.

More recent work inm this field, however, indicéteé that the
mass transfér coefficient'does depend upon the square root of the
diffusioﬁrcoefficient. McManamey et.a1.47determined the water phase
ness transfer coefficient for the diffusion of helium and iso-butane
from water to toluene and ;1eka1in in a transfer céll similar to that
of Lewishu. Mauch of the early work on mass transfer coefficients
ﬁés based on rates of mutual saturation of binary liquid systems,
and the ﬁariations in D were obtained Sy changing the liqﬁids, with
a consequent alteration in viscosity. Bécause the diffusion |

coefficient and viscosity are inter-related, their effects on the
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mass transfer coefficient are difficult to separate. Mclanacmey's
" three component system, with the transfer of solutes with differing
diffusivities between two liquid phases, aliowed the influence of

D to be estimated directly. The use of helium, with a diffusivity

of 6.3 x 10 % 57

-1

y and iso-butane, with a diffusivity of
1.0 x 10“5cm2 s , allowed a relatively large variation in kL

%o be achieved from which the mean exponent on D was estimated at 0.45.
This work lends added weight to the values of kL obtained by Cox

and Strachan by the application of ﬁhe'Danckwerts equation to their

atirred cell system.

The exact dependgnce of kL on the viscosity of éach phése
is rather more difficult to estimate. It exerts its influence
principally through its appearance in the Reynolds and Schmidt
number terms in empirical correlations. Equation 55 allows us to
nake some estimate of the effect of viscosity on the value of ko
observed in a stirred cell system such as ouré, when phase 1 is
changed from one of pure water to one of 80 per cent sﬁlphuric acid.
If we consider that during this change the physical parameters such

as N and L remain constant and phase 2 remains the same i.e. toluene,

- with a constant viscosity48,77 5 of 0.50¢P at 2000, then:
| 9 .\ 0.5 1.9 —2.%, _ 5/6
i [ 22077 (2 e 27"
- 7 1 71 /~ 10 \
The variables may be grouped such that:
6 =% 1.6 4 2.4
1{1'(1){1)1 oﬁ,l - 71 (006 ‘!“zg-) vene 60
When the values of D’l ,/)1 and?,I for pure water, or dilute aqueous

solutions, and 80 per cent sulphuric acid, shown in Table 19, are
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inserted into the proportiénality the overall decrease in kL
due to the change of these parameters is estimated at ca.k0. The
individual contribufions to the decrease due to the variables

D1, 1 and‘? q are 1.5, 1.2 and 21, respectively which suggests
thét the principal factor in the determination of kL is probably
the viscosity. Glea:ly, this can only be an approximate guide

to the individual effects, fhe dependence of k_ on D% in

L

accordance with the observations of McManamey would mean the

estimate of 1.5 is probably somewhat low. Nevertheless, the empirical

correlation easily accounts for the low values of kL obtained for
chlorcbenzene and toluene in the absence of chemical reaction

compared to those obtained in agueous system§1 Typically, Blokker
observed values of 2.60 and 2.14 x 10-%(§2rsthe transport of ethyi

acetate and isobutanol in water at 2500, some ten times greater

than that observed in 70-80 per cent sulphuric acid.

TABLE 19.
PARAMETER ( AQUEOUS MEDIUM | TEMP/°C 80H,, S0y, TRIR/°C
_ D1/cm25-1 1.0 x 10'5,ref.35 30 0.8 x 19'6, ref.l. 20
p/e miT | 1.0, ref. k8. 20 1.73, ref. LS. 20
/0P ] 0.86, ref. hl. |26.7 16.6, ref. 1. 26.7

