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ABSTRACT

Cr(VI) was transported using a non-Newtonian polyisobutylene liquid
supported by microporous polytetrafluoethylene polymer. The effects of
viscosity and viscoelasticity of toluene solution of polybutene and poly-
isobutylene on the membrane side-mass transfer coefficient of Cr(VI)
have been investigated. The elasticity, considered in the form of
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782 Park et al.

Weisenberg number, was used to present unified correlations for mass
transfer coefficients in Newtonian as well as non-Newtonian liquid.

Key Words: Hexavalent chromium; Viscoelasticity; Supported liquid
membrane; Mass transfer coefficient.

INTRODUCTION

Hexavalent chromium, Cr(VI), is one metal that has received
considerable attention. It has been used extensively in such industrial
applications as electroplating, electrofinishing, steelmaking, leather tanning,
and corrosion inhibition, and it has long been recognized as a toxic substance
due to its strong oxidizing potential and the ease with which it can pass
through biological membranes.!'! The removal of Cr(VI) from industrial
wastewater is of great interest mostly due to the high toxicity of chromium(VI)
compounds. During recent years the application of different solvent extraction
technologies to chromium removal and concentration has been widely studied;
conventional liquid—liquid extraction,'” emulsion liquid membranes,"
supported liquid membranes (SLMs),™ and non-dispersive extraction' are
some of the new alternatives reported in the literature.

The dependence of shear stress on shear rate of a fluid in a hydrodynamic
system is different according to the type of the fluid, i.e., Newtonian or non-
Newtonian fluid, and the mass transfer coefficient (k) of a solute in one phase is
in inverse proportion to the viscosity of its phase due to the inverse proportion of
viscosity to diffusivity. The rheological properties such as Deborah number (De),
defined as the ratio of the characteristic material time to the characteristic process
time, or Weissenberg number (Wi), defined as the ratio of the first normal stress
difference to the shear stress, is taken into account to correlate the mass transfer
coefficient in non-Newtonian fluid with that in Newtonian fluid. Mere use of the
apparent viscosity of non-Newtonian fluids was not sufficient to obtain a unified
correlation for k; values in Newtonian and non-Newtonian fluids. Due to the
complexities of mass transfer in non-Newtonian media, the correlations available
in these studies were limited to just a few kinds of non-Newtonian fluids, such
as Carbopol, carboxymethylcellulose (CMC), polyacrylate (PA), polyethylene-
oxide (PEO), polyacrylamide (PAA), and polyisobutylene (PIB) solutions.
Unified correlations have been proposed for volumetric mass transfer coefficient
(kpa) in Newtonian as well as non-Newtonian solutions by introducing the
dimensionless term such as (1 + n; De™)™, which is listed in Table 1. As shown
in Table 1, figures in the dimensionless term are different from one another.

Suh et al!'l have also proposed the dimensionless term such as
(1 + 0.18Wi*?*) ! to fit the experimental kya of O, absorption in a bubble
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Mass Transfer of Cr(VI) Through SLM 783

Table 1. Coefficients of dimensionless group of mass transfer.

Investigator n ny n3 Polymer Contactor
Yagi and Yoshida'® 2 0.5 —0.67 CMC, PA Agitated vessel
Ranade and Ulbrecht!”! 100 1 —0.67 CMC, PAA  Stirred tank
Nakanoh and Yoshida'® 0.13 055 -1 CMC, PA Bubble column
Park et al.””! 100 1 —042 PB,PIB Agitated vessel
Park et al.['"! 24613 1 —0.274 PB, PIB Agitated vessel

column using CMC, PAA, and Xanthan as non-Newtonian liquids. Vlaev
et al.l"? have used the apparent viscosity of the non-Newtonian liquid and
proposed the dimensionless equation such as Sh = 9.71 x 10~ 'Re**"(u / o)™
for the oxygen transfer in colloidal dispersions of corn starch in water using a
stirred vessel.

