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Abstract 

Aromatic nitration by mixed acid was selected as a specific case of heterogeneous liquid-liquid reaction. An extensive 
experimental programme was followed using adiabatic and heat flow calorimetry and pilot reactor experiments, supported by 
chemical analysis. A series of nitration experiments was carried out to study the influence of different initial and operating 
conditions, such as temperature, stirring speed, feed rate and sulphuric acid concentration. In parallel, a mathematical model to 
predict the overall conversion rate was developed. In this paper, the mathematical modelling, implementation and experimental 
validation for mononitrations of benzene, toluene and chlorobenzene in the mass transfer controlled regime of fast liquid-liquid 
reactions are presented and discussed. 
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1. Introduction 

Despite the fact that aromatic nitration in mixed acid 
was one of the earliest unit processes to be operated on 
a large scale (when the heavy organic chemical industry 
started its development by the end of the last century), 
many questions remain to be answered, particularly in 
discontinuous reactors. The dynamic behaviour of aro- 
matic nitrations in semibatch processes involves a con- 
siderable number of problems, because in these 
heterogeneous liquid-liquid dispersions chemical reac- 
tion and mass transfer phenomena occur simulta- 
neously. Furthermore, as the nitration proceeds, the 
acid phase composition varies and the observed second- 
order rate constant decreases appreciably [l]. 

In previous work [2], the mechanistic aspects of 
homogeneous aromatic nitrations were studied to check 
their validity under heterogeneous conditions and with 
high nitric acid concentrations. To that end, the slow 
liquid-liquid reaction regime was chosen. In such a 
regime, i.e. low sulphuric acid strengths, the rate of 
mass transfer is not enhanced by reaction and the 
reactions proceed in the bulk of the reaction phase, not 
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in the boundary layer. 
As we increase the sulphuric acid strength, the nitra- 

tion rate constant increases and the heterogeneous sys- 
tem enters into the fast regime. In this situation, the 
rate of reaction is affected not only by the physical and 
chemicai characteristics of the system, but also by the 
mechanical features of the equipment [3]. The former 
includes the viscosities and densities of the phases, 
interfacial surface properties, diffusion coefficients, dis- 
tribution coefficients of reagents and products between 
phases and chemical reaction constants. The latter in- 
cludes, for example, the type and diameter of the 
impeller, the vessel geometry, the flow rate of each 
phase and the rotational speed of the impeller. Further- 
more, dispersion phenomena such as the coalescence 
and breakage of droplets, the drop size distribution and 
phase inversion phenomena will affect the extent of 
conversion and the selectivity of the reactions [4], 

To take into account such parameters, experiments 
have been performed to characterize separately their 
influence, when possible. The interfacial area for our 
equipment was characterized using a similar non-reac- 
tive system [5]. Furthermore, nitration experiments on 



92 J.M. Zaldivar et al. / Chemical Engineering and Processing 35 (1996) 91-105 

benzene, toluene and chlorobenzene in the fast regime 
were carried out to compare with the model predic- 
tions. The model employed, based on the effective 
interfacial area between the two liquids and the descrip- 
tion of mass transfer with reaction using the film 
model, is the most common approach. Theoretical 
model predictions were compared with the experimental 
results and the effect of the different parameters is 
discussed. From the comparisons between model and 
experimental results, it can be concluded that it is 
possible to extrapolate data from homogeneous nitra- 
tion experiments to heterogeneous systems and to inter- 
pret the dynamic behaviour of discontinuous nitration 
processes of benzene, toluene and chlorobenzene in 
different reaction regimes. 

2. Interfacial area measurement and estimation 

The effective interfacial area is an important parame- 
ter which determines the efficiency and capacity of 
agitated liquid-liquid contactors; it is normally evalu- 
ated by the expression 

66, 
a=- 

d 32 
(1) 

where &d is the fraction of the dispersed phase and d32 is 
the Sauter mean diameter which can be computed as 

where n, is the number of droplets with a diameter die 
The Sauter mean diameter cannot be evaluated through 
a simple analysis. Therefore it is customary to evaluate 
the maximum stable diameter d,,, encountered in the 
impeller zone of the vessel and to multiply it by an 
empirical factor to obtain d32 [6]. 

A liquid-liquid dispersion formed in an agitated 
vessel is characterized by a dynamic equilibrium be- 
tween drop breakup and coalescence. The droplet size 
distribution and the interfacial area depend on the 
conditions of agitation and the physical properties of 
the system. The microscopic phenomena occurring in 
an agitated vessel are extremely complex. The exact 
mechanism of coalescence and breakage in systems of 
droplets is generally not very well understood [7]. 
Drops are believed to be broken up in regions of high 
shear stress near the agitator blades or due to turbulent 
velocity and pressure variations along the surface of a 
single drop. Coalescence occurs when drops collide and 
the collision happens to be “efficient”, i.e. the ampli- 
tude of the fluctuation is high enough to overcome the 
resistance of the liquid film separating the drops. 

A fairly extensive literature exists with regard to the 
average drop size obtained in dispersions. Semiempiri- 
cal correlations are based on the local isotropy concept 
of Kolmogorov [8], who proposed that the breakup of 
a drop occurs when the ratio of the inertial stress to the 
stress due to interfacial tension exceeds a critical value. 
Kolmogorov’s [8] expression for d,,, is 

d max -= 
4 

clWe-0.6 (3) 

where We is the Weber number of the main flow, 
defined as 

We = ~0: 
CT (4) 

This expression cannot be used when the dispersed 
phase hold-up is larger than 0.05 or when the dispersed 
phase is viscous, because the deformation rate is ne- 
glected. To take into account these restrictions, various 
expressions to calculate d,,, or d3132 have been proposed 
[9,10]. The general form of the correlations is 

d 
2 = A f(&d)We - 0.6 

(5) 

where f(&d) normally represents a linear correlation of 
the volume fraction of the dispersed phase 

f(&d) = 1 + BEd (6) 

The constant B in Eq. (6) can vary between 2.0 and 
9.0 for dispersions where &d < 0.2 [lo]. In a recent study, 
Brooks and Richmond [ll] showed that correlations of 
this type will become very inaccurate for &d > 0.3 and 
that the theoretical correlation developed by Delichat- 
sios and Probstein [12] should be used instead. In this 
case, the function of the dispersed phase volumetric 
fraction f(&d) is 

feed) = [ 1n(c;n-+;cd)]-3’5 

where c2 = 0.011 is a constant related to the cut-off 
velocity in the gaussian probability function and c3 is a 
constant proportional to the ratio of coalescence to 
breakup coefficients. c3 allows for differences in collision 
efficiencies in different systems. The value of c3 must be 
determined empirically and will differ from system to 
system; however, it should be of the order of 1.0. 