An alternative explanation for the lower intrinsic value of

kL obtained in our stirred cell system compared to Blokker's may be

found in the differences in physical set up between the two. The

influence of a change in vessel geometry or shape of stirrer is

difficult to assess. However, the principal difference between the

two systems is the use, by Blokker, of two-counter rotating paddles
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for the individual agitation of both phases. The effect of.the
additional stirrer méy well be significant. The effectiveness

of stirring in the system is measured by the Reynolds number,

which represents the ratio of inertial forces to viscous forces

in the liquid, and is dependent on the stirrer intensity, f, given

by LEN. it is'an important group and is used as an indicator

for the existence of turbulent or laminar flow. According to Equation
55 kl‘is dependent upon the Reynolds numbers of both phases

equally and thus the absence of a stirrer in the organic phaée in

our system is likely to effect the magnitude of klf Re, can

2
never reaéh'zerO} since this would lead to a value of kL‘equal to

ZEero, therefore'mechanical agitation of the lower phase (phase 1)

muast induce some degree of agitation in the phase above it due to

the shearing forces applied through the interface. The effect of

shear manifesfs itself in the familiar waves and undﬁlations observed

in these systems. Tﬁe feéults of the experiments with chlorébeﬁzene

at high sulphuric acid strengths,_whére poor agitation of the

organic phase was thought to be the cause of a stratification of

produét and reactant in the organic phase {Section 6.56), suggest,
however, that in this systém the degree of turbulence.transmittéd

to the organic phase may be rather low. To clarify this poinﬁ, and
therefore determine the extent1to which stirring of the organic

vhase affects the value of kI) it is suggested that a series of méss
transfer runs be performed with toluene or chlorobenzgne in concentrated
sulphurie acid‘utiiizing a set up similar to Blokker's, with both

phases being individually stirred by counter-rotating paddles.
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724 TNTERFACIAL TURBULENCE

Despite the lack of any definitive fundamental theoreticél _
treatment for results obtained from a stirred cell system, the
importance of the replacement by fturbulent flow of sgrface elements
is unquestionable. In fact, the continual replacement of liquid
is readily.visible when talc particles are sprinkled on the
surface'of.a liquid. The nature of this interfacial turbulence or
convection is of considerable interest to chemical engineers since
the movement.at the intérface and its vicinity changes the
resistance to méss transfer and thus the mass transfer coefficient.
- The effect of interfacial turbuience on the interfacial area, and
hence the rate of méss transfer, is also important, although.this is
not significant when the depths of‘the phases between which mass
transfer takes place are large in comparison to the thickness of
the layers subjected to interfacial movement. This is probably

true in the case of the stirred cell.

If two liquids are brought into contact with one another in
the absence of any external agitation méss transfer will occur.
The process will never be uniform, however, and iocalized arcas of
lover interfacial tension will appear resulting in a movement of
liquid initially parallel to the interface and then moving away from
it. The interface is simultaneously being replaced by fresh liquid
from the bulk and this leads to the formation of convection or roll
. cells.. Figure 27(b) is a diagrammatic representation of a part of
the interface and shows the movement of liquid near to it. The
factors that determiﬁe the growth and persistence of these roll
cells and the speed of the convection process are numerous. The

essential prerequisite is, however, the existence of a concentration
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(or temperature) gradient leading to an interfacial tension gradient

across the interface.

A mathematical treatment of the hydrodynamics of this
spontaneous interfaclal convection process has been laid out by

49,50,51

Sternling and Scriven They have considered the conditions
under which a fluctuation in the surface tension during mass
transfer can build up into a macroscopic eddy. They suggest.that

- surface eddying leading to improved mass transfer will be promoted

by:

(a) Solute transfer from the phase of higher viscosity and lower
diffusivity.

(b) Large differences in D and V between the two phases.

(c) Steep concentration differences near the interface.

(a) A large decrease in interfacial tension with concentr#tion
of solute.

(e) The absence of surface activé agents.’

(£) A large interfacial area.

Clearly, iﬁ the stirred celi nitratien of chlorobenzene
or toluene, not all of these factors are important. An explanation
for the increased kL value obtained Qhen chemical reactiqn is taking
place compared to when it is not is sought, however, and therefore
fhe factors of principal interest are thosé that might.be expectéd
to change when'chemical reaction takes place. Three factors may be
isolated. The first is the effect of increasing concentration
pradient with rate of reaction. At low fates of reaction, or in the
absence of it, the concentration gradient of arématic on the acid

. . . . . . . d
side of the interface is small. - On increasing chemical reactlon(E%)
. ‘ %x=0

becomes steeper as shown in Figure 3(c¢). It should be pointed out
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that the above concentration gradient is that normal to the interface
and not parallel with it as indicated by Figure 27(b). However,
since the movement of the roll cells is ciréular, both concentration
gradients mipht be expected to have an influence on the speed of

convection.

