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Abstract: A process for recovery of zinc from acid solution with di(2-ethyl hexyl
phosphoric acid) (D2EHPA) dissolved in iso-dodecane was carried out at 20°C in a
countercurrent tubular membrane extractor using a hollow fiber as solid support.
Experiments were performed at different aqueous metal concentrations (0.1—
1.0 g/L), pH 0.1-2.1, and D2EHPA concentrations (2—-8 v%). It was found that
both the flux of metal and the extraction extent was highly influenced by the extractant
concentration and the pH of the feed solution. Overall mass transfer coefficients were
determined and related to the tube side, the membrane, and the shell side mass transfer
by varying the aqueous flow rate (0.38—0.80 L/min) and organic flow rate (0.22—
0.57 L/min) in countercurrent flow. The overall mass transfer coefficient for zinc
extraction ranged from 6.2 x 10°® m/s to 25.3 x 10 ®m/s. It was concluded that
extraction kinetics were a major contributor to the overall resistance to mass transfer.
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INTRODUCTION

Conventional solvent extraction has been used in the chemical industry for
over a century. The main challenge in designing and operating a solvent
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extraction operation is the maximization of the mass transfer by producing as
much interfacial area as possible between the stripped feed and the solvent
which is generally immiscible with the stripped feed. This is achieved by dis-
persion in mixer-settlers devices or by a judicious selection of the packing
material in columns. However, this conventional equipment has many disad-
vantages: the need of dispersion and coalescence, problems of emulsification,
flooding and loading limits in continuous countercurrent devices, the need for
an appropriate density difference between the phases, and the high mainten-
ance costs of centrifugal apparatus.'!!

Independently of the achievements in extraction chemistry, in recent
years attention has been also paid to develop new high-efficiency equipment
for solvent extraction.¥ A liquid membrane is a liquid phase that
separates two other liquid phases with which it is immiscible.!*! During the
past years, the use of liquid membranes has gained a general interest in the
separation and concentration of metallic species in hydrometallurgical
processes and may also be used in wastewater treatment where solute concen-
trations are low and large volumes of solutions must be processed.”> "

One of the promising ideas is the use of microporous hollow fiber
modules (HFMs) as liquid/liquid phase contactors.®! HFMs represent a
very attractive solution to the need of operating membrane modules
allowing very high throughputs. With HFMs modules, membrane-packaging
densities as high as 1000 mz/m3 can be reached. This value compares to
about 500 m*>/m’ for the plate and the frame and to about 50 m*/m’ for
tubular membrane modules. Moreover, HFMs modules are characterized by
low investment and operating costs because of the reduced hardware and
the favorable hydrodynamics that minimizes aqueous concentration polariz-
ation effects and membrane fouling."!

The basic principle of non-dispersive extraction is the immobilization of
the interface in the pores of hydrophobic membranes, due to wetting and
appropriate applied static pressure.’'%! The main advantages of this method
are the following: no entrainment; no flooding; very large interfacial area;
the possibility to realize extreme phase ratios; independency of phase
densities, and interfacial tension.''!l A shortcoming of HFM extraction
could be blinding with particles in the feed (prefiltration might be
necessary). Recently, great attention for the extraction of heavy metal ions
with hollow fiber modules made of different material fibers were studied for
improving the performance of the mass transfer and describing the extraction
mechanism.!2~2¢!

Heavy-metal-contaminated wastewaters usually contain a mixture of
different cations and anions. For example, Cu, Zn, Ni, etc., are present as
cations, whereas Cr(VI), Hg, Cd, etc., are commonly found as anions. To
prevent pollution and achieve resource recovery/recycling, heavy metals
are to be recovered individually from such waste streams and concentrated.
Selective solvent extraction/concentration of individual heavy metals is an
attractive option.
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The concept of our contribution concerns the feasibility of HFM for
zinc extraction from sulfate medium by D2EHPA extractant diluted in iso-
dodecane, with the aim to characterize possible and optimal operation con-
ditions regarding the throughputs of the phases and the possible enrichment
in the extraction circle. To evaluate the performance of HFMs as extraction
devices, two different initial zinc concentrations were chosen, both represent-
ing different applications. The so-called “100 ppm concept” (initial zinc con-
centration equals 100 mg/L) stands for environmental engineering; the
“1000 ppm concept” (initial zinc concentration equals 1000 mg/L) represents
hydrometallurgical applications. In both cases the main criteria were,
according to their importance, high depletion of the metal ion concentration
in the raffinate (at least 2 orders of magnitude), maximum possible volumetric
flow rate of the aqueous raffinate phase, and enrichment of metals (into the
stripping phase) via an extraction/reextraction cycle (by variation of phase
ratio and/or concentration of complexing agent). The overall mass transfer
coefficient is calculated and plotted versus time from the data obtained exper-
imentally in the extraction process. The percentage extraction of zinc at feed
pH of 0.1 and 2.1 are presented.

