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The theory of mass transfer accompanied by chemical reaction for the pseudo-first-
order heterogeneous liquid� liquid reactions was used to measure the effecti®e interfa-

( )cial area in a no®el two-impinging-jets reactor TIJR , which is characterized by a small
reactor ®olume equipped with two simple nozzles directed toward each other. Aqueous
and organic streams were jetted through the nozzles into rotating and stationary disks,
resulting in a highly turbulent mixture of aqueous and organic phases. Experiments were
also conducted on the physical extraction of n-Butyl formate into distilled water to
measure the o®erall ®olumetric mass-transfer coefficients. Due to both the impinging
process and high rate shear forces acting on the phases, the o®erall ®olumetric mass-
transfer coefficients and ®olumetric extraction rates obtained by the physical and chemi-
cal method, respecti®ely, increased dramatically compared to those obtained by con®en-
tional reaction systems and an air-dri®en two-impinging-streams reactor de®eloped by
the present author. The enhancing effect of impinging jets on the con®ersion of aqueous
NaOH solution was tested by another nonimpinging-jets reactor.

Introduction

Liquid�liquid extraction with interphase chemical reaction
is commonly used in the chemical industry. Typical applica-
tions of liquid-liquid extraction with chemical reaction are in
the recovery of metals from leach liquors, nitration, and hy-
drolysis.

In liquid-liquid extraction with interphase chemical reac-
tion, the two reactive species are present in two different,
distinct phases, aqueous and organic. One phase is continu-
ous and the other is dispersed. Therefore, the reactive species
must diffuse to a reaction zone or interface, and the reaction
product must diffuse away to the selective phase to allow fresh
reactive elements to proceed the process. The reaction zone
may be in either phase, or extend to both phases. In the limit
it may reduce to a reaction plane, and depend upon the reac-
tion type and the mode of contacting.

The overall rate of process is controlled by both the kinet-
ics of the reaction and by the diffusion characteristics of the
systems. However, under certain conditions, a chemical pro-
cess may be either entirely diffusion-controlled or entirely ki-
netically controlled. For a very slow reaction accompanied by
high mass-transfer rates, the overall extraction rate is deter-
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mined by the kinetics of reaction, whereas for a very fast re-
action, the rate of diffusion controls the overall rate of pro-
cess.

The knowledge of the specific interfacial area and the
mass-transfer coefficient is essential for the rational design of
a variety of liquid-liquid contactors. The most important
practical method of determination of the specific interfacial
area is to make use of a chemical reaction occurring in such a
contactor. Alkaline hydrolysis of esters is an appropriate
chemical system for the measurement of interfacial area of a

Ž .variety of liquid-liquid contactors. Ghosh et al. 2001 , Verma
Ž . Ž .and Sharma 1975 , Nanda and Sharma 1966 , Fernandez
Ž . Ž .and Sharma 1967 , Puranik and Sharma 1970 , Chaudhuri

Ž . Ž .et al. 1996 , and Woezik and Westerterp 2000 have used
this technique for the measurement of interfacial areas a in a
variety of liquid-liquid contactors such as packed columns,
mechanically agitated contactors, spray columns, and so on.
Under some restrictions, it is also possible to use alkaline
hydrolysis of esters to determine both mass-transfer coeffi-
cient and interfacial area of liquid-liquid contactors. Puranik

Ž .and Sharma 1970 were the first to report about the use of
such a method for the measurements of the overall mass-
transfer coefficient K , and specific interfacial area a in aL

Ž .liquid-liquid contactor. Later, Verma and Sharma 1975 and
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Ž .Sarkar et al. 1980 used the same technique for determining
the mass-transfer coefficients of packed columns and me-
chanically agitated columns.

