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1. Introduction 

Despite aromatic nitrations in mixed acid being one 
of the oldest and most common industrial reactions. 
there are still a considerable number of problems in 
predicting their behaviour in semibatch reactors. The 
interdependence of reaction and mass-transfer phenom- 
ena leads to a complex problem in characterizing and 
scaling-up these processes. Furthermore, nitrations in- 
volve high exothermicity and side reactions. 

An important phenomenon is phase inversion, which 
may occur in such systems. When two immiscible liq- 
uids are agitated, a dispersion is formed by virtue of the 
continuous supply of energy by the stirrer. When the 
external supply of energy is stopped, the dispersion may 
remain stable or may disengage into two phases. In the 
first case, the dispersion is called an emulsion, while the 
term dispersion is normally applied to the second type. 

After a transition period, a dynamic equilibrium 
between break-up and coalescence is attained, and a 
spectrum of drop sizes results. One of the phases 
becomes dispersed as droplets into the other, continu- 
ous phase. The type of dispersion depends on the 
volume fractions of the two liquids, their physical prop- 
erties and the dynamic characteristics of the mixing 
process. 
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Abstract 

The eflect of phase inversion during semibatch aromatic nitrations is experimentally characterized and analysed. The influence 
of various parameters, i.e. interfacial area, effective heat-transfer coefficient and overall mass-transfer coefficient, is studied. The 
implications for optimizing nitrations are discussed from performance and safety points of view. The accumulation of unreacted 
nitric acid can be dangerous if accompanied by a phase inversion, owing to the fact that the rate may increase suddenly. 
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If more and more dispersed-phase material, as in the 
semibatch nitration process, is added to the stirred 
system, a point is eventually reached at which the 
addition of more dispersed phase causes an inversion: 
the continuous phase suddenly becomes the dispersed 
one and vice versa. 

Notable for phase inversion is the ambivalent region 
[l], or the region where the nature of the dispersion 
depends on history. The phase inversion points differ 
according to whether the organic or the aqueous is 
dispersed. An appearance of hysteresis, termed the in- 
side metastable area, characterizes the ambivalence re- 
gion, see Fig. 1. 

Inversion of phases is frequently accompanied either 
by a decrease or by an increase in the interfacial area. 
Fernandes and Sharma [2] reported a change of 32% in 
the interfacial area, for the system 2 M NaOH and 2 
ethyl hexyl formate, depending on which phase was a 
continuous one. Luhning and Sawistowski [3] reported 
a stepwise change in drop size at phase inversion in all 
systems studied, and hence a change in interfacial area. 
In general, Clarke and Sawistowski [4] found for solute- 
free systems that the interfacial area increased on inver- 
sion from the organic/aqueous 
aqueous/organic (w/o) configuration, 
inversion in the opposite direction. 

(o/w) to the 
and decreased on 
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Guillinger et al. [5] found for phase inversion a step 
change in the viscosity of the dispersion, which pro- 
duced a viscosity maximum at the inversion point for 
the system water-kerosene. Some studies of phase in- 
version have been made in batch as well as in continu- 
ous systems, with and without mass transfer. 
Investigators have tried to determine the dependence of 
phase inversion on physical properties and geometrical 
and process parameters of the system. Apparently con- 
tradictory observations have been reported by re- 
searchers. In a recent review, Ganguly et al. [6] 
concluded the phenomenon is still not well understood, 
and more research should be dedicated to it. 

In the case of semibatch aromatic nitrations, a phase 
inversion might produce an unexpected step change in 
the heat generated by the reaction mass, if the conver- 
sion rate were mass-transfer-controlled. Therefore, the 
identification and limits of stability of the dispersed 
phase under different conditions of volume fraction, 
species concentration, temperature and stirrer speed are 
important for the operation of semibatch nitration 
plants. In this study the phase-inversion phenomenon 
was investigated to determine the main parameters 
which affect the dynamic behaviour of semibatch aro- 
matic nitrations at inversion. Preliminary experiments 
to separate the effects of different factors were carried 
out, such as experimental determination by the chemi- 
cal method, of the interfacial area during phase inver- 
sion with the similar system toluene with diisobutylene 
(DIB) and 77 wt.% sulphuric acid [7], and a continuous 
evaluation of the effective heat-transfer parameters for 
non-reactive heterogeneous mixtures of toluene and 
benzene and 70 wt.% sulphuric acid. 

Some nitration experiments in which phase inversion 
took place are presented and analysed using previous 
experimental results. The contribution to the increase in 
conversion rate is studied in view of the previous exper- 
iments. 
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Fig. 1. Inversion characteristics for toluene (T)/water (W) system (see 
text for details on experimental data): (0) inversion from T/W to 
W/T; (*) inversion from W/T to T/W. 
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Fig. 2. Phase inversion point detection by change in reactor and 
jacket temperature (a), or by change in conductivity (b) for the system 
toluene-70 wt.% sulphuric acid and a stirrer speed of 8.33 s- ‘. For 
(b) we have an arbitrary scale between 0 and I. 