The sec0nd-effect.is the production of surface active agents,
in the form of the nitroaromatic products of the reaction, at the
interface. This might be expected to have the opposite effect to
the above and mass transfer would bhe reduced mainly due to a damping
‘of interfacial turbulence by a thin film of nitro—productBG. To
counterbalance this is the effect of the change in intefacial tension
with_conbentration of solute. The third factor, not mentioned above,
‘is the presence of a temperature gradient at the interfacé due to
the high cxothermicity of nitration. This might be expected to
indirectly increase the value of k; by its influence on the viscosity.
In the case of the stirred cell the rate of réactipn is slow and
the rate of heat production low in the bulk of the acid phase. Thé
temperature at the interface may be considerably greater than in the
hulk, however. A quantitative assesswent of the influence of the
‘above factors is not possible. The overall effect is nevertheless
quite clear; chemical reaction improves surface renewal at the inter-
face in the stirred cell and compénsafes for the intrinsically low
values of kL observed in the absence of chemical reaction. The
phénomenoh ié entirely consistent with the conéept of surface renewal
taking place by interfacial convection aﬁd thg contimial replacement

of surface elements by eddy currents.
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7B CONCLUSION.

The diécussion above accurately reflects the ccoaplicated
nature of mass transfer in stirred cell systemé. Despite empirical
correlations and theoretical equatidns this system still lacks a
general treatment and each set up should be considered separately.
‘The exact influence of each variable on mass transfer under all
conditions may not be poésible. However, indications are that the
dependence of kL on D% in this system, similar to that observed
in the packed column and stirred reactor, permits the use of
" Danckwerts' Surface Renewal Theory in the interprétation of the
" results. donsiderablg care must nevertheless be taken in the
elucidation of wvalues of kL obtained in the presence of apprecigble
chemical reaction. The value of kL cannot be taken as constant for
all rates of chemical reaction. The use of the stirred cell at very
fast rates of reaction can lead to problems connected with the
accuszldtion of products near to the interface. The use of a stirred
cell in which both liguid phases are agitated may overcome this

"problem and this is strongly recommended for future work.



CHAPTER 8

ZEROTH-ORDER KINETICS AND THE MECHANISM OF NITRATICN,

8.1. THE KINETIC FORM OF NITRATION IN ORGANIC SOLVENTS.

Our know;edge of the mechanism of nitration in organic
solvents su;h as nitromethane and acetic acid is largely due to the
work of Ingold and his collaboratoré. They'wefe the first to
observe the characteristic kinetic features of the reaction and
correctly intefpret them in terms of the nitronium ion mechanism.

This mechanism was first proposed by Euler in 1903, but it was not
until 1946 that existence of the nitronium ion was proved conclusively
and its effectivenéss as the electrophilic species in nitration

clearly established.

8.2. THE EXISTENCE OF THE NITRONIUM ION.

The existence of the nitronium ion has been proved in three

ways which do not depend on its behaviour in the nitration process:

(a) & study of the effect of nitric acid on the freezing point
of sulphuric acid indicates that the observed depression is approximately
four times that of an ideal soluteBa. This points to the existence

of an equilibrium whereby nitric acid is transformed into nitronium

ions in accordance with the following:

HNOy + 2H,50, &= N0 T4 H

5 A ot + 2H 50,,” cevesene. 61

3

{b) 'The nitronium ion has been identified in the Raman
speétra_of nitri¢ acid in sulphuric acid53’54. A band at 1400 cm-q
iz attributed to the nitronium ion while a bard at 10%0 cm-1 is

due to the bisulphate ion, formed simultaneously with the nitronium

ion as indicated by the above équilibrium. The intensity of the
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bands are strongly dependent on the sulphuric acid strength and are

not detectable below acid strengths of 85 per cent.