Ž .The impinging jets IJ technique is a unique flow configu-
ration. The first patent for this technique was probably pub-

Ž .lished by Carver et al. 1956 . The IJ method was employed
Ž .by Elperin 1961 for gas-solid suspensions and further devel-

oped by Tamir in various chemical engineering processes
Ž . ŽTamir, 1994 . In addition, Mujumdar and coworkers Hos-
seinalipour and Mujumdar, 1997a,b, 1995a; Seyedein et al.,

.1994 have conducted extensive investigations on the model-
ing and application of IJ technique in heat-transfer pro-
cesses. The method provides a powerful technique for inten-
sifying transfer processes. The principle of impinging jets is
to bring the two jets flowing along the same axis in the oppo-
site direction into collision. As the result of such a collision, a
relatively narrow zone, called the impingement zone of high
turbulence intensity, is created which offers excellent condi-
tions for intensifying heat- and mass-transfer rates. The IJ
technique has been successfully applied to the absorption and

Ždesorption of gases Herskowits et al., 1987; Tamir et al.,
.1990a,b; Herskowits et al., 1988; Kleingeld et al., 1999 , disso-

Ž .lution of solids Tamir and Grinholtz, 1987 , drying of solids
ŽKitron and Tamir, 1988; Kudra and Mujumdar, 1989, 1995;

.Kudra et al., 1991; Hosseinalipour and Mujumdar, 1995b ,
Ž .dust collection Berman and Tamir, 1996 , absorption with

Žchemical reaction Herskowits et al., 1990; Sohrabi and
. ŽJamshidi, 1997 , two-liquid phase reaction Sohrabi et al.,

. Ž1993 , mixing Unger et al., 1998; Devahastin and Mujumdar,
. Ž .2002, 2001a,b , evaporative cooling of air Yao et al., 1995 ,
Ž .bioreactions Sievers et al., 1995; Sohrabi and Marvast, 2000 ,

Žliquid-liquid extraction Berman and Tamir, 2000; Dehkordi
.et al., 2001; Dehkordi, 2001, 2002a , and copper extraction

Ž .and stripping processes Dehkordi, 2002b,c .
The major objectives of the present investigation were as

follows:
Ž .1 To determine the interfacial area between two immis-

Ž .cible phases in a novel two-impinging-jets reactor TIJR by
the chemical method
Ž .2 To determine overall volumetric mass-transfer coeffi-

cient K a by physical methodL
Ž .3 To determine overall volumetric mass-transfer coeffi-

cient K a from Danckwerts’ plots and comparing the latterL
with those obtained by physical method.

To achieve these objectives, the liquid-liquid extraction with
interphase chemical reaction using the n-Butyl formate-aque-
ous NaOH solution system and physical extraction of the es-
ter into distilled water applying a TIJR has been investigated.
Furthermore, a nonimpinging-jets reactor was employed to
verify the effectiveness of the TIJR.

Theory
O©erall ©olumetric mass-transfer coefficient by physical
method

If the solubility of a solute A, which is being transferred
from a phase A to another phase B, is sufficiently low to
assume the properties of the phase B constant, and, if the

Žresistance to mass transfer lies entirely in the phase B by
.saturating the phase A with the phase B , the logarithmic-

mean driving force can be applied to determine the overall

volumetric mass-transfer coefficient K a. Thus, the follow-L
ing expression can be used to obtain the values of overall
volumetric mass-transfer coefficient

w xw x w xQ A y A sK aV � A 1Ž .Ž . lnA o i L c

w x w x w xwhere A , A , V , and � A are the outlet concentrationo i c ln
Ž .of solute A in this case phase A in the phase B, the inlet

concentration of solute A in the phase B, the contactor vol-
ume, and the logarithmic-mean concentration driving force
of solute A, respectively. The logarithmic-mean driving force
w x� A is normally defined byln

w � x w x w � x w xA y A y A y AŽ . Ž .i i o ow x� A s 2Ž .ln �w x w xA y AŽ .i i
ln �w x w xA y AŽ .o o

w � x w � xwhere A and A are the equilibrium concentrations ofi o
the solute A in the phase B corresponding to inlet and outlet
conditions of contactor, respectively.