EXPERIMENTAL
Hollow-Fiber Contactor

The experiments were carried out on a microporous hollow fiber membrane
module produced by Celgard (Celgard GmbH, Germany). This geometry
allows a very large contact area with a minimal volume high compactness.
As the membrane material was hydrophobic, the pores were filled with the
organic solution. The module displayed a cross-flow configuration. This was
ensured by a baffle located in the middle of the fiber bundle (see Fig. 1),
which compelled the aqueous solution to flow from the porous distribution
tube located in the center of the fiber bundle to the wall of the shell in the
first chamber and vice-versa to the collection tube in the second chamber.
This was meant to promote turbulence in the fluid flowing outside the
fibers, therefore, improving the mass transport through the boundary layer
around the fibers. The geometric characteristics of the module are detailed
in Table 1.

Chemicals and Materials

The source for zinc was ZnSOy - 7H,0, of analytical grade (Fisher Scientific).
The pH was adjusted to the desired value by continuous drop addition of 1%
(v/v) sulfuric acid or 5 N NaOH prepared with analytical grade reagents. The
cation exchanger D2EHPA from Baysolvex BAYER with 0.5% monoacid and
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Figure 1. Liquicel extra-flow hollow fiber contactor.

2.2% mass neutral impurities mainly 2-ethylhexanol was used without purifi-
cation. Gefachem—Prochemie, Leverkusen, supplied the high purity isodode-
cane, used as a solvent for D2EHPA. All the other reagents were standard
chemicals of analytical grade and were used without any further purification.
The extraction system was investigated between 0.1 g/L and 1.0 g/L Zn*",
which is typical for metal extraction in hydrometallurgy, with 2v% to 8v%
D2EHPA and a pH-range from 0.1 to 2.1. The aqueous samples were
analyzed for metal content using a Hitachi Z8100 atomic absorption spectro-
photometer. A mass balance provided the organic phase concentration.

Hollow-fiber Experiments

The hollow fiber membrane unit is completely automatically controlled by
Lab Vision control software. Pumping of the feed and organic phases was
achieved by using MCP-Z pumps capable of flows up to 1250 mL/min.
Teflon flow meters, situated at the inlet of the HF module, were used to
monitor the flow rates of the feed, and organic phases. Pressure gauges are
panel-mounted to measure the inlet/outlet pressures and flows for both the
tube side and the shell side (see Fig. 2). Separation experiments were
carried out at room temperature (20°C).
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Table 1. Geometric characteristics of the tested hollow fiber contactor

Provider: Contactor type

Hoechst Celanese Corporation Celgard X-30
Microporous Polypropylene Hollow Fiber
[Liqui-Cel extra-flow 2.5 in. x 8 in.

(64 mm x 203 mm)]

Shell diameter 6.3 cm
Fiber bundle diameter 4.7 cm
Distribution tube diameter 2.2 cm
Effective surface area 1.4 m?
Effective fiber length 15cm
Effective Area/Volume 29.3 cm?/em®
Number of fibers 9950
Outer fiber diameter 300 pm
Inner fiber diameter 240 pm
Fiber wall thickness 30 pm
Fiber porosity 0.4

Pore tortuosity 2.25
Effective pore diameter 0.03 pm

In all the experiments involving the HFM, we chose to run the aqueous
feed in the lumen side and the organic in the shell side because the
membrane is hydrophobic, as can be seen in Fig. 1b. Since the organic
solvent wets the membrane spontaneously, we applied a positive static
pressure to the aqueous phase to prevent the organic from dispersing into
the aqueous feed to form an emulsion. If we ran the organic in the lumen, it
would be harder to apply such a pressure from the shell side."*’!

The aqueous phase flowed countercurrently to the organic extractant and the
pressure in the aqueous phase was held 0.2—0.5 bar higher than the pressure in the
organic phase. This pressure difference allowed a stable aqueous/organic
interface to be maintained at the shell side of the membrane. Both the aqueous
and organic phases were recycled totally (100%). The aqueous and organic
initial volumes were 4L and 1L respectively, and the samples were approxi-
mately 3 mL. Samples were taken at 1, 2, 3, 5, 7, 10, 20, 30, 40, 60, 80, 100,
120, 150, 180, 240, and 300 minutes to follow the extraction.

Theory
Solvent Extraction of Zinc

The extraction of zinc from an aqueous to a solvent phase containing D2ZEHPA
is characterized by the extraction reaction presented in Eq. (1):

Zn’* + n(HR), = ZnRy(HR),, ;) +2H" (1)
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Figure 2. Experimental setup. The aqueous feed flows in the lumen, and the organic
is in the shell side.