55

(¢} Nitric acid and perchloric acid react”“to form solid,

salt-like nitronium and hydroxonium perchlorates (NO?_)+ (0104)—
and (H3O)+ (0104)". The nitronium ion salt may be obtained pure

56

- and its structure has been determined by X-ray crystallography” .

8.3. THE EFFECTIVENZSS OF THE NITRCNIUM IOHN,

The existence of the nitronium ion is not, however, proof
of its effectiveness in the nitration process. TFor this we turn
to the results of the kinetic studies performed by Ingold and his
collaborators. They observed several cha;acteristic featureé of

the reaction:

{2) The rates of nitration of benzene, tcluene and ethyl-
57 '

beﬁzene in solutions of nitriec acid'in nitromgthane were observed

to be independent of the concentration of aromatic substrate. i.e.
zeroth-order with respect to aromatic. This clearly indicates that
Initratidn proceeds fhroﬁgh a slow formation of a réactive intermediate.
- Under conditions in which benzene and its homologueé were nitrated

at the_zeroth-order rate, the reactions of the halogenobenzenes

obéyed no.simple kinetic law whereas the nitration of p-dichloro-

58

was fully dependent on the first power of the concentration

59

and carbon

benzene
~ of aromatic. Nitration in acetic acid58, sulpholan

tetrachloride69’6l’62

y showed similar kinetic phenomena and discounts
‘the possibility of the results being explained on the basis of
© solvent effects. The zeroth-order rate waé found to depend on the

character of the orgonic solvent. Since the rafe, under these
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conditions, is dependent upon the hetérolysis of nitric zcid,

. involving the generation of ions from neutral molecules, it is
accelerated byran inerease in the polarity of the medium. Thus,

- both acetic acid and sulpholan closely resemble each other and are
both "slower" solvents than nibroﬁethane. It is not possible to

give more than this qualitative description because of the |
Cdifficulty in assessing the polarity of the medium from its macroscopic

physical properties.

(b) Very small amounts of nitrate ions strongly retard the
zeroth-order rate without modification of the kinetic form. This
is an important observation for it shows that the formatidn of
nitronium ions, which is rate controlling under these cond;tions,
must itself consist of two steps. The first (Eqﬁation 1), providing
nitrate ions, is easily reversible whereas the second (Equation 2) is
poorly reversible, since under zeroth-order conditions the aromatic
substrate traps the nitronium ions as soon as.they are formed. ‘A
pre~equilibrium step must therefore exist and this leads to the
postulation of the separate existence of the nitric acidium ion,

o
Hai‘.O3 .

.(C), Ihe éddition of water has negligible effect on the
zeroth;order rate but the addition of sufficiently large quantities
causes fhe zeroth-order kinetics to be displacedrby first-order
kinetiés. This confirms the suggestion that water is not produced
in the easily reversible first step but in the second sfep, with

the simultaneous production of the electrophilic species.

The final stage in the nitration of aromatics, reaction

of the electrophilic species with the aromatic substrate,is similarly



well understood. 'The accepted theory likewise involves the
postulation of two stages, a slow uvntake of nifronium ion being
followed by rapid transfer of a proton. Since the rate-determining

stép is bimolecular the mechanism is labelied SEE:

H
l\,f02+ + ArH -E-]:L AF( s s asenme 62
NO2
H
+ - '
Ar\ + A fast ., ArNO, + 1A cetecneees 63
NO '

The intermediate cation, the so called Wheland intermediate, is

now well substantiated on theoretical groundsGB.

Thus, through the elegant work of Ingold and his collaborators,
the effectiveness of the nitronium ion mechanism in orgaﬂic solvents

is well established.

3.k, THE MECHANTISM OF NITRATION IN THE MIXED ACID SYSTEM

Surprisingly, no comparable kinetic evidence for the
existence of the nitronium ion mechanism in mixed acid systens,
such as used in the industrial mononitration of aromatics, has been

13

reported ~. This is undoubtedly due to the very low solubilities
of aromatics in aqueous sulphuric and'nitric acid solutions.