2. Experimental phase-inversion detection 

In phase-inversion studies, the experimental proce- 
dure is quite important. In discontinuous-type studies, 
two methods are used [6]: 
0 For batch studies, measured volumes of both 

phases are put into the vessel and mixing is started. 
The agitator speed is increased till inversion occurs. 
The experiment is repeated for different volume 
fractions of the two phases. 

0 In a semibatch study, a certain volume of one of 
the liquids is put into the vessel and subjected to 
stirring at a constant speed. The second liquid is 
added and dispersed while the first liquid remains 
continuous. At some hold-up the phase inversion 
occurs. Several techniques are commonly used for 
the detection of inversion, such as conductivity 
measurement or visual and photographic observa- 
tions. Of these, the first method is the most popu- 
lar. 

We were interested in the study of phase inversion 
during semibatch aromatic nitrations, and used conduc- 
tivity measurement (Fig. 2(b)) and also a second 
method based on the change of reactor and jacket 
temperature due to the change of the overall heat 
transfer coefficient. For the second method we intro- 
duced a constant power of 23 W via an electrical 
resistance during the experiments; see Fig. 2(a) and 
Appendix 1 for a discussion on this method. 

Phase inversion was studied in the RCI reactor, 
whose characteristics are given in Table 1. Heteroge- 
neous non-reactive mixtures of water/toluene or sul- 
phuric acid of 70.0 wt.%/benzene or toluene were 
chosen to determine the phase inversion point. The 
aqueous phase was added to the organic phase, and 
phase inversion was detected by measuring the electrical 
conductivity. The experimental procedure was chosen 
to simulate the experimental conditions during nitra- 
tions. In a set of separate experiments, toluene was 
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Table 1 
Characteristics of the equrpment (four-bladed 45” inclined paddle impeller, vessel unbaffled) 

531 

Vessel 

Reactor 
RCI 

Diameter Height Volume Agitator Impeller diameter Impeller speed 
T (m) H (mm) v (1) type D, (mm) 12, (s ‘) 

115 200 2.0 FB45IP 59.0 6.6 13.3 

added to water to check the occurrence of the hysteresis 
effect and the ambivalent region, see Fig. 1. 

Tables 2 and 3 summarize the experimental results. 
For the system tolueneesulphuric acid, the experimen- 
tal reproducibility was studied by repeating the same 
experiment. As can be seen in Table 3, the reproducibil- 
ity of the experiments was usually within the range of 
E = 0.02-0.03. 

3. Modelling phase inversion: preparatory experiments 
and model validation 

Phase inversion may affect semibatch nitrations by 
modifying: 
?? the internal heat transfer coefficient h0 due to a 

change in physical and transport properties of the 
mixture, 

?? the conversion rate due to a change in the interfa- 
cial area a, and/or mass transfer coefficient k,. 

To characterize these effects separately, different ex- 
periments were carried out. The effective heat transfer 
parameter US was evaluated for non-reactive heteroge- 
neous mixtures of toluene and benzene and 70 wt.% 
sulphuric acid. The interfacial area at phase inversion 
was measured by the chemical method with a similar 
system to that for aromatic nitrations; toluene and 
diisobutylene/77 wt.% sulphuric acid [7]. 

3.1. Eflkctive heat-trunsjkr parameters in liquidpliquid 
s?!stems 

The heat flow to the jacket is proportional to the 
temperature difference between the reaction mixture T,,, 
and the jacket T,: 

qrrmoved = us(Trn - Te)y (1) 

Table 2 
Volume fraction E at phase inversion for the system toluene-water 
and waterrtoluene; T= 308.2 K 

n,, (s-l) ??t”l”e”r ??Lol”enc 

6.67 0.41 
8.33 0.40 0.55 

10.0 0.39 
11.67 0.38 0.54 
13.33 0.51 

where US depends on the fluid properties, operating 
conditions, and the geometry of the system. Y is a 
correction factor which takes into account the tempera- 
ture variation of the heat transfer fluid between the 
inlet and outlet in the jacket. Experimentally, US is 
evaluated with calorimetric methods: heat-flow 
calorimetry has been demonstrated to be a useful tech- 
nique [8]. 

We will check whether the mathematical model to 
predict the effective heat-transfer parameter, previously 
developed and tested for pure liquids [9], can be used 
for liquid-liquid dispersions. Furthermore, the effect of 
phase-inversion phenomena on this parameter is stud- 
ied. 

The effective heat transfer parameter can be divided 
into: 

The overall heat-transfer coeficient. The overall heat- 
transfer coefficient is expressed as the inverse of the sum 
of the three main resistances of the film at the wall in 
the reaction mixture l/h,, the wall thermal conductivity 
1 lh, and on the film in heat-transfer fluid l/h,: 

(2) 

where D, and D, are the internal and external diame- 
ters of the reactor wall. 