The first objective of this work is to estimate the 
values of the interfacial area at conditions similar to 
those encountered during semibatch aromatic nitration 
experiments and to find a suitable correlation to predict 
the interfacial area for the bench-scale reactor in which 
nitrations are carried out. 

2.1. Determination by the chemical method. Theory 

Numerous methods have been developed for the 
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determination of the interfacial area. A few physical 
methods have been employed, such as optical tech- 
niques, e.g. light scattering or reflection, and photo- 
graphic or conductivity methods [13]. In all of these 
methods, a local value of the interfacial area is deter- 
mined. 

Since its introduction, the chemical method devel- 
oped by Westerterp et al. [14] has been widely used to 
determine the interfacial area in both gas-liquid and 
liquid-liquid systems. The application to liquid-liquid 
systems is based on the chemically enhanced extraction 
of reactant A from liquid phase Ll to liquid phase L2, 
in which an irreversible reaction takes place with reac- 
tant B which does not penetrate into phase Ll (see Fig. 
1). I 

According to the Danckwerts penetration model, the 
general equation for the molar flux of component A is 

JA = kL2Jm[mCi1 - (Ci2/(l + Ha2>)] 

1 + K&*$Tm/k*l 
(8) 

For a second-order reaction, the consumption rate of 
component A is given as 

r=k,,CBCfi2 (9) 

and the Hatta number is equal to 

Eq. (8) can be simplified at constant C, over the film 
giving 

JA = C:a = C:‘rn& (11) 

when the following conditions hold: 
(1) The reaction is sufficiently fast to consume all A in 

the film, so that the concentration C, in the bulk of 
phase L2 equals zero. 

(2) The solubility of A in phase L2 is very low, so that 
mass transfer limitations in phase Ll can be ne- 
glected and the concentration of A at the interphase 

PHASE Ll PHASE L2 
I I ’ 
I I 
I cB 

Ck’ 

I 

t h--a I 

I I 

I I 

I I$ I 

Interface 

Fig. 1. Concentration profiles for chemically enhanced extraction. 

(3) 

(4) 

Ha 

equals Cz = mCi’. 
Practically no depletion of component B is ob- 
served, so that C, is approximately constant and 
the pseudo-first-order reaction rate constant can be 
assumed to be k = k,,,C,. 
The reaction is so fast that the following relation 
holds: 

=JcTmi WA,? =- 
k L2 k L2 

Under the above listed conditions, according to Eq. 
(11) the extraction flux JA is a unique function of the 
physicochemical properties of the system and indepen- 
dent of the hydrodynamic conditions. Hence the term 
m J (kD,) in Eq. (11) can be determined separately in a 
liquid-liquid contactor with a well-known interfacial 
area, e.g. in a stirred cell. Then the effective interfacial 
area in any liquid-liquid stirred system can be deter- 
mined if the same conditions are valid in such a system. 

In this work, the extraction of diisobutylene (DIB) 
from a toluene solution into aqueous sulphuric acid has 
been chosen to measure the interfacial area, as recom- 
mended by Sankholkar and Sharma [15], because the 
physicochemical properties of the chosen system are 
expected to be very similar to toluene mononitration 
and other nitrations of aromatic compounds. 

2.2. Expesimental determination by the chemical 
method 

As a small modification, we used an isomeric mixture’ 
containing 2,4,4-trimethyl-I-pentene (DIB-1) and 2,4,4- 
trimethyl-2-pentene (DIB-2) in our experiments instead 
of the pure DIB-2 isomer used by Sankholkar and 
Sharma [15]. A pure grade isomeric mixture of DIB-1 
and DIB-2 with a ratio of 3:l supplied by Fluka was 
used in all the experiments. Preliminary tests indicated 
that the specific extraction rate of DIB-2 from the 
isomeric mixture was only around 6% higher than that 
measured for pure DIB-2 under the same conditions by 
Sankholkar and Sharma [15]. It was also found that the 
DIB-1 isomer reacts in a similar way to DIB-2, and the 
ratio of the characteristic terms m,t:/(k,D,,) for DIB-1 
and DIB-2 respectively equals 0.703 for a 77 wt.% 
solution of sulphuric acid; therefore, in all experiments, 
the effective interfacial area could be determined fol- 
lowing the concentration decrease of DIB-1 or DIB-2 
separately as well as the total concentration of DIB in 
the organic phase. 

Analysis of DIB in the organic phase was performed 
with a Carlo Erba Instruments GC 6000 Vega Series 
gas chromatograph equipped with 15 m of a 0.3 mm 
fused silica capillary column with the so-called station- 
ary phase SE 52. A Kriiss interfacial tensiometer K8 
was used to measure (by the ring method) the inter- 
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Table 1 
Characteristics of the equipment 

Vessel Diameter Height 
T (mm) H (mm) 

Volume 
v (1) 

Agitator 
type 

Impeller diameter 
4 (mm) 

Impeller speed 
4 @-‘I 

Stirred cell (SC) 35 100 0.1 TBSP” 30 l-2 
Reactor (RCl) 115 200 2.0 FB45IP” 59 6.6-13.3 

“TBSP, two-bladed straight paddle, unbaffled; FB45IP, four-bladed 45” inclined paddle, unbaffled. 

facial tension between the organic phase and the sul- 
phuric acid solution. An average value of 18.75 mN 
m -’ was obtained at 308.2 K. Experiments were per- 
formed in a stirred cell and in an RCl reactor calorime- 
ter; the characteristics of the equipment are given in 
Table 1 I All experiments were carried out under isother- 
mal conditions at 308.2 K. 

2.2.1. Determination of md(kD,) in’ stirred cell 
measurements 

The organic phase containing 7 mol.% of a DIB 
isomeric mixture in toluene was contacted in the stirred 
cell with a known interfacial area of F,, = 0.9 x 10m3 
m2 with a 77 wt.% aqueous solution of sulphuric acid. 
To follow the concentration decrease of DIB in the 
organic phase in a reasonable time, the volume of the 
organic phase was always as small as 3.3 ml, while the 
volume of the sulphuric acid solution was 25 ml. Only 
the aqueous phase in the bottom part was continuously 
stirred to renew the interface without a pronounced 
vortex, The stirring rate was varied in the different 
experiments, samples of the organic phase with a vol- 
ume of about 2-3 ~1 were taken and the concentration 
changes were followed by chromatographic analysis of 
the organic phase composition. 