Kawase et al.!'*! presented a theoretical model for kya in bubble columns
using non-Newtonian fluids based on Higbie’s penetration theory and
Kolmogoroff’s theory of isotropic turbulence. They used the flow behavior
index, n, in the power law liquid of Ostwald de Waele to correlate ky a with
the modified Schmidt and Reynolds number. There is little information about
the effect of elastic properties on extraction of metal in the organic solvent-
soluble non-Newtonian fluids through extraction of a solute in a liquid-liquid
heterogeneous system.

The present work was intended to obtain a unified correlation for
membrane-side mass transfer coefficient (k,,) of Cr(VI) in the organic non-
Newtonian fluids supported by microporous polymer and to observe the effect
of elasticity of non-Newtonian liquid on k,,. The particular system chosen for
this study was extraction of Cr(VI) in toluene solutions of polybutene (PB)
and PIB with varying rheological properties.

EXPERIMENTAL
Chemicals

Chemicals used in this study were reagent grade and used without further
purification. The supporting membrane was hydrophobic microporous poly-
tetrafluoroethylene membrane with nominal thickness of 1.75 x 10~ *m,
porosity of 0.7, and tortuosity of 1.353.

The concentrations of Cr(VI) in the feed side and NaOH in the stripping
side were 50g/ m® and 1kmol / m?, respectively. The pH value of the feed
solution was fixed at 3.

Copyright © Marcel Dekker, Inc. All rights reserved.
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The polymer additives used in this study were PB with the mean molecular
weight of 750 (Aldrich, USA) and PIB with the mean molecular weight
of 1,000,000 (Aldrich, USA). The toluene solutions of PB and PIB of various
concentrations were used as Newtonian and non-Newtonian liquids, respect-
ively. For the transport experiments of Cr(VI), the concentration of PB in the
toluene solution was 1, 5, 10, 20, 30 wt% and that of PIB was 0.1, 0.2, 0.5, and
1.0 wt%.

Membrane-Side Mass Transfer Coefficient

Aqueous Cr(VI) solutions as the feed solution were prepared by
dissolving K,Cr,O; (Junsei Chemical Company, Ltd., Japan) in deionized
water, and the pH was adjusted with sulfuric acid. The impregnation of the
carrier into pores of the supporting membrane was achieved by immersing the
membrane in the organic extractant solution for 24 hr by the same procedure
as reported earlier.""*! An aqueous NaOH solution was used as the stripping
solution. Cr(VI) concentrations in the aqueous solution were measured with a
Hewlett Packard UV-visible spectrophotometer (model 8452A, USA) using a
colorimetric diphenyl-carbazide method.!"*

The experimental procedure was the same as those reported earlier.!*!
The flat-plate membrane separator module was made of Pyrex glass with inside
diameter of 0.1 m and height of 0.03 m. After setting the impregnated support at
the center of the module, a 0.175-dm> portion of aqueous Cr(VI) solution was
put into the lower part of the module and the same amount of aqueous NaOH
solution into the upper part. The lower part was agitated by a magnetic bar and
the upper part by an impeller connected to a motor. The concentration of Cr(VI)
in the feed side was measured periodically by sampling a small amount
(1 x 10~*dm?) from the lower part. The same volume of water was replaced
after sampling. The supporting membrane was used as a new one for each
experiment. Experiments were repeated three times, and the overall mass
transfer coefficient obtained from the time dependence of Cr(VI) concentration
was averaged. All experiments were carried out at 25°C.

When Cr(V]) is transported from an aqueous feed side to the stripping
side of an aqueous NaOH solution through an organic phase of non-Newtonian
liquid in the microporous polymeric membrane support at steady-state, the
flux of Cr(VI) at each step may be expressed as follows:

NS = Ko(Cas — Ciy) = k(Car — Cag) = km(Car — Cas)
- ks(czs - CAS) (1)

where the overbar means the membrane side.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 10 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Mass Transfer of Cr(VI) Through SLM 785

Using the partition coefficient of Cr(VI), Ha, and Eq. (1), the relationship
of overall and respective mass transfer resistances is rearranged to be