Correlations for the film-transfer coefficients are ob- 
tained from the Nusselt equation: 

Table 3 
Volume fraction E at phase inversion for the systems toluene-70 wt.% 
sulphuric acid, T= 308.2 K and benzene-70 wt.% sulphuric acid, 
T= 298.2 K 

n, (SC’) Etoluene thenme 

5.0 0.70 0.64 
0.72 

5.83 0.70 0.63 
6.67 0.66 0.60 

0.65 
8.33 0.58 0.54 

0.58 
10.0 0.56 

0.52 
I I .67 0.52 
13.33 0.49 
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Fig, 3. Experimental (0) and simulated (line) effective heat transfer parameter for (a) 70 wt.‘% sulphuric acid solution and (b) benzene: T= 308.2 
K, n,=8.33 s-’ 
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The characteristic parameters (N,, terms) depend on 
the shape factors and fluid-dynamic regime, whereas 
the transport and physical properties of the reaction 
mixture and the heat-transfer fluid are taken up in the 
dimensionless numbers. Using the Nusselt equation, the 
external heat transfer coefficient can be expressed as 

From more than 400 experiments it was found [9] 
that for the RCl reaction calorimeter the characteristic 
parameters are e,, = 1.11, 0,,=0.29, 8,,=0.33 and 
e,, = 0.14. 

In the case of the internal heat-transfer coefficient, we 
have 

For a turbine impeller using five different fluids, 
Bourne et al. [8] found that 0,0 = 0.42, 8,, = 0.69, 
8,, = 0.33 and O,, = 0.14 over range of 8 < Re < 4600. 
Similar results were obtained in the reaction calorimeter 
[91. 

Heat-transfer area. The heat-transfer area is the surface 
wetted by the reaction mixture; it can be calculated as 
a function of the reaction mixture volume and the 
stirring or vortex formation by 

S = S,, + AS, (6) 

where S, is the surface without agitation and AS, is the 
surface increase due to the vortex. A correlation for 
AS,, was obtained by Zaldivar et al. [9]. 

3.2. Experimental validation for liquid-liquid systems 

Two procedures were adopted to evaluate the effec- 
tive heat-transfer parameter. The first consisted of peri- 
odically adding certain quantities to the reactor mass 
and evaluating US, see Appendix 1. The second con- 

sisted of introducing a compound to the reactor at 
constant rate and a known amount of heat qi; US was 
determined following the procedure described in Ap- 
pendix 1. 

Pure compounds and homogeneous mixtures, The effec- 
tive heat-transfer parameter for pure compounds and 
homogeneous mixtures was determined with the first 
procedure. Fig. 3 shows the experimental and calcu- 
lated results for 70.0 wt.% sulphuric acid and benzene. 
The agreement is satisfactory, and the relative error 
lower than 10%. 

Heterogeneous mixtures. The heterogeneous non-reac- 
tive mixtures of water-toluene, 70 wt.% sulphuric 
acid-toluene or benzene were chosen to study the 
overall heat transfer coefficient in liquid-liquid disper- 
sions and the effect of phase-inversion phenomena. The 
two types of experiments described previously were 
carried out. The phase inversion point was measured by 
detecting the change in the conductivity measurement. 
Figs. 4 and 5 show the evaluated effective heat-transfer 
parameters using both procedures for benzene-70 wt.% 
sulphuric acid and toluene-70 wt.% sulphuric acid. 
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Fig. 4. Experimental effective heat transfer for the mixture benzene- 
70 wt.‘% sulphuric acid. The symbol 0 indicates periodical addition 
of aqueous sulphuric acid to 640 g of benzene and the evaluation of 
US: T= 308.2 K. The lines indicate the experiments with a continu- 
ous evaluation of US, see Appendix 1. 
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Fig. 5. Experimental effective heat transfer for the mixture toluene- 
70 wt.‘%, sulphuric acid. The symbols 0 and x indicate the experi- 
ments with periodical addition of aqueous sulphuric acid to 631 g of 
toluene and evaluation of US: T= 308.2 K. The lines indicate 
experiments with continuous evaluation of US. 

As can be seen from experimental data, there is a 
change in the effective heat transfer parameter during 
phase inversion; also, the slope of US changes after 
phase inversion. Fig. 6 shows two similar experiments 
with different phase inversion points. Similar behaviour 
in the effective heat transfer parameter is observed 
when phase inversion occurs, and at the point where it 
occurs there is a change in the effective heat-transfer 
parameter. This delay time in phase inversion experi- 
ments was studied by Gilchrist et al. [lo]; they found 
experimentally that it is sensitive to a wide range of 
parameters. In all the experiments carried out, going 
from organic to aqueous phase as the continuous 
phase, the effective heat-transfer parameter decreases at 
phase inversion point. 