Note that in the experiments for the determination of the
overall volumetric mass-transfer coefficient K a by the phys-L

w � x w � xical method A s A , which is equal to the solubility ofi o
phase A in the phase B at the operating conditions. On sub-

w � x w � x w � xstituting Eq. 2 in Eq. 1 and taking A s A s A , Eq. 1i o
reduces to

w � x w xQ A y AA i
K as ln 3Ž .L �ž /w x w xV A y Ac o

( )Interfacial area a by chemical method
In a fast heterogeneous liquid-liquid reaction with the fol-

lowing relation

A qB ™C qD 4Ž .or aq or aq

in which the component A from a first phase diffuses into a
second phase containing B with which it reacts in the same
phase, the volumetric rate of extraction of component A,
which undergoes a pseudo-first-order reaction with a compo-
nent in the other phase. This may be expressed by Danck-

Ž .werts’ model Danckwerts, 1970 as follows

0.5� 2w x w xR asa A D K B qK 5Ž .Ž .A A 2 L

where R a , a, D , K , and K are the extraction rate of AA A 2 L
per unit volume of reactor, the interfacial area between the
two immiscible phases per unit volume of reactor, the diffu-
sion coefficient of A in the phase B, the second-order reac-
tion rate constant, and the overall mass-transfer coefficient,
respectively.

The criterion for a pseudo-first-order reaction is given by

0.5w x w xD K B B DA 2 B
1q �1q 6Ž .�2 w xA DK AL

where D is the diffusion coefficient of the reactant B.B
If the reaction is very fast relative to mass-transfer phe-

nomena, then the volumetric extraction rate of A may be ex-
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pressed as

0.5�w x w xR asa A D K B 7Ž .Ž .A A 2

which may be applied with an error of 5% or less if

0.5w xD K BŽ .A 2
�3 8Ž .

K L

For a fast pseudo-first-order reaction regime of heteroge-
w � xneous liquid-liquid reaction, if R a and the solubility AA

are known, Eq. 5 can be used to analyze the experimental
data. Equation 5 can be rearranged to the following relation

2 2� 2w x w xR ar A sD K a B q K a 9Ž .Ž .Ž .A A 2 L

Ž w � x.2 w xIt follows from Eq. 9 that a plot of R ar A vs. B knownA
as the Danckwerts’ plot should yield a straight line with a

2 Ž .2slope of D K a and an intercept of K a . It should beA 2 L
mentioned that the solubility of NBF in aqueous NaOH solu-

w � xtion, A , cannot be measured experimentally because of the
hydrolysis; therefore, it was estimated by the following rela-

Ž .tion Ghosh et al., 2001

w � xA
log syK I 10Ž .sž /w xAw

w xwhere A , and I are the solubility of NBF in distilled waterw
and ionic strength of the solution in kmolrm3, respectively.
In addition, K s i q i q i and the value of i wass q y ester ester
obtained from the solubility data of NBF in aqueous solution

Ž .of sodium chloride Ghosh et al., 2001 . Nanda and Sharma
Ž . Ž . Ž .1966 , Fernandez and Sharma 1967 , Alwan et al. 1983 ,

Ž . Ž .Chaudhuri et al. 1996 , Ghosh et al. 2001 , Sarkar et al.
Ž . Ž .1980 , and Laddha and Degaleesan 1976 have shown that
this procedure can be successfully used for a variety of esters.

Experimental Studies
Chemical systems

The values of overall volumetric mass-transfer coefficient
K a were determined by physical extraction of the low solu-L

Ž .ble ester, that is, n-Butyl formate NBF into distilled water.
As the organic phase was saturated with distilled water, the
resistance to mass transfer was entirely to the aqueous phase
side only.

ŽThe previous works Ghosh et al., 2001; Chaudhuri et al.,
.1996; Sarkar et al., 1980; Woezik and Westerterp, 2000 indi-

cate that the alkaline hydrolysis of NBF is a suitable chemical
system for the measurement of the interfacial area in various
liquid-liquid contactors. Thus, at the low concentration of hy-
droxyl ion, the system NBF-aqueous NaOH solution can be
used for making Danckwerts’ plots, so that the values of K L
and the interfacial area a can be obtained from a set of ex-
perimental runs separately. It should be mentioned that the
range of concentration of sodium hydroxide solution was 0.40
to 0.75 kmolrm3. Higher concentrations of aqueous NaOH
solution were not considered since they would have created
significant changes in the physicochemical properties, partic-
ularly in the diffusivity and rate kinetic constant.