1 1 1 1
S — 2
K, kf+HAkm+kS @

If the resistances of the feed and stripping sides are negligible as compared
with that of the membrane-side, the membrane side mass transfer coefficient is
obtained from the following equation:

K,

km = — 3
™= 3)
If the total volume of the organic extractant within the micropores of the
membrane is negligible as compared with the volume of the aqueous solution
in each part, the change of Cr(VI) concentration with time in the feed side is

expressed as follows:

_ dCxt
dt

= Ko(Car — Ciy) )

If Cr(VD) transported to the alkaline side of the membrane is completely
consumed by an instantaneous reaction in the alkaline stripping solution, Ci¢
is equal to zero due to Cpag = 0. Then, integration of Eq. (4) leads to

Cas
n
Car

1 = —K,at ®)

The membrane-side mass transfer coefficient is obtained from Eq. (3) using
the value of K, obtained from the observed time dependence of Ca¢in Eq. (5).

To find an experimental condition in which the feed-side mass transfer
resistance is negligible, the time dependence of the concentration of Cr(VI) in
feed side was measured at various agitation speeds, with a typical extractant of
PIB of 1 wt% and PB of 30 wt%. The overall mass transfer coefficient, K, was
obtained from the linear relationship between In(Cag/Cag.) and time using
Eq. (5) at the agitation speeds of 400, 500, and 700 rev/min, and its value
was 2.963 x 1077,2.974 x 1077, and 3.012 x 10~ m/s, respectively, which
may be taken as a constant value. Therefore, the membrane-side mass transfer
coefficient, k,,,, may be obtained from Egs. (3) to (5), and the agitation speeds
in the feed and stripping sides were fixed at 500 rev/min in all experiments
mentioned below to study the elastic behavior of the non-Newtonian liquid.

To obtain k,, from Eq. (3), it is necessary to know the partition coefficient,
H, which was measured by the same procedure as those reported earlier,!'®!
and its value was determined to be 0.0165.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Rheological Properties of Toluene Solution

The rheological properties of the toluene solutions of PB and PIB were
measured by the parallel disk-type rheometer of the diameter of 0.05 m and the
gap of 0.001 m (Ares, Rheometrics, USA).

Apparent Viscosity of Toluene Solution

The apparent viscosities of the toluene solutions of PB and PIB were

measured using a Ubbelohde viscometer at 25°C.
RESULTS AND DISCUSSION
Rheological and Physicochemical Properties of the Liquid

We assume that a power-law model, which has been widely used for shear-
dependent viscosity, can represent the non-Newtonian flow behavior of fluids:

T=Ky" (6)
p=Ky"! )
Ny =Ay? (8)

where n, K, b, and A are material parameters depending on temperature.

These parameters were obtained from the dependence of 7and N; on 7.

To observe the dependence of 7, and N; on 7y, 7 and N, of the toluene
solution were measured as a function of y by the rheometer.

Figure 1 shows typically the logarithmic plot of shear stress vs. the shear
rate for toluene, the toluene solutions of PB of 30 wt%, and of PB of 30 wt%
containing PIB of 1 wt%. The best-fit straight line was determined by the least-
squares method with the plots in Fig. 1.

From the intercept and slope of the straight line, the values of K and n
were evaluated. Also, Fig. 2 shows the logarithmic plot of primary normal
stress difference vs. shear rate for the same solution as in Fig. 1.

As shown in Fig. 2, the plots for the toluene solution of 30 wt% PB and
1 wt% PIB are linear, whereas the values of the primary normal stress
difference of toluene and toluene solution of 30 wt% PB are zero. From the
intercept and slope of the straight line for the toluene solution of 30 wt% PB
and 1 wt% PIB, the values of A and b were evaluated. The parameters K, n, A,
and b for the toluene solution of various concentrations of PB and PIB are
given in Table 2.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 1. Shear stress of toluene solution as a function of shear rate.

As shown in Table 2, note that only the toluene solutions of PIB exhibit any
measurable primary stress difference; therefore, they are considered viscoelastic.