The mass balance for DIB in the organic phase can 
be written as follows 

After integration of Eq. (12), we can express the 
concentration of DIB in the organic phase in relation to 
toluene as a function of time 

(13) 

Limitations of the assumed quasi-steady state and of 
the application of Eq. (11) for interfacial area measure- 
ments are discussed in Appendix B. 

Typical plots obtained from measurements in the 
stirred cell for DIB-1 and DIB-2 as well as for the 
isomeric mixture are shown in Fig. 2. The straight line 
relationships indicate that the isomeric mixture of DIB 
can be used for interfacial area measurements and that 
the mJ(kD,) value determined for the total concentra- 
tion of DIB is a weighted average of the individual 

values of m,/(kD ) obtained for the DIB-1 and DIB-2 
isomers. The m ,P (kD,) values obtained from the mea- 
surements performed in the stirred cell are shown in 
Table 2. For control purposes, two similar experiments 
were performed in the RC1 reactor and are listed in 
Table 2. We can conclude that the md(kD,) values do 
not depend on the stirrer speed or the vessel geometry. 
This indicates that the assumption about the absence of 
mass transfer resistances in the organic phase holds, 
because of the low solubility of DIB in the aqueous 
phase. According to Sankholkar and Sharma [15] the 
solubility of DIB in water is of the order of 10 -5 kmol 
rnw3 at 303.2 K. 

2.2.2. Interfacial area measwements in semibatch 
systems 

The purpose of this study was to check whether the 
correlations for droplet diameters, determined batch- 
wise and at low dispersed phase volumetric fractions, 
may be applied in semibatch reactors. 

A series of experiments was performed in a bench- 
scale RCl reactor at three different agitator speeds. In 
each experiment, two periods can be distinguished: the 
semibatch period in which the acid phase is added 
continuously to the reactor containing initially only the 
organic phase; the batch period in which the reaction 
continues in the dispersion after stopping the addition 
of acid. The temperature of the reactor contents is kept 

lo00 

IO.3 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

time (s) x 10.’ 

Fig. 2. Individual and total concentrations of diisobutylenes vs. time 
measured during a stirred cell experiment. 
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Table 2 
Values of md(kD,) obtained in a stirred cell and in an RCl reactor 
(T= 308.2 K; 77 wt.% sulphuric acid; 7 mol.% DIB isomeric mixture 
(DIB-1 to DIB-2, 3 : 1) 

Run Vessel 4 (s-‘1 mJ(kD,) x IO9 (m s-‘) 

IFAl SC 0.93 12.6 
IFA SC 1.70 14.7 
IFA SC 1.33 12.1 
IFA SC 1.38 14.9 
IFAS RCl 0.83 13.1 
IFA RCl 0.83 14.7 

Average value taken for calculations, M,/(/cD,) x 10m9 m s-‘. 

constant during the experiments. Liquid samples of a 
volume of l-2 ml were taken during both the semi- 
batch and batch periods to follow the progress of the 
reaction. 

In the batch period, according to Eq. (13), the slope 
K of a line plotted in the ln(C,/&) vs. time domain 
equaIs 

I,(- _ FM& 
VO 

The effective interfacial area F in the vessel can be 
determined knowing the organic phase volume V, as 
well as the previously determined value of mJ(kD,). 
The interfacial area a related to the total volume V, 
of the dispersion at the end of acid addition can be 
calculated as follows 

F F 

.=lm= v,+v, 
(15) 

In the semibatch period, the sulphuric acid solution 
of 77 wt.% is added continuously, with a constant feed 
rate qa, into the reactor filled at the start with the 
organic phase (consisting of the isomeric mixture of 
DIB and toluene), i.e. the conditions during semibatch 
nitrations were reproduced. The effective interfacial 
area and the mean droplet diameter can be determined 
as a function of the reaction time and the volume 
fraction of the dispersed phase in the dispersion cd, 

Assuming ideal mixing and the absence of segrega- 
tion, i.e. immediate homogenization of the freshly 
added amount of acid solution, the mass balance of 
DIB in the organic phase can be written as 

v dC, - = - F(t)J* 
’ dt 

where the specific extraction rate per unit of surface 
area JA is expressed as in Eq. (11). Also, in this case, 
the conditions for mass transfer with a fast pseudo- 
first-order reaction are expected to hold (see Appendix 
B). Assuming additionally that the average droplet size 
equals the Sauter diameter, we can introduce 

Nat 
F(t) = - 

42(t) 
(17) 

where t is the time measured from the start of acid 
a’ddition. 

Supposing that the organic continuous 
ume does not change and the acid phase 
constant rate, we obtain after integration 

Since the physicochemical properties of the system 

phase vol- 
is fed at a 

(18) 

and the stirrer speed can be assumed to be approxi- 
mately constant during an experiment, the Weber 
number will also be constant. Furthermore, if d32 is 
given by 

d3* = Af(&,)We-0.6D, (19) 

we can calculate the constants for our system. Two 
types of correlation to estimate the interfacial area in 
semibatch systems have been considered. 
(1) A linear correlation (see Eq. (6)) which is based on 

the assumption that the linear correlation for d32, as 
a function of the volume fraction of the dispersed 
phase obtained in batch or continuous flow sys- 
tems, can also be applied in semibatch systems; 
only the values of constants A and B must be fitted. 

(2) The correlation of Delichatsios and Probstein [12] 
(see Eq. (7)) in which A and c3 must be fitted. 

For the first method, introducing Eq. (19) into Eq. 
(18), we obtain the following integral 

1 f 
AD We-0.6 s 

vclt+9at2 dt 
o V, + qa(l + B)t (20) 

a 

which can be calculated analytically. The unknown 
constants A and B can be found with non-linear regres- 
sion, fitting the analytical expression to the experimen- 
tal data. The calculations indicated that, due to the 
form of Eq. (20) and the scatter of the experimental 
data, the quality of the fit was independent of the value 
of B in the range 1 < B < 10. Therefore a value of B = 2 
was taken arbitrarily, in accordance with the correla- 
tion of Okufi et al. [16]; for A, an optimal value of 
0.3512 was obtained. The experimental and calculated 
values are shown in Fig. 3. 

In the second case, the integral expression is more 
complex (see Eq. (21)) and does not have an analytical 
solution. However, it can be solved numerically, and 
the unknown constants can be fitted using non-linear 
regression techniques. The values obtained in this case 
were A = 0.3029 and c3 = 0.63563 (see Fig. 4). 

s * t -dt = 
1 

o 42(t) AD,We -“.aln(~J3/5 

x l[ln(c,+ *)pt (21) 
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Fig. 3. Concentrations of DIB measured in a bench-scale RCl reactor 
in semibatch and batch modes: experimental points and lines calcu- 
lated using Eqs. (18) and (20). The experiments were performed at 
different stirrer speeds: 6.7, 10.0 and 13.3 rev s- ‘. 