Chemicals
Caustic soda was of analytical grade, but NBF was of tech-

nical grade and distilled water was used in all the experi-
ments. The purity of the ester was around 99% in all the

Ž .experiments. The organic phase NBF was always saturated
with distilled water in the case of a nonreacting system, that
is, for the measurement of overall volumetric mass-transfer
coefficient K a by the physical method.L

Method of analysis
In the alkaline hydrolysis of NBF, the aqueous solution was

analyzed by noting a decrease in the alkali content of the
outlet aqueous NaOH solution, that is, by acid-base titration.
Furthermore, the concentration of NBF in the aqueous solu-
tion for the determination of K a was analyzed by a simpleL
saponification method, as discussed by Nanda and Sharma
Ž . Ž .1966 and Puranik and Sharma 1970 . In all the above
methods, the accuracy of the analytical methods was first
tested with the known samples of the solutions.

Experimental apparatus
The experimental setup shown in Figure 1 consisted of the

Ž . Ž .following parts: 1 two circular disks upper and lower made
Ž .of stainless steel SS of 0.15, 0.20, 0.25 m diameters and

Ž .0.0015 to 0.003 m distances between disks; 2 a variable-speed
electric motor in order to study the effect of the upper disk
speed on the overall volumetric mass-transfer coefficient and
the conversion of aqueous NaOH solution. Note that in the
present investigation only the upper disk was rotated and the
lower disk was fixed. The disks are shown in Figure 2. The
aqueous and organic solutions were introduced into the lower
and upper disks, respectively. Thus, the contact between the
aqueous and organic phases took place between the rotating
Ž . Ž .upper and stationary lower disks only. Other parts of the

Ž . Ž .experimental setup Figure 1 were as follows: 3 and 4
Ž .aqueous and organic solutions rotameters; 5 and 6 feed ves-

Ž .sels both made of SS; 7 centrifugal feed pumps made of SS;
Ž . Ž .8 needle valves made of SS; 9 cylindrical vessel of 0.30 m
diameter and 0.30 m height used for collection of the disper-

Ž . Ž .sion leaving the disks; 10 bulk dispersion outlet; 11 sam-
Ž .pling cup; 12 sampling connection. Furthermore, the upper

and lower disks have been equipped with simple nozzles of
0.001m diameter in order to introduce high-velocity jets to
one another.

Experimental procedure
In each experimental run, the upper disk speed was ad-

justed at the desired value and then the organic and aqueous
solutions were fed to the upper and lower disks at given volu-
metric flow rates, respectively. The aqueous and organic flow
rates were regulated using the needle valves. When the
steady-state condition was established, the samples were
taken by sampling cups through the sampling connection for
the measurements. An aqueous solution sample was with-
drawn immediately with a syringe from the bottom of the
sampling cups without waiting for complete phase separation
in order to avoid as much as possible the effect of additional
mass transfer and the extent of the reaction in the sampling
cups. The analysis of the aqueous samples was performed by
the titration and saponification methods. For each data point,
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Figure 1. Experimental setup.
Ž . Ž . Ž . Ž . Ž . Ž .1 Circular disks; 2 variable-speed electric motor; 3 and 4 solution rotameters; 5 and 6 feed vessels; 7 feed pumps; 8 needle valves;
Ž . Ž . Ž . Ž .9 cylindrical vessel; 10 bulk dispersion outlet; 11 sampling cup; 12 sampling connection.

the experimental run was repeated at least three times, and,
hence, each data point was determined based on the mean
value of at least three measurements of outlet concentrations
of the phases with a standard deviation of 3�5%.