Deborah number (De) or Weissenberg number (Wi) is used to relate the
elastic properties of the non-Newtonian fluid with the process parameters such
as agitation speed and velocity of fluid. Using Eqs. (6) and (8) and the
definition of De (=A/t), where A is Ny/ (wy?) defined as the characteristic
material time and ¢ is the characteristic process time, and Wi (=N;/7), De and
Wi can be written, respectively, as follows:

A
D — b*}’l*lN
=27 ©)
A,
=y 10
Wi =2 (10)

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 2. Normal stress difference of toluene solution as a function of shear rate.

If it is assumed that the non-Newtonian liquid existing in the pore of the
polymer membrane is stagnant and independent of the agitation speed of the
feed and stripping sides, Wi rather than De is used to correlate the elasticity of
the non-Newtonian liquid to the behavior of the Newtonian liquid.

The shear rate in Eq. (10) is of importance in fixing the rheological or
viscometric behavior of such a non-Newtonian liquid and it depends on the
hydrodynamic characteristics of the fluid. Metzner and Otto''® found that the
shear rate could simply be related to the impeller speed by:

4N

y=— (11)
n

If the shear rate is considered at the contact position between the feed side
and the membrane side, the value of agitation speed is used as the agitation
speed of the feed side.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Mass Transfer of Cr(VI) Through SLM 789
Table 2. Rheological properties of PIB/PB/Tol solution.
K x 10*
PIB (Wwt%)  PB (wt%) n (N2 /m?) b A (N°/m?)
0 0 1 5.62 0 0
1 1 6.08 0 0
5 1 6.75 0 0
10 1 8.01 0 0
20 1 11.79 0 0
30 1 18.62 0 0
0.1 0 0.997 7.15 0.0006 0.0008
1 0.994 7.93 0.0007 0.0009
5 0.990 8.79 0.008 0.0017
10 0.985 10.57 0.0008 0.0028
20 0.981 15.35 0.0009 0.0034
30 0.978 20.63 0.0010 0.0048
0.2 0 0.994 9.95 0.0056 0.0009
1 0.991 10.93 0.0079 0.0009
5 0.984 11.35 0.0115 0.0015
10 0.982 12.18 0.0143 0.0038
20 0.977 18.19 0.0168 0.0067
30 0.970 27.93 0.0197 0.0095
0.5 0 0.991 15.38 0.0341 0.0009
1 0.986 16.71 0.0429 0.0017
5 0.983 18.61 0.0429 0.0037
10 0.979 19.85 0.0512 0.0065
20 0.964 26.26 0.0576 0.0124
30 0.956 39.35 0.0608 0.0184
1.0 0 0.965 38.20 0.1534 0.0043
1 0.951 39.14 0.1711 0.0105
5 0.923 40.32 0.1820 0.0163
10 0.905 48.67 0.2050 0.0259
20 0.896 58.13 0.2111 0.0327
30 0.857 76.08 0.2193 0.0455

To observe the elasticity of the non-Newtonian liquid, Wi is calculated
using Eqgs. (10) and (11) according to the change of concentration of PB and
PIB, and given in Table 3 and plotted in Fig. 3.

As shown in Fig. 3, Wi increases with an increase in the concentration of
PIB. The dependence of Wi on PIB concentration is reasonable in view of the
elasticity of PIB.

The apparent viscosities of the toluene solution, which were measured
according to the charge of concentration of PB and PIB, are given in Table 3.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 3. Mass transfer coefficient, viscosity, and Wi of PIB/PB/Tol solution.