This change in US at phase inversion is caused by a 
change in the local internal heat transfer coefficient h, 
due mainly to the viscosity changes as observed experi- 
mentally by Guillinger et al. [5]. To calculate the viscos- 
ity of the mixture during phase inversion, different 
correlations (Appendix 2) were checked, and the best fit 
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Fig. 6. Experimental effective heat transfer for the mixture toluene- 
70 wt.‘%) sulphuric acid in two similar experiments. The addition of 
aqueous sulphuric acid to 0.74 I of toluene was carried out at 
constant rate: T= 308.2 K. n, = 6.67 s- ‘. 
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Fig. 7. Experimental and simulated etfective heat-transfer parameters 
for the system benzene-70 wt.‘% sulphuric acid. 

was obtained with the correlation from Leviton and 
Leighton [ll], which is an extension to Taylor’s equa- 
tion [12]; it has been employed previously by Kumar et 
al. [13]. Figs. 7 and 8 show the experimental and 
calculated effective heat-transfer parameters. It can be 
concluded that the classical approach, followed in this 
work for the prediction of the proportionality factor of 
Newton’s law in jacketed agitated vessels, produces 
accurate results and can be extended to immiscible 
liquid systems by modifying only the transport proper- 
ties. 

3.3. EfJ;ct qf phase inversion on thr interfaciul area: 
experimental study 

The interfacial area 
be calculated from 

a=- 
d 32 

where d32 is given by 

d3* = Af(Ed)We P”.6D;1 

and f(c,) normally is 

f(EJ = 1 + BEd 

per unit volume of dispersion can 

(7) 

a linear correlation 

(8) 

(9) 

Volume (1) 

Fig. 8. Experimental and simulated etfective heat-transfer parameters 
for the system toluene 70 wt.% sulphuric acid. 
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The constant B can vary between 2.0 and 9.0. The 
validity of such a correlation has been questioned for 
dispersions with a volume fraction higher than 0.3; see 
Brooks and Richmond [14], who recommended the 
correlation developed theoretically by Delichatsios and 
Probstein [15]. In this case the function of the dispersed 
phase volume fraction in Eq. (8) is 

(10) 

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 
break-up coefficients. c3 allows for differences in colli- 
sion efficiencies in different systems. The value of c3 
must be determined empirically and differs from system 
to system; it should be of the order of 1.0. 

In the case of phase inversion, the volume fraction of 
the dispersed phase and the Weber number We will 
change, where 

(11) 
Is 

In the aromatic nitrations, if the acid phase becomes 
the continuous one, the density pC will increase and, as 
a consequence, also We, which implies that d32 de- 
creases and the interfacial area increases. 

To study the change in interfacial area at phase 
inversion, a series of experiments were carried out using 
the system toluene + DIB and 77.0 wt.% H,SO,. To 
check for phase inversion phenomena, conductivity 
measurements as well as on-line heat-transfer estima- 
tions were used. Phase inversion was observed in the 
experiment with n, = 6.67 s--I at 6950 s, which corre- 
sponds to an E~ = 0.541, just before the end of acid 
addition at 7200 s. This phenomenon is probably the 
cause of the significant difference observed between the 
values of the interfacial area calculated using the data 
from the semibatch period with acid addition and the 
batch period [16]. Phase inversion was not observed at 
higher agitation speeds, even if the dispersed-phase 
volumetric fraction was as high as 0.6. 

To check the effect of phase inversion on the interfa- 
cial area, the parameters of Eq. (8) were fitted to the 
experimental data assuming either a linear dependence 
on the volume fraction or the dependence described by 
Delichatsios and Probstein [15]. The values of the fitted 
constants are respectively A = 0.431, B = 2 for the lin- 
ear dependence and A = 0.321, c3 = 0.847 for the corre- 
lation from Delichatsios and Probstein [15]. Fig. 9(a) 
shows the experimental and calculated values for the 
reactive extraction of diisobutylene with aqueous sul- 
phuric acid (see Ref. [7] for experimental details), 
whereas in Fig. 9(b) the calculated values for the inter- 
facial area are shown using the fitted curves. As can be 
seen in Fig. 9(a), there is no difference between the fit of 
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Fig. 9. (a) Concentrations of DIB in an RCI reactor in semibatch and 
batch operation: n, = 6.67 s _ ‘. (b) Interfacial area calculated with 
linear and non-linear dependences on the volume fraction. 

the linear dependence and the correlation of Delichat- 
sios and Probstein [15], and both predict a similar 
increase in the interfacial area of approximately 69% 
and 75%, respectively. The reason for this high increase 
- Fernandes and Sharma [2] reported a change of 32% 
of the interfacial area in the system 2 M NaOH and 2 
ethyl hexyl formate - is probably due to the high 
density difference between the organic and the aqueous 
phases of 843 against 1678 kg m - 3, which changes the 
Weber number from 410 to 817. 

4. Conversion rates and phase-inversion phenomena 

Benzene, toluene and chlorobenzene nitration under 
normal industrial conditions, typically 15 mol.% HNO,, 
30 mol.% H,SO, and 55 mol.% H,O, occurs in a 
two-phase system and under stirring. It has been confir- 
med by various authors [17], that reaction is negligible 
in the organic phase and that the nitronium ion mecha- 
nism is applicable. 

Furthermore, in the region of industrial interest, with 
a 70 to 80 wt.% sulphuric acid strength and 298 to 318 
K, it was demonstrated that the nitration of benzene, 
toluene and chlorobenzene occurred in the fast regime 
[71. 