Both equations produce similar errors. In fact, the 
interfacial area calculated at N, = 13.3 s - ’ using Eqs. 
(5) and (6) shows that both correlations produce similar 
results up to a, < 0.6 (see Fig. 5). 

The correlation obtained for the system toluene-DIB 
and 77 wt.% sulphuric acid has been used to predict the 
interfacial area during aromatic nitrations using the 
correlations developed for the estimation of the interfa- 
cial tension (see Appendix D). 

3. Overall conversion rate for fast nitration regime 

Benzene, toluene and chlorobenzene nitrations under 
normal industrial conditions, typically with 15 mol.% 
HN03, 30 mol.% H2S04 and 55 mol.% H,O, occur in a 

W I I 
0 2ooo 4m 6ooO 8@39 loo00 12m 

time(s) 

Fig. 4. Concentrations of DIB measured in a bench-scale RCl reactor 
in semibatch and batch modes: experimental points and lines calcu- 
lated using Eqs. (18) and (21). The experiments were performed at 
different stirrer speeds: 6.7, 10.0 and 13.3 rev s-i. 

Fig. 5. Calculated interfacial areas (Eq. (19)) at 13.3 rev s-l for the 
system DIB-toluene-77wt.%sulphuric acid using fitted parameters 
for the linear correlation (Eq. (6)) and the correlation of Delichatsios 
and Probstein 1121 (Eq. (7)). 

two-phase system in which the organic phase is con- 
tacted with the mixed acid by agitation. Under these 
conditions, as has been confirmed by Schofield [I], the 
reaction in the organic phase is negligible and the 
nitronium ion mechanism is applicable. 

In order to develop an overall conversion expression, 
the following assumptions were made. 
(1) Negligible mass transfer resistance in the organic 

phase [3] if 

k 
2 >> 1 
k,,mE 

(22) 

In view of the low solubility of the studied aromatic 
compounds in mixed acid with rn x (O-2- 
0.4) x 10s3, and the similar order of magnitude of 
the mass transfer coefficients in the organic and 
acid phases [17], the enhancement factor E should 
be of the order of lo3 to make this assumption 
invalid. So, in approaching the regime of instanta- 
neous reactions, the resistance in the organic phase 
will be relevant. 

(2) The Hinterland ratio A 1 is much greater than 
unity. Al is the ratio of the bulk volume to the film 
volume in the reaction phase. For the case of 
reaction in the dispersed phase, Al can be ex- 
pressed as 

The evaluation of this ratio can be done by using 
the correlation of Kronig and Brink [18] for the 
dispersed phase mass transfer coefficient (see Ap- 
pendix C for derivation) 

k L2zkd= 
17.9DirH 

n 32 
(24) 
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Replacing Eq. (24) into Eq. (23) gives a Hinterland 
ratio of 6.3. The main problem of a small Hinter- 
land coefficient is that film theory assumes a con- 
stant C&o, at x = 6. For small values of A 1 and at 
high conversions of nitric acid, deviation may be 
expected due to the depletion of nitric acid concen- 
tration, e.g. in the centre of a drop. However, 
according to a numerical analysis carried out by 
Brunson and Wellek [19], even though the Hinter- 
land ratio is relatively small, if the fluid sphere is a 
liquid, the film theory may be used with confidence, 
and the effect of the depletion of the reactant 
initially in the dispersed phase, i.e. nitric acid, can 
be neglected. This is due to the fact that, in liquid 
drops, the depth of penetration is generally small 
compared with the diameter, so that deviations are 
also small. 

These assumptions being valid, the general approxi- 
mated solution [3] for an irreversible nitration of order 
(1,l) is 

JA~H = kdk&m (25) 

where the enhancement factor EArHO can be calculated 
by trial and error from 

E ArHO= 
HaJ(EArHm - EArHOWArHm - 1) 

tanh HaJ(EArH, - EArHOWArHco - 1) 

( 
c L2 

x l- ArH 

C ArH i2 cash Ha (EA~H~ - EA~HO)/(EA~H~ - 1 1 

&, 

The Hatta number Ha is defined as 

Ha= JW 
k L2 

(27) 

E ArHm> the maximum possible enhancement factor for 
instantaneous reactions, is given by 

E ArHm=l+Dy3~~3 (28) 
ArH ArH 

Three limiting solutions can be obtained [3]. 
(1) Slow liquid-liquid reactions. In this case, the rate 

of mass transfer is not enhanced by the reaction 
occurring, and the reaction mainly proceeds in the 
bulk of the reaction phase, i.e. 

JA~H =kLz(C:rH - ck:H) (29) 

For such situations, it must be checked that the 
condition Ha < 0.3 holds in the reactor and that the 
concentration drop over the film of the component 
transferred is less than 5%, or Ck:n/C&n > 0.95 
[20]. In this case, the overall conversion rate expres- 
sion is 

R=E kCL2 CL2 L2 2 ArH HN03 (30) 

(2) Fast liquid-liquid reactions with Ha > 2. In this 
case, the rate of mass transfer is enhanced by the 
reaction, and the bulk of the acid phase in which 
the reaction takes place is no longer important, i.e. 
the concentration of the aromatic component trans- 
ferred into the acid phase becomes negligible. If 
2 <H~((DHNo~CH,O,IDA,HC~H holds, then 
E = Ha and the conversion rate becomes 

(3) 

R = ak,,EC~,, = a~~~~,H (31) 

Hence JArH is no longer dependent on the mass 
transfer coefficient. When Ha is not much smaller 
than D n~o~Cn~o~/D~~nC~~n, diffusion limitation Of 

HNO, occurs and the enhancement factor must be 
calculated by iteration using Eq. (26). Since in the 
cases studied A 1Ha2 >> 1, the approximation 
CL2 &H Z 0 holds. 
Instantaneous liquid-liquid reactions. The reaction 
rate is so high that the aromatic compound and the 
nitronium ion do not occur simultaneously at the 
same place, and the reaction zone reduces to a 
plane in the boundary layer of the reaction phase. 
Here 

R = iZkL2EArHo3C& (32) 

In this case, the concentration drop in the non-reac- 
tion phase becomes important if EhHco approxi- 
mates to high values, i.e. 103-104; under such 
circumstances, the assumptions derived previously 
are no longer valid. 