K, x 107 ke % 107 wx 10*

PIB (wt%) PB (wt%) (m/s) (m/s) (Pas) Wi
0 0 3.84 2327 5.62 0.0000
1 3.77 2.285 6.08 0.0000
5 3.63 2.200 6.75 0.0000
10 3.50 2.121 8.01 0.0000
20 3.35 2.030 11.79 0.0000
30 2.89 1.752 18.62 0.0000
0.1 0 3.77 2.285 7.49 0.0108
1 3.66 2.218 7.71 0.0111
5 3.33 2.018 8.10 0.0192
10 2.94 1.782 9.35 0.0268
20 2.98 1.806 13.31 0.0228
30 2.80 1.697 19.29 0.0242
0.2 0 3.75 2.273 9.21 0.0091
1 3.35 2.030 9.24 0.0084
5 3.31 2.006 9.26 0.0141
10 3.21 1.945 11.01 0.0340
20 3.07 1.861 15.68 0.0414
30 3.02 1.830 23.87 0.0398
0.5 0 3.67 2.224 14.11 0.0068
1 3.40 2.061 14.65 0.0125
5 3.34 2.024 15.53 0.0254
10 3.25 1.970 17.94 0.0429
20 3.25 1.970 26.26 0.0685
30 3.02 1.830 39.30 0.0699
1.0 0 3.69 2.236 28.00 0.0251
1 3.14 1.903 28.52 0.0686
5 3.19 1.933 29.67 0.1214
10 3.10 1.879 35.83 0.1913
20 3.16 1.915 53.51 0.2158
30 2.97 1.800 83.41 0.2792

As shown in Table 3, the apparent viscosity increases with increasing
concentration of PB and PIB.

Empirical Correlation

To obtain the value of membrane-side mass transfer coefficient, the time
dependence of the concentration of Cr(VI) in the feed side was measured at

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 3. Effect of Weissenberg number on the concentrations of PB and PIB.

various concentrations of PB and PIB. The overall mass transfer coefficients
obtained from the measured values are given in Table 3. As shown in Table 3,
K, and k,, decrease with increasing concentrations of PB and PIB.

To correlate the membrane-side mass transfer coefficient with the
viscosity of the toluene solution, k,, was plotted against w for the toluene
solution of PIB of 0—1 wt%. Figure 4 shows logarithmic plots of k,, against u,
in which the full circles and the open circles represent the plots of toluene
solution of PB (PB/Tol) and toluene solution of PIB and PB (PIB/PB/Tol),
respectively.

As shown in Fig. 4, the plots of PB/Tol are linear, but the plots of PIB/
PB/Tol deviate from the plots of the PB/Tol solution. The slope and intercept
from the straight line of plots of full circles are obtained by the least-square
method with correlation coefficient of 0.965, mean deviation of 1.25%, and

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 4. Plot of k,, of Cr(VI) in liquid membrane vs. viscosity of PIB/PB/Tol
solution (MD = 13.66%, SD = 3.31%).

standard deviation of 0.03%, and their values are —0.222 and 4.40 x 1076,
respectively. Also, the plots of open circles (PIB/PB/Tol) deviate from the
straight line of PB/Tol with mean deviation of 13.66% and standard deviation
of 3.31%.

The empirical correlation between k,, and u of toluene solution of PB is
given as follows:

km = 4.40 x 10700222 (12)

where w is in Pas and k., in m/sec.
The solid line in Fig. 4 presents the calculated line of &, from Eq. (12).
To lessen the deviation of the plots for PIB/PB/Tol from those for PB/
Tol as shown in Fig. 4, a new term of k,, combined with the elasticity such as
(1 + a;Wi®) plotted against u was used to apply the behavior of non-
Newtonian viscoelastic liquid to the empirical form such as Eq. (12). A simple
multiple regression exercise gave the values of @, and a,, and their values were
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MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 6



10: 10 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Mass Transfer of Cr(VI) Through SLM 793

1.153 and 0.817, respectively, with correlation coefficient of 0.98, mean
standard of 7.0%, and standard deviation of 0.98%; the correlation is plotted
in Fig. 5.

The empirical correlation of k,,, with w for toluene solution of PB and PIB
is given as follows:

kin = 4.40 x 10700 022(1 4 1.16Wi*8'7) (13)

Figure 6 shows that all of the k,, data with Newtonian toluene solution of
PB and non-Newtonian toluene solution of PIB at various concentrations
of PB and PIB agree within mean deviation of 7.0% and standard deviation
of 0.98% with the prediction by Eq. (13). As shown in Fig. 6, the deviation of
plots of PIB/Tol can be eliminated by incorporating Wi into the correlation,
although the deviation is small because the elasticity of PIB is small in the low
concentration range of PIB such as 0—1.0 wt%.