Some inveStigators6hhave suggested that nitronium iohsrmay not
exiast in the relatively weak mixed acids normally used for the
nitration of.reactiﬁe aromatics such as toluene, beﬁzene and phenol.

Buntin et al65 considered that the nitrosonium ion, NO+, may be

the active nitrating agent urnder these conditions. The observation
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of the principal kinetic feature of the nitronium ion mechanism
in the nitration of toluene and o-xylene in the range 70-80 per
centlsulphuric acid is of some inmportance, therefore. It confirms
the effectiveness of the ﬁitronium ion as the‘electrophilic species

under commercial nitrating conditions.

The phenomenon of zeroth-order kinetics is obserﬁed at the
limit of observation by the stopped-flow technique in the homogeneous
system and with virtually aaturation concentrations of aromatic in
the acid. The process is promoted by a high reactivity and
solubllity of the aromatic but both factors are severély‘limited.

Thie possibility of obtaining zeroth-order kinetics with benzene as
substrate should be reasonable due to the somewhat higher solubility,
although rather high sulphgric acld strengths would be necessary.
The observation of the ﬁhenomenon with chlorobenzene is less likely
due to its low reactivity. The use of verj reactive substrates

.such as mesitylene is counterbalanced by the effect of encounter
control on the value of k; obtainable and the low solubilities
often encountered. There is a possibility of increasing the

solubility possible by increasing the temperature at which runs

are performed. This might lead to more accurate values of kq.

845, THE INDUSTRIAL NITRATION OF AROMATICS.

The onset of zeroth-order behavioﬁr in tﬁe'homogeneous
systen resulfs in a suppression of the rate of.nitration in the two
phase mixed acid system below that predicted assuming first-order
‘kinetics. This suppression comes on top of the already suppressed
rate of nitration for reactive aromatics, due to'the onset of
encounter control, and accounts for the plant oﬁerating experience

which shows that benzene can be nitrated in a continuous plant

Sl.



13

designed for toluene with only very minor changes in condifions .
Furthe?more, the exact knowledge of the mechanism of nitraticn in

the two phase system allows us to look at earlier work on the

éubjéct in a new light. Preﬁious work on the reaction in miniature
continuous and batch reactors involved the empirical correlation of
rate data due to the lack of any real theoretical model. This

work can now he reassessed in terms of Danckwerts' Surface Renewal
Theory and the nitroniumion mechaniém. In particﬁlar,the extensive
data of McKinley and Whitegfor the nitration of toluene in a continuous
flow system could yield much useful information for future plant

design.

- 8.6.  CONCLUSION.

The anomalous_features_of toluene nitration at high
sulvhuric acid strengths in the stirred reactor and stirred cell
have been accounted for by consideratibn of a'changeover in raté
deternining step in the homogeneous system. This now brings
the results of toluéne obtained by Cox into line with those of
chlorobenzene. Both aromatics may now be suitably treated by
Danckwerts® Theory of Mass Transfer. In this respect an important

aim of this thesis has been achieved.

Nitratioﬁ, despite having been studied from a kinetic
standpoint for the best part of a cenfury, still.remains a rich
source of interest for.thelorganic—physical chemist and chemical
engineer. Throughout the course of this work several points of interest
have been raised conngcted with nitration generally which suggest

further areas of work as follows:
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(a) Additional determinations of the value of k, would
seem desirablg. In perticular, providing accurate values of k1
- could be obtained, it would be of interest to obtain an éstimate
of ﬁhe activation energy for the ionization of mitric acid to
 nitronium ions. Similarly, an acéurate correlation of k1 with

sulphuric acid strength would allow predictions and extrapolations

- of the value of k, to be made at other acid strengths. The values

1

of k1 obtained from kinetic data could be confirmed by means of a
rel#xation technique such as the temperature jump method. This
would involve the sudden displacement of the equilibrium between
nitric acid and nitronium ions. The rate of restoration of the
quilibrium may then be followed and will always obey a first-order
kinétic law from which the relaxation time may be estimated. This

s related to the backward and forward rate coefficients for the

equilibriuvm and may be used to obtain estimates of then.