In this case the rate of mass transfer is enhanced by 
the reaction, and the bulk of the reaction phase be- 
comes less important, i.e. the concentration of the 
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aromatic component transferred into the acid phase estimated from the calorimetric measurements [23]. 
becomes negligible even at short distances from the Hence, two independent methods were employed to 
interface. The Hatta number is defined as obtain experimental conversion rates. 

(12) 
KLZ 

If 2 < Ha << (DHNOTCHNO1 )/(DArHC&,), then the en- 
hancement factor E equals Ha and the conversion rate 
becomes [ 181 

Jj,r+ = uk,,EC:,, = aJk,D,,,C&&.& (13) 

Hence, J,,+, no longer depends on the mass-transfer 
coefficient. In case of Ha not much smaller than 

(D CW,, HN% )/( DArHCzrH), diffusion limitation of 
HNO, occurs and the enhancement factor has to be 
calculated by iteration [l]. 

In the case of phase inversion, the interfacial area 
change plays an important role since the conversion 
rate is directly proportional to it. If E = Ha holds, the 
conversion no longer depends on the mass-transfer 
coefficient. In view of the different nature of the mass 
transfer after inversion - from the continuous phase 
to the droplet or from the droplet to the continuous 
phase - it may be possible that the Ha number, which 
is inversely proportional to k,,, changes and hence the 
nitration regime. 

If the Hatta number decreases or k,, increases, we 
may go to the slow regime, in which the rate of mass 
transfer is no longer enhanced by reaction, and the 
nitration proceeds in the bulk of reaction phase. Also it 
might be possible to reach the instantaneous regime, 
where no chemical limitations seem to exist. For an 
instantaneous reaction the conversion rate is so high 
that the reaction zone reduces to a plane in the 
boundary layer of the reaction phase. 

5. Experimental study: model verification with reaction 
calorimetry 

To study phase-inversion phenomena and their influ- 
ence on the conversion rate, a series of toluene nitration 
experiments were carried out in the RCl reaction 
calorimeter. This apparatus enables an accurate mea- 
surement 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 [19]. The precision of these calorimetric 
measurements [20] depends on the correct representa- 
tion of all the secondary heat effects such as heat losses, 
stirring power supply, heat taken up by reactor wall 
and dilution heat [9]. In this particular case, the heat of 
dilution was evaluated using a model previously devel- 
oped [21]. Also selectivity and yields were directly deter- 
mined from concentration measurements by gas 
chromatography [22] and compared to the reaction rate 

To study the influence of phase inversion on the 
conversion rate, the previously developed model to 
calculate the effective heat transfer parameter was em- 
ployed. Hence, the change of this parameter was taken 
into account to evaluate the conversion rates from 
experimental temperature profiles. 

Fig. 10 shows experimental and simulated rate profi- 
les vs. time for four different toluene nitration experi- 
ments, whereas in Fig. 11 the experimental and 
simulated conversions of toluene to o-MNT, m-MNT 
and p-MNT are shown. Phase inversion took place at 
12600, 4260, 4900 and 4400 s or volume fractions 0.455, 
0.424, 0.475 and 0.470, respectively. In all the experi- 
ments the initial continuous phase was the organic 
phase. and the stirrer speed was 6.67 s- ‘. As can be 
observed, phase inversion increases the reaction rate 
suddenly, which is in accordance with the previously 
studied effects on the interfacial area. The simulated 
results gave increases in interfacial area of 42, 54, 40 
and 45% respectively. These increases are lower than 
those found using the system toluene(DIB)-77 wt.% 
H,SO, which is coherent in view of the differences in 
the physical properties, mainly the density difference 
between the phases. The behaviour of the reaction rate 
during phase inversion not only depends on the in- 
crease of the interfacial area, but also on the nitric acid 
accumulated during the process; see Fig. 11 for the 
simulated concentration profiles of nitric acid. 

Phase inversion was simulated as a one-step phe- 
nomenon, starting at a previously calculated moment in 
accordance with the experimental data. As can be seen, 
experimental phase inversion seems to be a slow pro- 
cess. This is in agreement with the findings of McClarey 
and Ali Mansoori [24], who showed that, for systems 
with large density differences between the phases, inver- 
sion took place over a range of volume fractions rather 
than at a single point. 

From simulations it seems the increase in interfacial 
area is not the only parameter responsible for the 
increase in conversion rate. The best results, see Figs. 
10 and 11, were obtained using the correlation of 
Kronig and Brink [25] for non-rigid droplets when the 
acid phase is the dispersed phase, whereas that of 
Calderbank [26] was best when phase inversion occurs 
and the acid phase becomes the continuous phase [7]. 
The simulations showed that, after the initial period, 
the reaction entered into the fast regime, with Ha 
numbers between 3 and 10, and k,, between lo-6 and 
10 ~ 5 m s - ’ As phase inversion occurs and mixed-acid 
phase becomes the continuous phase, the calulated 
value of k,, decreases to values between 10 ~ 5 and 10 -’ 
m s-’ and the system enters into the slow regime. in 
which the conversion rate can be expressed as 
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Fig. 10. Experimental and simulated conversion rates for some semibatch nitration experiments in which phase inversion took place. (a) x = 78.9 
wt.%; feed time, 4 h; T= 318.2 K. (b) x = 68.02 wt.“/;>; feed time. 2 h; T= 308.2 K. (c) x = 66.1 wt.‘%; feed time, 2 h; T= 308.2 K. (d) .x= 63.9 
wt.%; feed time, 2 h; T= 308.2 K. 