By modifying the sulphuric acid strength, it is possi- 
ble to work in different regimes. Moreover, in a semi- 
batch process, the regime of nitration may change from 
mass transfer control to chemical control; in a di- or 
tri-nitration process, the aromatic ring will be deacti- 
vated by the introduction of the nitro group and, as a 
consequence, the regime may change. 

4. Experimental study: model verification using reaction 
calorimetry 

In this work, the regime of fast liquid-liquid reac- 
tions was studied in a reaction calorimeter (RCl). This 
apparatus provides an accurate measurement of the 
heat removal from the reactor which, through a heat 
balance, is used to determine the rate of heat generation 
in the reaction mass and hence the rate of conversion. 
The precision of this calorimetric evaluation [21] de- 
pends on the correct representation of all the secondary 
heat effects, such as heat losses, stirring power supply, 
heat taken up by reactor wall and dilution heat (see 
Ref. [22]). Here, the heat of dilution, which plays an 
important role in the total heat generated during nitra- 
tion, has been evaluated using a model developed in 
previous work [23]. Furthermore, the selectivity and 
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Isothermal nitration experiments in the mass transfer regime: operating and initial conditions 

Compounds Temperature x n, Feeding time 
6) (wt.%) (s-9 00 

Benzene, toluene and chlorobenzene 298.2-318.2 70-80 6.67-13.3 2-4 

yields were directly determined from concentration 
measurements by gas chromatography [24] and then 
compared with the reaction rate determined by calori- 
metric measurements [25]. Hence two independent ex- 
periments, based on calorimetric determination and 
chemical analysis, were employed to obtain the experi- 
mental values of the conversion rates. 

The slow liquid-liquid reaction regime was studied 
in previous work [2], and it takes place when low 
sulphuric acid strengths, i.e. below 60 wt.% H,SO,, are 
used. 

The experiments in the reaction calorimeter were 
carried out in such a way as to ensure that the overall 
reaction rate was mass transfer controlled, at least 
during the first part of the reaction. These conditions 
were achieved by operating in a semibatch mode and by 
using mixed acid with a high sulphuric acid strength of 
70-80 wt.% in water. The operating conditions are 
summarized in Table 3. In all the reported experiments, 
the mixed acid was added to the aromatic compound 
and hence the acid formed the dispersed phase. Phase 
inversion was not observed during these experiments 
VW 

toluene nitration experiments. The instantaneous reac- 
tion rate (no accumulation of nitric acid in the reactor) 
is also plotted. The mixed acid of sulphuric acid 
strength x = 78.9 wt.% was added in 2 h. The stirrer 
speed was 6.67 s-r. As can be observed, as the temper- 
ature increases, the behaviour of the nitration rate 
closely approaches an instantaneous reaction, which 
decreases as the volume increases. Even for the experi- 
ment at 308.2 K (Fig. 8(c)), which during the intermedi- 
ate period is practically limited by the feed rate, there is 
always an initial accumulation of nitric acid (see Fig. 
8(d)); this accumulation becomes more important as the 
temperature decreases, reaching values which, under 
adiabatic conditions, i.e. a cooling system failure, could 
produce temperature increases higher than 70 K. 

4.2. Benzene mononitration experiments 

4.1. Toluene mononitration experiments 

A series of toluene mononitration experiments was 
carried out in the RCl reaction calorimeter to study the 
influence on the overall conversion rate of operating 
and initial conditions, such as the temperature, stirrer 
speed, feed rate and sulphuric acid strength. 

A series of benzene nitration experiments was carried 
out in the RCl reactor to study this reaction, Fig. 9 
shows the experimental and simulated conversions for 
benzene and nitrobenzene during two experiments for 
different mixed acid compositions. The simulated accu- 
mulation of nitric acid is also shown, At a strength of 
75.0 wt.% of sulphuric acid, the maximum accumula- 
tion, which occurs at the end of the addition period, is 
1.1 mol, whereas in the experiment with an acid 
strength of 72.0 wt.%, the accumulation increases up to 
1.7 mol. In both experiments, the mixed acid was added 

Fig. 6 shows the calculated .and simulated reaction 
rates as a function of the sulphuric acid strength, 
whereas in Fig. 7, the measured and simulated concen- 
tration-time profiles for o-mononitrotoluene (o-MNT), 
p-mononitrotoluene (p-MNT) and m-mononitro- 
toluene (m-MNT) are shown, The instantaneous reac- 
tion rate (no accumulation of nitric acid in the reactor) 
is also plotted. Mixed acids of different sulphuric acid 
strengths, i.e. x = 74.8, 72.4 and 70.2 wt.%, were added 
in 4 h. The reactor temperature and stirrer speed were 
308.2 K and 6.67 s- l respectively. The slow start of the 
reaction and the initial accumulation of nitric acid are 
caused by the relatively high solubility of nitric acid in 
the organic phase. This nitric acid is not available for 
nitration as the reaction takes place in the acid phase. 

time(s) x 10m3 

0 5 10 15 20 
time (s) x 1V3 

Fig. 8 shows the calculated and simulated conversion 
rates as a function of temperature for three semibatch 

Fig. 6. Experimental (dotted line) and simulated (broken line) conver- 
sion rates (mol 1 - ’ s - ‘) for semibatch toluene mononitrations. 
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Fig. 7. Experimental and simulated conversions for semibatch toluene 
mononitrations: (a) X= 74.8 wt.%; (b) x= 72.4 wt.%; (c) x = 70.6 
wt.%. 

relation between the diffusion coefficients of benzene 
and toluene at 298 K is 1:O.g. The relationship between 
the Sauter mean diameter for benzene and toluene in 
similar conditions is 1:0.96, which implies that benzene 
droplets (in the case of the dispersed organic phase) will 
be smaller and the interfacial area will be slightly 
higher. 

in 2 h, and the reactor temperature and stirrer speed 
were 303.2 K and 8.33 s-l respectively. 