Results and Discussions
The operating conditions for the determination of K a byL

the physical method and the construction of Danckwerts’ plots
to determine the effective interfacial area were as follows:
Ž .a Upper disk speed N: 600 to 1,400 revrmin
Ž . 3b Aqueous flow rate Q : 0.110 to 0.300 dm rminA
Ž . Ž .c Aqueous to organic flow ratio ArO : 1r1
Ž .d Temperature within the reactor: �20�C
Ž . w xe Concentration of NaOH solution, B : 0.4 to 0.75i

kmolrm3

Ž .f Disks diameters d: 0.15 to 0.25 m
Ž .g Distance between the disks h: 0.0015 to 0.003 m

( )O©erall ©olumetric mass-transfer coefficient K a and theL
( )con©ersion of aqueous NaOH solution Xc

( )Influence of the Upper Disk Speed N . The systems NBF-
distilled water and NBF-aqueous NaOH solution were cho-
sen to determine the overall volumetric mass-transfer coeffi-
cient and interfacial area. The effects of the upper disk speed
on the overall volumetric mass-transfer coefficient and the
conversion of aqueous NaOH solution are shown in Figures 3
and 4. It appears that K a and the conversion of aqueousL
NaOH solution X increase with an increase in the upperc
disk speed over the range of 600 to 1,400 revrmin. This can
be attributed to an increase in the mixing and turbulence.

Also, an increase in the upper disk speed increases the shear
forces exerted on the phases and turbulence that leads to an
increase in the surface renewal mechanism, and, hence, an
increase in the interfacial mass-transfer area and the elimina-
tion of mass-transfer resistances.

( )Influence of the Liquid Flow Rate Q . Figures 5 and 6 show
the plots of the overall volumetric mass-transfer coefficient
and the conversion of aqueous NaOH solution as a function
of the aqueous flow rates with the upper disk speed as a pa-
rameter. Note that in all of the experiments the organic flow
rates were equal to those of the aqueous phases either in the
determination of the overall volumetric mass-transfer coeffi-
cients by the physical method and in the determination of the
effective interfacial areas by the chemical method. As can be
observed from Figure 5, an increase in the liquid flow rates
within the range of 0.110 to 0.300 dm3rmin decreases the

Žconversion of the aqueous NaOH solution the extent of the
.reaction . Such a behavior can be explained as follows: in the

Žhigh total throughput both the aqueous and the organic flow
.rates , the mean residence time of the streams within the re-

action compartment is low; hence, the conversion of aqueous
NaOH solution was decreased. In addition, as can be seen in
Figure 6, an increase in the flow rates within the aforemen-
tioned range of the aqueous and organic flow rates leads to
increases in the overall volumetric mass-transfer coefficients.

Ž .This behavior may be explained by: 1 an increase in the
mixing and turbulence due to both the impinging process and

Ž .the high-rate shear forces acting on the phases; 2 increase
in the rate of breakage and coalescence phenomena and a
consequent increase in the interfacial mass-transfer area, as
well as enhancement of the surface renewal mechanism pro-
duced by eddies.
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Figure 2. Cross section of the disks.

Figure 7 shows the variations of the volumetric extraction
rates against K a at a particular inlet concentration of theL
aqueous NaOH solution. This figure illustrates that an in-
crease in the K a leads to an increase in the R a; hence,L A
the overall rate of the process controls by mass-transfer phe-
nomena.

( )Influence of the Disk Diameter d . The effect of the disk
diameter d on the conversion of aqueous NaOH solution was
investigated while other operating conditions were kept un-
changed. Figure 8 shows the plot of the conversion of aque-
ous NaOH solution as a function of the disk diameter at the

Figure 3. Conversion of aqueous NaOH solution vs. up-
per disk speed.
w x 3B s 0.75 kmolrm ; disk diameter d, 0.20 m; distance be-i
tween the disks h, 0.0015 m.

Figure 4. Overall volumetric mass-transfer coefficient
vs. upper disk speed.
Disk diameter d, 0.20 m; distance between the disks h,
0.0015 m.

various aqueous-flow rates and the upper disk speeds. It was
found that an increase in the disk diameter from 0.15 to 0.25
m increases the conversion of aqueous NaOH solution, but
the latter was not appreciable at the high upper disk speeds
for disk diameters larger than 0.20 m.