R = ak,,C& (14) 

which means E z 1. In this situation, the conversion 
rate depends on the overall mass-transfer coefficient, 
which produces an increase in the conversion rate even 
though the regime has changed from fast to slow. 
Experimental evidence is needed to confirm it. 

The calculated effective heat-transfer parameters, us- 
ing the correlations previously developed for heteroge- 
neous liquid-liquid mixtures of aromatics and 
sulphuric acid solutions, are shown in Fig. 12: phase 
inversion under these circumstances seems to produce a 
relatively small change; the principal contribution to a 
US increase is the continuous addition of fresh mixed 
acid during the semibatch process, thus increasing the 
volume of the reactor and hence the heat-transfer sur- 
face; see the differences between the experiment with 4 
h dosing time in Fig. 12a, and experiments with 2 h 
dosing time in Figs. 12(c) and 12(d). 

6. Correlation of the phase-inversion point 

The determination of the phase inversion point is 
complicated by the existence of an ambivalence region, 
in which what phase is dispersed depends on the 
method by which the dispersion was formed and the 
time delays that may occur in these systems. All agi- 
tated heterogeneous liquiddliquid systems exhibit this 

hysteresis. For these reasons, only a few attempts have 
been made to quantify the parameters controlling phase 
inversion. Quinn and Sigloh [27] found that, for disper- 
sions of organic liquids in water, the volume fraction of 
organic phase at phase inversion could be correlated by 

(15) 

where Ed,, and C’ are constants. E+, is the asymptotic 
value of the volume fraction at which the stirrer speed 
no longer affects the phase inversion point, and the 
latter is only related to the physical properties of the 
dispersion. P is the power introduced by the stirrer; for 
the highly turbulent regime it can be expressed by 

P = qSp,n~D~ (16) 

where 4 may be considered constant in the system 
studied, see Table 1; in our case, 4 = 2.2 [28]. Substitut- 
ing Eq. (16) into Eq. (15) and rearranging gives 

C” 
Edp, = ED, + - 

P,d 
(17) 

Droplet size in a dispersion is determined by droplet 
break-up, droplet collision and droplet coalescence. 
Arashmid and Jeffreys [29] assumed phase inversion 
will occur when the coalescence frequency is equal to 
the collision frequency, i.e. every collision results in a 
coalescence. Hence, if T is the ratio between the coales- 
cence and collision frequencies, phase inversion occurs 
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Fig. I I. Experimental and simulated conversion profiles of the reactants for the above-described semibatch nitrations in which phase inversion 
took place. 

when T = 1. Using the expression deduced by Misek 
[30] for the collision frequency and the expression de- 
duced by Howarth [31] for the coalescence frequency, 
Arashmid and Jeffreys arrived at the following expres- 
sion 

C”’ 
T=p (18) 

where C”’ and x are constants that depend on the 
characteristics of the stirrer and the physical properties 
of the mixture. Experimental results agreed well with 
this equation, although incorrect forms for the collision 
frequency [5] and for the coalescence frequency [32] 
were used. 

In both models the ambivalence region can be 
represented by adjusting the constants in Eqs. (17) 
and (18) depending on whether the initial dis- 
persed phase is the organic or the aqueous. Fig. 
13 shows the experimental and calculated results 
using Eq. (18) for the different systems studied. The 
constants C”’ and CI were obtained by non-linear regres- 
sion over the experimental points in Tables 2 and 3, 
and are C”’ = 2.26 x 10 P4 and CI = 2.7 for the water 
toluene system, C”‘= 1.42 x 10V4 and c( = 2.7 for 
toluene-water, C”’ = 1.05 x 10W3 and c( = 3.3 for 
toluene-70 wt.% sulphuric acid, and C”‘= 8.7 x 10e4 
and CI = 3.3 for benzene-70 wt.% sulphuric acid. As 
can be seen, the influence of stirrer speed, represented 
in the constant CI, changes from one system to the 
other. 

During semibatch aromatic nitrations, the composi- 
tions of organic and aqueous phases change as reaction 
proceeds. As can be seen from concentration data in 
Fig. 11, at the phase inversion point the composition of 
the reaction mixtures was different. Therefore, the cor- 
relations developed by previous authors cannot be used 
to predict the phase inversion point. 

7. Conclusions 

The accumulation of unreacted nitric acid in semi- 
batch aromatic nitrations can be dangerous if accompa- 
nied by a phase inversion, owing to the fact that the 
rate may increase suddenly, since the reaction rate is 
usually mass-transfer-controlled under industrial oper- 
ating conditions. The main parameter responsible for 
this increase in conversion rate is the interfacial area, 
which increases if the continuous phase changes to acid 
with the accompanying change in density of both 
phases. 