10 r

8 | symbol solution

«ll ® | pBOL

@) PIB/PB/TOL
4 |
) O
6%0
Q

| 7

Values calculated
from Eq. (12)

km/(1+1.16xWi%17)x 105 (m/s)

1074 2 6 843 4 6 810—2

u(Pas)

Figure 5. Correlation of &, of Cr(VI) in liquid membrane vs. viscosity of PIB/PB/
Tol solution by Weissenberg number (MD = 7%, SD = 0.98%).
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Figure 6. Comparison of kyca With ky e (MD = 6.45%; SD = 0.69%;
a; =440 x 10°% a, = — 0.222; a3 = 1.16; ay = 0.817).

CONCLUSIONS

Transport rates of Cr(VI) from the aqueous solution of the feed side to
the aqueous NaOH solution of the stripping side through the toluene
solution of PB and PIB of the membrane side supported by the microporous
polymer were measured at the agitation speed of the feed and stripping side
of 500rev/min and the initial concentration of Cr(VI) in the feed side of
50 g/m3. The toluene solutions of PB and PIB were used as pseudoplastic
and viscoelastic liquid, respectively, and the concentration range of PIB
was 0.1-1.0 wt%, and that of PB, 0—30wt%. The rheological properties of
the toluene solution, such as n, K, b, and A, were used to correlate the
primary normal stress difference presenting the elastic properties with the
membrane-side mass transfer coefficient. The elastic properties, considered
in the form of Weissenberg number, were found to decrease the value of
membrane-side mass transfer coefficient. An empirical correlation of the
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membrane-side mass transfer coefficient incorporating Weissenberg number
was obtained as follows:

>

km = 4.40 x 107079%22(1 4 1.16Wi*817).

NOMENCLATURE

Contact area per unit volume (m* / m’).

Rheological properties defined as in Eq. (8) (N / m?).

Rheological properties defined as in Eq. (8).
Concentration of Cr(VI) in i phase (kmol/ m3).
Deborah number defined as A/t

Concentration of A in feed side at equilibrium of that in stripping

side (kmol/ m’).

Concentration of A in stripping side at equilibrium of that in feed

side (kmol /m?).

Impeller diameter (m).

Diffusivity of solute (m2 /sec).

Partition coefficient of A defined as the ratio of

concentration in

the organic phase to that in the aqueous phase at phase

equilibrium state.

Rheological properties defined as in Eq. (6) (N7 /m?).
Overall mass transfer coefficient of A in feed side (m/sec).

Mass transfer coefficient of i side (m/s).
Volumetric mass transfer coefficient (s~ ').
Rheological properties defined as in Eq. (6).
Agitation speed (sec” ).

Flux of A (kmol/m’sec).

Primary normal stress difference defined as in Eq. (8) (N/ m?).
Reynolds number defined as dsz/ M in an agitated vessel.
Sherwood number defined as kLaa’2 /Dy in an agitated vessel.

Time (sec).
Weissenberg number defined as Ny /7.

Greek Letters

Shear rate (sec_l).
Characteristic liquid time (sec).

Viscosity of the membrane-side liquid (Ns/ m?).
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Density (kg/m>).
Shear stress defined as in Eq. (6) (N/mz).

Subscripts
Feed side.
Membrane side.
Stripping side.
Initial value.
ACKNOWLEDGMENT

This study was supported by the Basic Research Program of the Korea

Science and Engineering Foundation through the Applied Rheology Center,
Brain Korea 21 and Brain Busan 21.

REFERENCES

. Noble, R.D.; Way, J.D.; Bunge, A.L. Liquid membrane. In lon Exchange

and Solvent Extraction; Marinsky, J.A., Marcus, Y., Eds.; Marcel Dekker,
Inc.: New York, 1988; Vol. 10, 63—103.

Strelow, F.W.E. Application of ion exchange to element separation and
analysis. In Ion Exchange and Solvent Extraction; Marinsky, J.A.,
Marcus, Y., Eds.; Marcel Dekker, Inc.: New York, 1973; Vol. 5,
121-206.