4.3. Chlorobenzene mononitration experiments 

Under industrial conditions, the nitration rates of A chlorobenzene nitration experiment was carried 
benzene and toluene are of a similar magnitude, out in the RCl reactor to study the reaction. Mixed 
whereas, in homogeneous conditions, the relation be- acid with a sulphuric acid strength of 77.9 wt.% was 
tween the observed second-order reaction rates is (at a added in 2 h, and the reactor temperature and stirrer 
sulphuric acid strength of 70.0 wt.%) approximately speed were 313.2 K and 6.67 s- ’ respectively. Fig. 10 
1:8.5. This is due to a combination of different factors shows the experimental and simulated conversions for 
which affect the overall conversion rate. The most chlorobenzene and nitrochlorobenzenes. As can be ob- 
important is the difference in solubility, e.g. the relation served, no meta isomer was found experimentally in the 
at 298 K in sulphuric acid (70.0 wt.%) is 1:0.33. More- gas chromatographic analysis. In this case, nitric acid 
over, the change in the physical and transport proper- accumulation is higher than for benzene, although the 
ties of the reaction mixture influences the interfacial reactor temperature and sulphuric acid strengths were 
area, mass transfer and diffusion coefficients, e.g. the higher. 

a/ 
time(s) x lo3 

x10-3 
I I 

cl 
time (5) x 10e3 

0 5 10 15 20 

bl 
time (s) x 10e3 

Fig. 8. Experimental and simulated conversion rates (mol 1 - ’ s - ‘) 
for semibatch toluene mononitrations: (a) T= 288 K; (b) T= 298 K; 
(c) T= 308 K. (d) Experimental and simulated nitric acid accumula- 
tion during the experiments. 

0 5 10 15 20 

8 

0 
0 5 10 15 20 

time.(s) x 10e3 
b/ 

i 

time (s) x 1O-3 
a, 

Fig. 9. Experimental and simulated conversions for benzene and 
nitrobenzene during semibatch nitrations: (a) x= 75.0 wt.%; (b) 
x = 72.0 wt.%. 

5. Discussion and conclusions 

The model employed, based on the effective interfa- 
cial area between two liquids and the description of 
mass transfer with reaction using the film model, is the 

320,. 6 

0 5 10 15 

time(s) x 10J 

a/ bl 

Fig. 10. Experimental and simulated temperatures and conversions 
for chlorobenzene and mononitrochlorobenzenes during semibatch 
nitration: (a) reactor and jacket temperatures; (b) conversions of 
chlorobenzene, o-nitrochlorobenzene (o-CNB) and p-nitrochloroben- 
zene @-CNB). 
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simplest approach. Due to the complexity and non-ide- 
alities of the mixtures studied, and the data available, 
this model is adequate. The results indicate that the 
nitration of benzene, toluene and chlorobenzene at 
H2S04 strengths of 70-80 wt.%, temperatures between 
298.2 and 318.2 K and in the bench-scale reactor occurs 
in the fast reaction regime. Under these conditions, the 
mass transfer rate does not influence directly the overall 
conversion; the conversion is affected by the interfacial 
area, the distribution coefficients and the Hatta num- 
ber. 

The correlations obtained for the system toluene- 
DIB-77wt.%sulphuric acid have been used to predict 
the interfacial area during aromatic nitrations. The 
effective interfacial areas determined in semibatch ex- 
periments indicate that the literature correlations can be 
used, although the constants deviate. This is probably 
caused by the specific properties of the system investi- 
gated here (strongly coalescing dispersion), the absence 
of baffles in the RCl reactor and the type of impeller 
installed, in comparison with the regions investigated in 
the literature, i.e. close to the impeller and at low 
dispersed phase volume fractions. The correlations pro- 
duce droplet diameters between 0.3 and 0.8 mm, with 
effective interfacial areas similar to those found by 
Fernandez and Sharma [27] during an investigation of 
the two-phase alkaline hydrolysis of 2-ethylhexyl for- 
mate in 2 M NaOH solution. 

The distribution coefficients of aromatic compounds 
limit the maximum possible concentration in the acid 
reaction phase. The low solubility of the aromatic 
compounds studied (with mArH x IO-“) allows the mass 
transfer resistance in the non-reactive phase to be ne- 
glected (it becomes important for mHa > 0.1, i.e. for 
more reactive or more soluble aromatics, or at high 
sulphuric acid strengths at which the instantaneous 
reaction regime occurs). Moreover, nitric acid accumu- 
lation is due to these low values of mArH. Danger of 
accumulation is imminent if the conversion rate is lower 
than the molar feed rate per unit volume. Evaluation 
for typical parameter values yields the following crite- 
rion for the occurrence of accumulation in our reactor: 
aVmHa < 2 [28]. These conditions hold in some of the 
experiments and can be observed, for example, in Figs. 
8 and 9. Finally, another important value is the distri- 
bution coefficient of the nitric acid dissolved in the 
aromatic phase. This nitric acid cannot change into 
nitronium ion NO,f (the nitrating agent) and hence is 
not available for nitration. 
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Appendix A: Nomenclature 

1 
Al 
B 
c 
d 
d 
b’ 

03 
E 
F 
Ha 
JA 
h 
k 191 
k 
m 
N, 

t 
t 
ut 
V 
We 
x 

interfacial area (m* m - 3, 
constant, see Eq. (5) 
Hinterland ratio, see Eq. (23) 
constant, see Eq. (6) 
concentration (mol I- ‘) 
droplet diameter (m) 
Sauter mean diameter of droplets (m) 
diffusion coefficient (m” s - ‘) 
impeller diameter (m) 
enhancement factor 
surface area (m’) 
Hatta number 
molar flux (mol m-* s- ‘) 
mass transfer coefficient (m s - ‘) 
second-order kinetic constant (1 mol- * s- *) 
pseudo-first-order kinetic constant (s- ‘) 
distribution coefficient, m = C&JC& 
impeller speed (rev s - ‘) 
acid addition rate (m3 s - ‘) 
overall conversion rate (mol 1 - l s - ‘) 
time (s) 
terminal velocity (m s - ‘) 
volume (m’) 
Weber number 
sulphuric acid strength 

Greek letters 

Y surface tension (N m - ‘) 
6 film thickness 
& ratio 
&d dispersed phase volume fraction 
P kinematic viscosity (Pa s) 
P density (kg rnu3) 
CT interfacial tension (N m - *) 

Subscripts and superscripts 

A diisobutylene 
a acid phase 
ArH aromatic compound 
B sulphuric acid 
Be benzene 

i 
continuous phase 
dispersed phase 

il aqueous interphase 
i2 organic interphase 
Ll aqueous phase 
L2 organic phase 
m reaction mixture 

;0 

organic phase 
toluene 
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Fig. 11. Ratio of the mass fluxes determined for steady and non- 
steady state conditions (constant concentration at the interface sur- 
face). 