(b) The problem of simultaneous mononitrﬁtion and
dinitration has received little attention. This is of some
industrial significance since dinitro-products are aﬁ impurity and
should be minimized. HMcKinley and White9 ébserved generally
insignificant amounts of dinitrotoluene in their mononitration
process. However, in two runs appreciable amounts of dinitro-
products were formed éoinciding with rather higher nitric acid
céncentrations_in the acid feed. Since, under these conditions,
~toluene was not observed in tﬁe 6rganic product stream they concluded
that dinitrotoluene is not produéed under steady-state conditions
until the mononitration of toluene is substantially complete. Plant
expefience indicates, however, that substantial dinitration may well

occur at the beginning of the run when the nitric acid concentration
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is at a maximum. This brings into doubt the consequetive nature
of the dinitration process. It would be of interest to esfablish
whether the concentration of‘nitric acid affects the relative
rates of mono and dinitration in a stirred reactor and in fact
whether this relative rate agrees with that p:edicted assuming

the individual rates of nitration of aromatic and mononitroaromatic.

(¢) The study of the side reactions of nitration; particularly
oxidation reactions, has already received attention66. Interest
was orgiinally aroused by the appearance of colours in both organic
and acid phases. Most of the main products of.the reactions have
been identified and a mechanism postulated for their production.
This involves the attack of the aromatic throusgh the oxygen on the
nitronium ion to form an aryl nitrite which further reacts to give
phenols. The evidence for the existence of these aryl nitrites is,
as far as we can see, rather speculative and the mechaﬁism likewise.
Nevertheless, the extent to which oxidation takes place and compates
~ with nitration is of some commercial importance aﬁd is conveniently
moni tored by the rate of formation of nitrous acid which.isfforméd |
in equimolar quantities Qith thé:by—producfs. The ratio of By— o
products to nitroaromatics formed has been detefmined for a numBer
_of arématics but requires further study so that the factors that
affect the relative ease of oxygen and nitrogen attack'of_thé

nitronium ion may be elucidated.

(d) Finally, the effect of a most important parameter, a,
the interfacial area per unit wvolume of acid phase, in the nitration
of arcmatics in stirred reactors, has received little or no interest.
Clearly, fhe optimization of this parameter is important. It would

Ol



thus seem desirable to pbtain a ﬁeasure of this parameter via the
mean drop diameter under a wide variety of conditions in a stirred
reactor. This could be done by means of fast speed cine photography
which would also afford a means by which the production, break-up
and coalescence of drops could be studied. The effect of the
change of organic phase composition, from one of pure substrate

to one of nearly pure mononitrated substrate, on the drop size

might be investigated.



APPENDIX

THE DETERMINATION OF NITRIC ACID IN SULPHURIC ACID BY A

COLORIMETRIC METHOD

SOLUTION OF IRON REAGENT

FeS0y, (NH4)2504.6H20 (20g) dissolved in 100 ml of

10 per cent (V/V) aqueous sulphuric azid and filtered.

PROCEDURE

A 0.1 ml quantity of the spent acld was pipetted into 1.0ml
of distilled water in a 25 @l conical flask. This was cooled
in an ice bath and 1.0ml of the iron reageht run in followed by
12.5 ml of 5:1 (V/V) sulphuric acid with swirlins ard cooling.
The latter was added slbwly at first s0 as nrot to let the
temperature exceed 2508. A vine red colour deéveloped which was
. stable up to 20 minutes. The absorbance was measured at 515nm,
as soon as possible after the addition of the acid, against a 5:1
sulphufic zcid blank. Figure 28 shows a plot of absorbance versus
timé for a number of standard solutions of nitric acid in ca.70
per cent sulphuric acid. A linear correlation was observed up to
0.56 mol 1_1 nitric acid, the concentration at which the stirred

cell runs were performed.
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