The inside heat-transfer coefficient influences the heat 
removal rate. The change of this parameter is corre- 
lated to the change in physical and transport properties 
of the mixture during phase inversion. Here, the viscos- 
ity plays an important role. 

The correlation developed by Arashmid and Jeffreys 
[29] can be used to predict the phase-inversion point in 
systems with constant composition. However, it is not 
possible to use it for reacting systems, in which phase 
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Fig. 12. Experimental and simulated effective heat-transfer parameters for the above-described semibatch nitrations in which phase inversion took 

compositions change continuously, i.e. in semibatch 
aromatic nitrations. Unfortunately, the prediction of 
the phase-inversion point is difficult, since it depends on 
the stirrer speed, temperature, interfacial tension, etc. 
Moreover it exhibits hysteresis phenomena, and in 
some cases inversion takes place over a range of volume 
fractions rather than at a single point, i.e. it is not an 
instantaneous phenomenon. More attention will be 
dedicated to this aspect in future research. 

The mathematical model derived can be used to 
predict the influence of phase inversion on the dynamic 
behaviour of a nitrator; the mass-transfer coefficient 
should be investigated further to clarify whether it 
changes during phase inversion. 
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Appendix 1. Continuous determination of the effective 
heat-transfer parameter US 

Different experimental and empirical methods have 
been proposed to evaluate the effective heat-transfer 
parameter US; heat-flow calorimetry has been demon- 
strated to be a useful technique [8] and is widely used. 

The method consists in introducing a known amount of 
heat qj in the reaction mass by means of an electrical 
resistance, and comparing the area under the curve of a 
plot of (T,,, - T,)Y against time over the period of the 
calibration [33] while keeping the reactor temperature 
constant via the control system: 

(AlI 

The correction factor Y takes into account the tem- 
perature variation of the heat-transfer fluid through the 
jacket, and can be obtained by means of a local heat 
balance 

Y= l-exp(-&) 

! I 

US (AZ) 

QeCpe 
The effective heat-transfer parameter is determined at 

the start of the experiment, before chemical reaction 
starts, and at the end, when all the reagents have been 
consumed. Linearity between these two points is as- 
sumed for further evaluations. This simplification may 
produce important errors when the measured power is 
used to estimate kinetic parameters, for scale-up proce- 
dures, for implementation of temperature control 
strategies, etc. To solve this problem, different ap- 
proaches can be used, among them the application of 
model-based estimation techniques [34], continuous cal- 
ibration [35], etc. 
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Here a continuous calibration method, based on a 
mathematical model previously developed and vali- 
dated for the RCl reaction calorimeter [9] was used to 
estimate US during phase-inversion studies using non- 
reactive mixtures. The formulation of the energy bal- 
ance for the reactor contents enables us to determine 
time dependence of the temperature of the reactor 
mixture [23], assuming there is no heat of reaction: 

dT,,, -Ez ~IYE + uS(Tm - Tcly+ q, + 41-t qil 
dt m 

(A31 

where the different thermal flows taken into account are 
qE for mass addition, q, for the agitation, q,, for the 
exchange with the surroundings, qi for the input by the 
calibration heater; r,,, is the thermal capacity of the 
reaction mixture and internal wetted devices in the 
reactor. 

The continuous-calibration method consists of 
adding a well-known and constant amount of heat qi to 
the mixture, by means of an electric heater, during the 
entire experiment. The term of heating/cooling by mass 
addition can be determinated from the enthalpy differ- 
ence between the feed stream and the reaction mixture 
as follows 

q, = - 2 FE, 
IEAL s 

TE, 
Cp,dT 

7, 
(A4) 

where FE, is the molar input Ilow of j and 

FE, = ‘2 Q&E, ; k = l,...,N, 
/EAL 

where Qk is the mass flow of the kth input stream, and 
CE, is the concentration of j in mol kg ~ ‘. 

The power supplied by stirring was previously evalu- 
ated by Zaldivar et al. [9] as 

q, = 2.2p,niD;S (A@ 

whereas the term of heat losses is proportional to the 
temperature difference between the mixture and the 
surroundings [33]: 

q, = O.lU’;,,,, - T,,,l (A71 

The thermal capacity of the reaction mixture is calcu- 
lated as the product of the number of moles and the 
specific heat of the species in the reactor, including the 
thermal capacity I,, = 69 J K ~ ’ of the devices wetted 
by the mixture: 

h’L 
rrn = C nm,CPL, + rb 

JEAL 
(A81 

By registering the reactor, jacket, dosing and ambient 
temperatures plus the calibration heat introduced, it is 
possible after filtering the signal to estimate US contin- 
uously during the addition, and hence to check the 
influence of phase inversion. 

Appendix 2. Physical and transport properties of 
liquid-liquid dispersions 

Correlations for newtonian liquid-liquid mixtures 
and their effective viscosity, density, specific heat capac- 
ity, thermal conductivity, diffusitivity and interfacial 
tension have been derived. The test for the adequacy of 
the methods used for calculating the average viscosity 
and density has been the relation between the Power 
number and the Reynolds number for single-phase 
data. In this relation, the average density and viscosity 
for dispersions are introduced. For newtonian liquids 
this is perfectly satisfactory. 