Appendix B: Check on the validity of the assumed 
quasi-steady state for the interfacial area calculation 

For non-steady state conditions using the Higbie 
penetration model, the mass balance for a pseudo-first- 
order irreversible reaction reads 

acA 
at 

D a2cA -= -- kC 
Aa A 

with the boundary conditions 

t=o; cA=oato<x<a 

t>O; CA= Czatx=O 

t>o; CA=oatx+a 

(B1) 

(BW 

(B2b) 

@W 

Solving Eq. (Bl) with the boundary conditions (Eqs. 
(B2a)-(B2c)) gives, for a bulk concentration of A equal 
to zero, the flux through the interface at time t as 
follows 

JA(O,t) = Cg& erf(&) + (B3) 

The ratio of the non-steady state and steady state 
fluxes, given by Eqs. (B3) and (11) respectively, is equal 
to 

J.&t) exp ( - kt) 

&=x- 
= erf(J7;;) + 

Jrrkt (B4) 

The values of the ratio E are plotted in Fig. 11 as a 
function of time. For kt > 2, the mass transfer rate 
approaches a stationary minimum value given by Eq. 
(11). The estimated value of k for the system used in 
our investigations (77 wt.% of H,SO,, DIB and 
toluene) is of the order of k M 1 s - l. In this case, ratio 
E becomes identical at unity after a time as short as 1 s. 

Appendix C: Estimation of mass transfer coefficients in 
liquid-liquid systems 

During the past decades, a considerable amount of 
data have been collected on physical mass transfer in 
dispersed systems (for a review, see Laddha and De- 
galeesan [17] and Hanson [29]). The estimation of the 
overall mass transfer coefficient calls for a knowledge of 
the dispersed phase (kJ and continuous phase (kc) 
coefficients. These individual mass transfer coefficients 
have been correlated for many systems by analogy with 
heat transfer coefficients in terms of the hydrodynamic 
behaviour and physical properties, such as 

Sh cc Re”lScQ 

where Sh, Re and SC are defined as 

(Cl) 

Sh=@ 
D 

Rea!? 
P 

G9 

SC= k 
DP 

(C4) 

where d and v are a linear dimension and velocity 
characterizing the dispersion, e.g. drop size and drop 
velocity, D is the coefficient of molecular diffusion of 
the species considered and p and p are the density and 
viscosity of the fluid respectively. In the case of aro- 
matic nitrations, the reaction proceeds in the acid 
phase, and hence the aromatic compound diffuses from 
the organic (Ll) to the acid (L2) phase and reacts in the 
acid phase. Two different cases can be considered. 
(1) 

(4 

The organic is the dispersed phase and the acid is 
the continuous phase as, for example, in the slow 
liquid-liquid regime during batch nitrations [2]. 

The organic is the continuous phase and the acid is 
the dispersed phase as in the case of semibatch 
nitrations in the fast regime. 

The overall mass transfer coefficient, based on Ll 
and L2 phases respectively, can be written for physical 
transport without reaction as 

The mass transfer resistance in the organic phase Ll 
can be neglected if the phase contains pure reactant 
without solvent as in the case of the aromatic nitrations 
studied. If there is a solvent or product formed due to 
reaction which is dissolved in the organic phase, the 
validity of neglecting the mass transfer resistance in the 
organic phase must be examined. In the case of mass 
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transfer without chemical reaction in liquid-liquid dis- 
persions, the order of magnitude of the liquid mass 
transfer coefficients k, and kd normally lies in the range 
between 10m4 and lo-‘ rn s-l [17], and can sometimes 
reach lower values, such as 5 x low6 m s-r, in viscous 
solutions or large drops [29]. As the value of m is 
approximately 10 - 4 under the conditions studied [2], 
the overall mass transfer coefficient can be equated to 
kL2 and the resistance in the organic phase can be 
neglected. Hence the two cases are as follows. 

Continuous phase mass transfer coeficient 

The following empirical correlation developed by 
Calderbank and Moo-Young [30], and experimentally 
validated over a wide range of operating conditions 
[31], may be used to determine the mass transfer co- 
efficient in the continuous phase k,, in liquid-liquid 
dispersion systems [32] 

kL2 = 0.,3( z)li4( -j-&--)-2i3 

where P refers to the power dissipated by the stirrer 

P = q!+,n;D: WV 

and 4’ may be considered as a constant (d’= 2.2) 
[22,33]. 

Chapman et al. [34], in a series of toluene nitration 
experiments using acid strengths between 76% and 79%, 
estimated the mass transfer coefficient to be 
kL2= 1.03 x 10d5 m s-‘. This value is in agreement 
with typical values found in liquid-liquid systems, e.g. 
Fernandez and Sharma [27] found values in the range 
(1.13-1.6) x 10e5 m s-’ for the system n-hexylacetate 
and 1 M NaOH solution. Using the correlation given in 
Eq. (C7) and the experimental data from Chapman et 
al. [34], the value obtained for kL2 is 1.1 x 10m5 m s-r, 
which is in agreement with that derived from experi- 
ments reported in the literature. 

Dispersed phase mass transfer coeficient 

In this case, the mass transfer coefficient will depend 
on the behaviour of the drop and whether or not it is 
rigid [29]. 

For a rigid droplet, Treybal [35] presents the follow- 
ing relationship for spheres with no circulation and 

. 
with transfer by pure molecular diffusion 

2 

Sh,= $ (C9) 

where Shd is the Sherwood number for the dispersed 
phase, defined as 

and hence 

27~~0 
kc,= 3d 

32 
(Cll) 

For drops with internal circulation and/or oscilla- 
tions, the mixing in the drop can be laminar or turbu- 
lent. For the regime of laminar circulation, the relation 
of Kronig and Brink [18] is generally accepted [29] 

17.90 
k -d d- 

32 
(CW 

This correlation is restricted to regimes where Re < 1. 
Johnson and Hamielec [36] found that it can be used in 
some cases for higher values of Re. For drops with 
turbulent circulation, the model of Handios and Baron 
[37], which has been experimentally verified by Wellek 
and Skelland [38] and Johnson and Hamielec [36], can 
be used as a good approximation 

kd = 0.003154 (C13) 

Schroeder and Kintner [39] concluded that no oscilla- 
tions occur for Re < 200. 

In the case of the reaction calorimeter, the usual drop 
diameter lies between 0.3 and 0.8 mm. In semibatch 
experiments, the mixed acid is added to the reactor, so 
the acid phase will be the dispersed phase. Defining the 
interface number as [40] 

113 

(Cl4) 

which is a measure of the resistance of the interface 
against deformation, and calculating the diameter num- 
ber according to Wesselingh [40] 

(C15) 

which applies for drops in liquids when (&/j(c) > 2, we 
find for a typical nitration reaction that h* lies between 
400 and 3500 and d* x 80-240. These values indicate 
that mixed acid drops do not behave as rigid drops. 
The power introduced by the turbine stirrer used varies 
between 0.2 and 3.2 kW mV3. For liquids with low 
viscosities between 1 and 10 CP and high interfacial 
tensions between 25 and 45 mN m-i, the terminal 
velocity can be estimated using the correlation of Hu 
and Kintner [41] 

((36) 

where C, is a drag coefficient which is a function of the 
shape of the particle, the physical properties of the 
system and the Reynolds number. An estimate leads to 
a terminal velocity of 0.03-0.06 m s-l and an internal 
Reynolds number between 1.5 and 20. For these values, 
the general diagram derived by Wesselingh [40] tells us 
that mixed acid drops behave as non-rigid drops with 
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laminar circulation; as a consequence, correlation Eq. 
(C12) should be used. 