( )Influence of the Distance between Disks h . To explore the
effect of the distance between the disks h on the conversion
of aqueous NaOH solution, a number of experiments were
carried out with the various distances between the disks from
0.0015 m to 0.003 m. These experimental results are shown in
Figure 9. As may be observed from Figure 9, a decrease in
the distance between disks h from 0.003 to 0.0015 m in-
creases the conversion of aqueous NaOH solution. The latter
is due to much higher shear forces acting on the phases, as
well as an increase in the bulk turbulence produced by ed-
dies.

It should be mentioned that, for the distances smaller than
0.0015 m, some difficulties were encountered in the separa-
tion of the exit dispersions and need to longer times for com-
plete phase separation. Thus, the distances smaller than
0.0015 m were not considered in the present investigation.

Figure 5. Conversion of aqueous NaOH solution vs. the
aqueous flow rate.
w x 3B s 0.75 kmolrm ; disk diameter d, 0.20 m; distance be-i
tween the disks h, 0.0015 m.
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Figure 6. Overall volumetric mass-transfer coefficient
vs. aqueous flow rate.
Disk diameter d, 0.20 m; distance between the disks h,
0.0015 m.

Influence of Impinging Jets. As can be noticed from the ex-
perimental setup, the reactor could be assembled in the two
following modes: either as a TIJR or as a nonimpinging-jets

Ž .reactor NIJR . In the latter mode of operation, both aque-
ous and organic phases were introduced separately through
the lower disk without premixing of the aqueous and organic
phases. The NIJR is shown in Figure 10. The distance be-
tween the inlet pipes on the lower disk in the NIJR was 0.005
m. The aqueous and organic phases, therefore, did not im-
pinge to one another within the reaction compartment. Thus,
the following ratio could be defined in order to compare the
performance capability of the TIJR and NIJR and to verify
the enhancing effect of impinging jets under identical operat-
ing conditions

The conversion of aqueous NaOH solution in TIJR
Ehs

The conversion of aqueous NaOH solution in NIJR

11Ž .

Figure 11 shows the enhancing effect of the IJ on the con-
version of aqueous NaOH solution. From this figure, it can

Figure 7. Volumetric extraction rate vs. the overall volu-
metric mass-transfer coefficient.
w x 3B s 0.75 kmolrm ; disk diameter d, 0.20 m; distance be-i
tween the disks h, 0.0015 m.

Figure 8. Effect of the disk diameter on the conversion
of aqueous NaOH solution.
w x 3B s 0.75 kmolrm ; distance between the disks h, 0.0015i
m.

Ž .be noticed that: 1 the IJ generally promote the conversion
Ž .of aqueous NaOH solution; 2 the enhancing effect of the IJ

on the conversion was diminished at the high upper disk
speeds for various aqueous and organic flow rates.

Danckwerts’ Plots. NBF was contacted with various inlet
concentrations of aqueous NaOH solution within the range
of 0.40 to 0.75 kmolrm3 to determine the values of overall
volumetric mass-transfer coefficients and the interfacial areas
from construction of Danckwerts’ plots. In order to satisfy
the conditions for the pseudo-first-order mechanism, lower
concentrations of NaOH solution were used. Figure 12 shows

Ž w � x.2the plots of R ar A vs. the average concentration of theA
w xreactive species B with the upper disk speed and aqueous

NaOH solution flow rate as parameters. The individual val-
ues of overall volumetric mass-transfer coefficients and the
interfacial areas obtained from these Danckwerts’ plots are
given in Figures 13 and 14. As can be noticed from Figure 13
there is a relatively good agreement between the experimen-
tal and calculated overall volumetric mass-transfer coeffi-
cients obtained from the intercepts of Danckwerts’ plots.
However, the corresponding experimental values of overall
volumetric mass-transfer coefficients were generally around
10% lower as shown in Figure 13.

Figure 9. Effect of the distance between the disks on
the conversion of aqueous NaOH solution.
w x 3B s 0.75 kmolrm ; disk diameter d, 0.20 m.i
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Figure 10. Cross section of the disks in NIJR.
The distance between the inlet pipes on the lower disk
0.005 m.