Interfacial tension and diffusitivity in multicompo- 
nent mixtures still cannot be predicted correctly, so 
experimental data and empirical correlations must be 
used [7,28]. The arithmetic, average density of a liquid- 
liquid mixture is calculated using the volume fraction of 
each phase [36] 

Pm = EdPd + t1 - Ed>Pc b49) 

The average specific heat capacity of the mixture can 
be calculated using the mass fraction of each phase 

CPnl = 
MccPc + MdcPd 

Mc+“d 
(AlO) 
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Effective viscosity for liquid-liquid mixtures 

Author Correlation 

Taylor [ 121 

Leviton and Leighton [I I] 

Vermeulen et al. [4l] 

Laity and treybal [42] 

Vanderveen [43] 

Barnea and Mizrahi [44] whereB=exp[&]andA=(s) 

Barnea and Mizrahi [45] 

Estimates of the thermal conductivity of liquid-liq- 
uid emulsions can be made using Tareefs correlation 
[37], which has been recommended by Choudhury et al. 
[38] for this type of system: 

i _ R 22, + & - 2~&, - 2,) 
m- c 21, + 2, + Ed(& - &) (Al 1) 

The effective viscosity of a heterogeneous system .P~ 
is related to the viscosity of the continuous phase pc 
and is increased owing to the presence of the dispersed 
particles or droplets. At low concentrations, or ~-0, 
they manifest themselves only by being impermeable for 
the continuous phase. This effect was derived by Ein- 
stein (see Rietema [39]) to be 

p(m = ~~(1 + 2.56,) (A12) 

Vand [40], taking into account the hydrodynamic 
interaction of the flow fields around the neighbourjng 
particles, derived an expression for rigid, dispersed par- 
ticles and low concentrations 

(A13) 

When the dispersed particles are droplets or gas 
bubbles, one might expect the hydrodynamic interac- 
tion between the flow fields of neighbouring particles to 
be less strong. On the basis of experiments, different 
correlations based on the Einstein or Vand equations 
have appeared in literature (see Uhl and Gray [36] and 
Rietema [39] for a review), which are summarized in 
Table Al. 

Barnea and Mizrahi [45] carried out an experimental 
study on the effective viscosity of relatively coarse and 
unstable liquid-liquid dispersions like water/silicone 

oil, toluene/glycerine and tetradecane/ethylene glycol in 
a dispersion range limited to E~ lower than 0.33, and 
they found the experimental results corroborated their 
correlation. Similar results could be obtained using the 
relation of Leviton and Leighton [ll]. In fact, numeri- 
cal comparison of both equations reveals a reasonable 
agreement in the range of E~ between 0 and 0.5. Barnea 
and Mizrahi [45] use pi as an adjustable parameter 
representing the “effective” viscosity of the dispersed 
phase. 

Appendix 3. Notation 

zi 
c3 
c 
CP 
d 
0” 
D, 
DO 
0 
E 
F 
h 
Ha 
JA 
k 
k, 

interfacial area (m’ m - 3, 
constant (Eq. (9)) 
constant (Eq. (10)) 
concentration (kmol m ~ 3, 
specific heat capacity (J kg-’ K- ‘) 
Sauter mean diameter of droplets (m) 
diffusion coefficient (m2 s - ‘) 
impeller diameter (m) 
internal reactor diameter (m) 
external reactor diameter (m) 
enhancement factor 
molar flow (mol s - ‘) 
partial heat transfer coefficient (W m - * K - ‘) 
Hatta number 
molar flux (mol m* s - ‘) 
mass transfer coefficient (m s - ‘) 
measured second-order rate constant (m3 
kmoll’ s-‘) 

m distribution coefficient 
A4 mass (kg) 
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n molar hold-up 
4, impeller speed (rev s ~_ ‘) 
Y thermal flow (W) 
Q volumetric flow (m’ s - ‘) 
R overall reaction rate (kmol m ~ 3 s ~ ‘) 
s heat transfer surface (m2) 
t time (s) 
T temperature (K) 
u overall heat transfer coefficient (W m ~ 2 K ~ ‘) 
us effective heat transfer parameter (W K ~ ‘) 
V volume (m3) 
x sulphuric acid strength 

Greek letters 

Ed dispersed phase volume fraction 
1 surface tension (N m ~ ‘) 
/, thermal conductivity (W m- ’ K- ‘) 
P viscosity (kg m-’ sP ‘) 
P density (kg mP3) 
CT interfacial tension (N m - ‘) 

Subscripts and superscripts 

0, 1 
A 
a 
ArH 
B 
c, d 
e 
il, i2 
Ll, L2 
m 

;I 
t 
To 
W 

internal and external sides 
diisobutylene 
acid phase 
aromatic compound 
sulphuric acid 
continuous and dispersed phases 
jacket 
aqueous and organic interphase 
aqueous and organic phase 
reaction mixture 
organic phase 
phase inversion 
hydraulic 
toluene 
reactor wall 
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