Appendix D: Estimation of the interfacial tension 
between mixed acid and aromatic compounds 

The liquid-liquid interfacial tension has a significant 
effect on the degree of dispersion and on the stability of 
the dispersed system. No method is available to predict 
interfacial tensions in multicomponent mixtures from 
pure component or binary data (see Backes et al. [42]). 
Therefore empirical correlations must be developed. 

Antonow’s rule [35] states that the interfacial tension 
between two saturated liquid phases equals the differ- 
ence between their individual surface tensions with air 

012 = Id - r;l PI) 

This equation is valid only for a restricted class of 
liquid pairs and cannot be relied upon [35]. Donahue 
and Bartell [43] proposed the following empirical corre- 
lation for a binary system 

G 12 = a - blog(x;’ +x;> 032) 

where xl refers to the molar concentration of the 
organic compound in the aqueous phase and x; refers 
to the molar concentration of water in the organic 
phase; a and b are constants. This correlation was 
modified by Treybal [3.5] for ternary systems to give 

G 12 = a - blog[x;l + & + (1/2)(x; + xi)] P3) 

where xi and xg refer to the molar concentrations of 
the solute in both phases. Good and Elbing [44] pro- 
posed the following correlation 

G12 = Yl + Y2 - 2@12JG CD41 

where @r, is an interaction parameter. For the predic- 
tion of @r2, Good and Elbing [44] developed a theoret- 
ical model based on the intermolecular forces between 
the two liquid phases, such as the dipole-dipole force, 
hydrogen bonds and the Kihara dispersion potential. 
Recently, Li and Fu [45] have proposed a new method 
for predicting the interfacial tension in binary mixtures, 
imagining an interface of continuously changing con- 
centrations in a direction normal to the interface [46], 
and using activity coefficients of components in the 
interfacial region calculated by the UNIQUAC method. 

From this literature survey, it is clear that an esti- 
mate of the interfacial tension between mixed acid and 
an aromatic mixture is not possible at present from 
pure or binary data due to the highly non-ideal be- 
haviour of our mixtures. As a consequence, an empiri- 
cal correlation fitted to the experimental data seems to 
be the only solution, Eq. (D4) was chosen and $i2 was 
used as the fitting parameter. It is necessary to calculate 
first the surface tension of both phases. 

Table 4 
Constants for the calculation of the surface tension of mixed acid, yi 
o\J m-7 

Compound A B c 

Hz0 9.77 x 10-2 - 1.626 x 1O-5 -2.35 x lo-’ 
HNO, 8.39 x IO-* - 1.446 x 1O-4 0.0 
H2S04 7.81 x 1O-2 -7.846 x 10-s 0.0 

Mixed acid surface tension 

The surface tension of the mixed acid was calculated 
using experimental data from pure water and solutions 
of nitric and sulphuric acid at different concentrations 
and temperatures as [47] 

YL2 = E xiYi + F (YW - YN12 
i=l 

+ e hv - YJ2 CD51 

where a, = 1.64 x 10’ and a2 = 7.14 x lo5 respectively. 
xi and yi refer to the mass fraction and surface tension 
of the ith compound respectively. The surface tension 
was calculated as 

yi(Nm-‘)=A +BT+ CT2 m 

The constants A, B and C are listed in Table 4. Fig. 12 
shows the comparison between the experimental and 
calculated surface tensions for nitric acid solutions us- 
ing Eq. (D5). 

Aromatic phase surface tension 

The surface tension of the organic phase was calcu- 
lated using the Physical Properties Data Service (PPDS, 
Institute of Chemical Engineers, Rugby, UK) and data 
from Badachhape et al. [48] as 

75, I 

401 I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Nitric mass fraction 

Fig. 12. Experimental (see Perry and Chilton 1471) and correlated 
surface tension for water-nitric acid mixtures. 
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Table 5 
Constants for the calculation of the surface tension of organic 
mixtures, yi (N m-‘) 

Compound A B 

Benzene 6.65 x lo-* -1.283 x 1O-4 
Nitrobenzene 7.91 x 10-2 -1.193 x 10-4 
Toluene 6.36 x lo-* -1.197 x 10-4 
o-MNT 7.75 x 10-2 -1.217 x 1O-4 
m-MNT 7.52 x 1O-2 -1.153 x 10-4 
p-MNT 6.91 x 1O-2 -9.815 x 10-S 
Chlorobenzene 6.80 x lO-2 -1.177 x 10-4 
o-MNC 7.98 x 10-2 -1.163 x 1O-4 
m-MNC 8.84 x lo-* - 1.418 x 10-4 
p-MNC 7.44 x lo-’ -1.045 x 10-4 

YLl = c-w P7) 
i 

where xi and yi refer to the mass fraction and surface 
tension of the ith compound respectively. The surface 
tension was calculated as 

yi(Nm-‘)=A+BT P8) 

The constants A and B are listed in Table 5. 
The calculated values deviated by less than 5% (see 

Table 6) from the experimentally determined surface 
tensions of mixtures of toluene and mononitrotolue- 
nes. 

Interfacial tension between organic and acid phases 

The value of Q12 was obtained from the data given 
by Good and Elbing [44] (see Table 7). The variation 
of Q12 during the reaction was determined using the 
following correlation 

62 = XArH@ArH + XArN02@ArN02 (W 

where XA~H and XA~NO, refer to the mass fractions of 
the aromatic compound being nitrated and the nitra- 
tion products respectively. Fig. 13 shows the experi- 
mental and calculated interfacial tensions using Eq. 
W9. 

Table 7 
Values of GArH used in Eq. (D9) 

Compound @ Art4 

Benzene 0.739 
Nitrobenzene 0.805 
Toluene 0.737 
MNTs 0.868 
Chlorobenzene 0.697 
MNCs 0.868 

16’ 
0 

I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I 

Tolucne mass fraction in 
the organic phax 

Fig. 13. Experimental (see Giles et al. [49]) vs. calculated interfacial 
tensions of sulphuric acid and water and mixtures of toluene and 
o-MNT. 
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