Figure 14 demonstrates the values of interfacial areas cal-
culated from the slopes of Danckwerts’ plots vs. the upper
disk speeds and the aqueous flow rate as a parameter. As can
be observed from Figure 14, an increase in the upper disk
speed and the aqueous flow rate causes a corresponding in-
crease in the interfacial areas, which can be expected. Notice

w � xthat the quantities A , D , D , and K are functions ofA B 2
the concentration of NaOH solution as well. The values of
D and K at the various concentrations of aqueous NaOHA 2

Ž .solution and 20�C have been tabulated by Sarkar et al. 1980 .
w � xHowever, a number of correlations reported for K , A ,2

D , and the ratio of D to D concerning n-Butyl formate-A A B
ŽNaOH system can be found elsewhere Onda et al., 1975;

.Woezik and Westerterp, 2000 . In addition, Verma and
Ž . Ž .Sharma 1975 and Nanda and Sharma 1966 reported much

data concerning the system investigated. The results obtained
from the experiments are summarized in Table 1. It is clear
that, within the range studied, the assumption of pseudo-
first-order reaction has been held for all of the experiments.

E®aluation of the Performance Capability of the Reactor. The
evaluation of the performance capability of the TIJR in com-
parison with other reactor types is based on the mass-transfer
performance and power input requirements. The latter quan-
tities are summarized in Tables 2 and 3 that contain the data

Figure 11. Enhancing effect of IJ on the conversion of
aqueous NaOH solution.
w x 3B s 0.75 kmolrm ; disk diameter d, 0.20 m; distance be-i
tween the disks h, 0.0015 m.

( [ �])2Figure 12. Danckwerts’ plot of R a///// A vs. meanA
concentration of aqueous NaOH solution
[ ]B .
Disk diameter d, 0.20 m; distance between the disks h,
0.0015 m.

for the overall volumetric mass-transfer coefficients and volu-
metric extraction rates, as well as power input requirements
per extraction rates, respectively. It is clear that the TIJR has
a much better performance capability with respect to the
overall volumetric mass-transfer coefficient and volumetric
extraction rate. However, the TIJR needs higher power input
requirements relative to mechanically agitated columns.

The power input requirement for the TIJR is the sum of
the power requirement for the upper disk and feed pumps.
To determine the power required for the pumps during the
experimental work, the pressure drops across the nozzles for
both the aqueous and organic streams were measured. Ac-
cording to the experimental results, the maximum pressure
drop across the nozzles was �68 kPa. Therefore, the powers
required for the feed pumps could be determined by applying

Ž .the well-known Bernoulli’s equation White, 1986 . The con-
tribution of the upper disk to the total power input could be
determined based on the Newton’s law that is applied to a
ring of radius r and width dr on the upper disk. The latter
can be written as

dF r s� r dS r with dS r s2� r � dr 12Ž . Ž . Ž . Ž . Ž .

Figure 13. Calculated vs. experimental overall volumet-
ric mass-transfer coefficient K a.L
Disk diameter d, 0.20 m; distance between the disks h,
0.0015 m.
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Figure 14. Interfacial area vs. upper disk speed.
Disk diameter d, 0.20 m; distance between the disks h,
0.0015 m.

Ž .where � r is the shearing stress at a distance r from the
Ž .center of the disk, and dS r is the surface of the annular

element with width dr. The tangential velocity at a distance r
from the axis is equal to

® r s2� Nr . 13Ž . Ž .

Thus, the elementary power can be written as

dPs® r dF r . 14Ž . Ž . Ž .

Also, the expressions of the shearing stress were derived else-
Ž .where Schlichting, 1979; White, 1974 .

Conclusions
O©erall ©olumetric mass-transfer coefficient and the
con©ersion of aqueous NaOH solution
Ž .1 The values of the overall volumetric mass-transfer co-

efficient and the conversion of aqueous NaOH solution in-
crease with an increase in the upper disk speed.