Salazar, E.; Ortiz, M.I.; Urtiaga, A.M.; Irabien, J.A. Kinetics of the
separation-concentration of chromium(VI) with emulsion liquid mem-
brane. Ind. Eng. Chem. Res. 1992, 31, 1523-1529.

Park, S.W.; Kim, G.W.; Kim, S.S.; Sohn, L.J. Facilitated transport of Cr(VI)
through a supported liquid membrane with trioctylmethylammonium
chloride as a carrier. Sep. Sci. Technol. 2001, /0, 2309-2326.

. Alonso, A.L.; Galan, A.L; Irabien, A.; Ortiz, M.I. Extraction of Cr(VI)

with aliquat 336 in hollow fiber contactors; mass transfer analysis and
modeling. Chem. Eng. Sci. 1994, 49 (6), 901-909.

. Yagi, H.; Yoshida, F. Gas absorption by Newtonian and non-Newtonian

fluids in sparged agitated vessels. Ind. Eng. Chem. Process Des. Dev.
1975, 14 (4), 488—-493.

Ranade, V.R.; Ulbrecht, J.J. Influence of polymer additives on the gas-
liquid mass transfer in stirred tanks. AIChE J. 1978, 24 (5), 796—803.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 10 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Mass Transfer of Cr(VI) Through SLM 797

8.

10.

1.

12.

13.

14.

15.

16.

Nakanoh, M.; Yoshida, F. Gas absorption by Newtonian and non-
Newtonian liquids in a bubble column. Ind. Eng. Chem. Process Des.
Dev. 1980, /9 (1), 190—195.

. Park, S.W.; Sohn, LJ.; Park, D.W.; Oh, K.J. Absorption of carbon dioxide

into non-Newtonian liquid I Effect of viscoelasticity. Sep. Sci. Technol.
2003, 38 (6), 1361-1384.

Park, S.W.; Sohn, 1.J.; Sohn, S.G.; Kumazawa, H. Absorption of carbon
dioxide into non-Newtonian liquid II. Effect of w/o emulsion. Sep. Sci.
Technol. 2003, 38 (16), 3983-4007.

Suh, L.-S.; Schumpe, A.; Deckwer, W.-D. Gas-liquid mass transfer in the
bubble column with viscoelastic liquid. Can. J. Chem. Eng. 1991, 69,
506-512.

Vlaev, S.D.; Valeva, M.; Popov, R. Gas-liquid mass transfer in stirred
non-Newtonian corn-starch dispersions. J. Chem. Eng. Japan. 1994,
27 (6), 723-1726.

Kawase, Y.; Halard, B.; Moo-Young, M. Theoretical prediction of
volumetric mass transfer coefficients in bubble columns for Newtonian
and non-Newtonian fluids. Chem. Eng. Sci. 1987, 42 (7), 1609-1617.
Park, S.W.; Kaseger, C.F.; Moon, J.B.; Kim, J.H. Mass transfer of phenol
through supported liquid membrane. Korea J. Chem. Eng. 1996, 13 (6),
596-605.

Bassett, J.; Denney, R.C.; Jeffery, G.H.; Mendhan, J. Analysis. In Vogel’s
Textbook of Quantitative Inorganic Analysis, 4th Ed.; Longman Group
Limited: New York, 1978; Chapter 18, 738.

Metzner, A.B.; Otto, R.E. Agitation of non-Newtonian fluids. AIChE J.
1957, 3 (1), 3—-10.

Received April 2003
Revised September 2003

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



Downl oaded At: 10:10 25 January 2011

Request Permission or Order Reprints Instantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or its licensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request Permission/
Order Reprints" link below and follow the instructions. Visit the

U.S. Copyright Office for information on Fair Use limitations of U.S.

copyright law. Please refer to The Association of American Publishers’
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materials is also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, alter or enhance the Materials. Please refer to our Website

User Agreement for more details.

Request Permission/Order Reprints

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS120028446