Table 3. Power Input Requirements for Various
Reactors

Power Input Requirement
Ž .Reactor Type kJrkmol Extracted

Oldshue Ruston Columns �1,500
Ž .Tamir, 1994; Sarkar et al., 1980

Air-Operated-Two- �23,000
Impinging-Streams Reactor
Ž .Dehkordi, 2002a

TIJR �2,500

Ž .2 An increase in the aqueous NaOH solution flow rate
over the range of 0.110 to 0.300 dm3rmin results in decreas-
ing the conversion of aqueous NaOH solution. Conversely,
such an increase in the distilled water flow rates increases
the overall volumetric mass-transfer coefficients.
Ž .3 The volumetric extraction rate increases with increas-

ing overall volumetric mass-transfer coefficients; that is,
within the range studied the overall rate of the process is
controlled by mass-transfer phenomena.
Ž .4 The values of the overall volumetric mass-transfer co-

efficients calculated from the intercepts of Danckwerts’ plots
are in good agreement with those obtained by the physical
method.

( )Effecti©e interfacial area a

Ž .1 An increase in the upper disk speed increases the ef-
fective interfacial area.
Ž .2 The values of the effective interfacial areas increase

with an increase in both the aqueous and the organic solu-
tions flow rates.
Ž .3 The TIJR offers higher values of interfacial areas as

Žcompared with mechanically agitated columns typically, the
2 3.columns have interfacial area of 500 m rm .

Table 1. Results from Alkaline Hydrolysis of NBF in the TIJR�

2w x w Ž w x .Q N B d 1q D K B a rA i A 2
�3 3 2 0.5Ž . Ž . Ž . Ž . Ž . x w x w xdmrmin revrmin kmolrm m K a 1q B r AL

0.110 600 0.75 0.20 1.81 12.02
0.110 1,000 0.75 0.20 1.71 11.39
0.110 1,400 0.75 0.20 1.65 10.81
0.190 600 0.75 0.20 1.61 12.35
0.190 1,000 0.75 0.20 1.75 11.70
0.190 1,400 0.75 0.20 1.69 11.13
0.300 600 0.75 0.20 1.66 12.61
0.300 1,000 0.75 0.20 1.62 12.11
0.300 1,400 0.75 0.20 1.61 11.62

�The ratio of D to D has been taken equal to one.B A

Table 2. Evaluation of Performance Capability of Various Reactors
4 4K a�10 R a�10L Ay1 3Ž . Ž .Chemical System ArO Reactor Type s kmolrm � s

n-Butyl formate-aqueous NaOH solution 1.66r1 Oldshue Rushton Column 250 11
Ž .Sarkar et al., 1980

n-Butyl formate-aqueous NaOH solution 1r1 Air-Operated-Two-Impinging-Streams 750 45
Ž .Reactor Dehkordi, 2002a

n-Butyl formate-aqueous NaOH solution 1r1 TIJR 2,800 270
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Notation
as interfacial area, m2rm3

w x 3A sconcentration of NBF in distilled water, kmolrm
w � x 3A ssolubility of NBF in aqueous alkali solution, kmolrm
w x 3A ssolubility of NBF in distilled water, kmolrmw
w x 3B sconcentration of aqueous NaOH solution, kmolrm

dsdisk diameter, m
D sdiffusion coefficient of solute A in phase B, m2rsA
D sdiffusion coefficient of the reactant, m2rsB
Ehsenhancing effect of impinging jets

Fs force, N
hsdistance between disks, m
Is ionic strength, kmolrm3

K ssecond-order kinetic rate constant, m3rkmol � s2
K soverall mass-transfer coefficient, mrsL

K asoverall volumetric mass-transfer coefficient, sy1
L
K s i q i q i , m3rkmols q y ester
Nsupper disk speed, revrmin
Qs volumetric flow rate of liquid phase, dm3rmin
rsdistance from center of disk, m

R asextraction rate per unit volume of reactor, kmolrs �m3
A

Sssurface, m2

®s velocity, mrs
Ž . 3V scontactor reactor volume, dmc

X sconversion of aqueous NaOH solutionc
�sshear stress, Nrm2

Subscripts
Asaqueous phase

aqsaqueous phase
is inlet of reactor

lns logarithmic mean
osoutlet of reactor

orsorganic phases

Superscript
�sat equilibrium

Abbre©iations
IJs impinging jets

NBFsn-Butyl formate
NIJRsnonimpinging-jets reactor

SSsstainless steel
TIJRs two-impinging-jets reactor
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