The distribution coefficient m is dependent on the pseudo-equilibrium constant
for the reaction, K., the pH of the aqueous solution and the solvent extractant
concentration, as shown in Eq. (2). At low solvent loading n = 1.5 and K.,
is constant for a given temperature and ionic strength:

_[ZnRo(HR)y,_p] - H'F  [H'P

S =z @R, " [HR)T @

Mass Transfer in a Hollow Fiber Contactor

The overall apparent mass transfer coefficient can be defined by considering
an overall mass balance (aqueous phase):

_decw = kW(Cw - C*W)dA (3)
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Where C,; is the solute concentration at the aqueous-organic interface. The
experimental conditions used for this study were chosen to minimize resistance
in the membrane and solvent phases. Under these conditions C%, << C,,, leading
to the simplification that C, — C§, = C,,. Integrating over the module leads to
Eq. (4) which enables the calculation of experimental overall mass transfer coef-
ficients for aqueous flowing in either the shell or the tube side of the module.

Qu, (Cu

Mass transfer in a hollow fiber contactor can be described using a conventional
resistance-in-series model.”””) When mass transfer is transport limited, the
overall mass transfer coefficient (k,), for extraction of a solute from an
aqueous to a solvent phase (based on aqueous in the tube side), can be represented
by Eq. (5).*” The underlying assumption, when applying this model to describ-
ing zinc mass transfer, is that the chemical reaction described by Eq. (1) is fast
and reaches equilibrium at the interface:
1 1 di d

ky ki mkydp, mked,

Where: dj,, = d, — d;/In(d,/di)

The local mass transfer coefficients for the boundary layer resistance in
the tube side, diffusion of the solute in the membrane pores, and the
boundary layer resistance in the shell side, are given by ki, k,,, and kg, respect-
ively. With the aqueous phase in the shell side, the aqueous—organic interface
is on the outside surface of the lumen and Eq. (6) can be:

1 do d, 1

K, ~ mkd, | mkndm |k ©)

©)

For laminar flow in the tube side of the membrane, the tube side local mass
transfer coefficient is related to the Sherwood number using the Leveque
approximation,”" according to Eq. (7):

kid;

d;
Sh =1,

1/3
= 1.628c!/? Re!/? (f> (7)

w

In the membrane, the local mass transfer coefficient can be calculated from
known membrane parameters of solute diffusivity (Do), membrane
thickness (), tortuosity (7) and porosity (e), according to Eq. (8).2! The
diffusivity is for the organic phase, D, because the membrane is hydro-
phobic and is wetted by the organic.

Doree
ot

Mass transfer correlations on the shell side depend on the type of flow within the
module. For cross-flow hollow fiber modules, a significant portion of the flow is

kn = ®)



864 E. A. Fouad and H.-J. Bart

perpendicular to the lumen bundle and various approaches have been used. The
conventional approach is to define the Sherwood number in terms of the outer
fiber diameter, d,, as shown in Eq. (9). The Reynolds number is also defined
with d, as the characteristic length. The superficial velocity is calculated as
the flow rate through the shell divided by the cross-sectional area. Where
flow in a cross-flow module is radial, the cross-sectional area varies with
diameter and the arithmetic average area is used.”**! The effective velocity is
then calculated as the superficial velocity divided by the void fraction.

Ky

N

Shy = aSc!/*ReP ©)
Where « and B are the shell side correlation coefficients. Schoner et al.**
developed a modified approach to shell side correlations in cross-flow
modules where the characteristic length and velocity calculations were
adapted specifically for cylindrical cross-flow modules. In this case, in the cal-
culation of the Sherwood number, the hydraulic diameter, d;, replaced d,,
which was calculated, as per Eq. (10), and the superficial velocity was
defined as the log mean average velocity, as shown in Eq. (11):

4 volume of voids filled with fluid 4V, dj —dj —ndy;
wetted surface area of the bed =~ A ndps
. In(dy, /dg;
- Q ) n(dso/dsi) (11)
7T(L/ 2) (dso - dsi)

h

(10)

RESULTS AND DISCUSSION

Different variables were studied to investigate their influence on Zn”>" extrac-
tion by D2EHPA using NDSX technique. Overall mass transfer coefficient
(k) is calculated according to Eq. (4). According to the literature,** zinc
extraction may be controlled by various steps:

diffusion of metal ions in the aqueous phase;

diffusion of the hydrogen ions in the aqueous phase;

diffusion of metal complex through the organic membrane phase;
diffusion of the complexing agent through the organic membrane phase;
diffusion of the metal complex in the bulk organic phase;

diffusion of the complexing agent in the bulk of organic phase.

S S

1. Effect of carrier concentration

To study the effect of the extractant concentration, experiments were done
with different D2EHPA concentrations in iso-dodecane at pH 2.01. The
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variation of the overall mass transfer coefficient (k,,) with time at different
D2EHPA concentrations is shown in Fig. 3. From these data, it is observed
that the increase of D2EHPA concentration accounts for a drastic increase
of the overall mass transfer coefficient. Furthermore, it is found that, the inter-
facial reaction resistance has a great affect on the extraction of zinc in hollow
fiber contactors and may not be neglected.”*”

2. Effect of zinc concentration in aqueous phase

The effect of feed concentration on the extraction of zinc is shown in Fig. 4.
The percentage extraction varied with the change in feed concentration. We
found that the overall mass transfer coefficient, which was largely independent
of feed concentration, depends on initial feed concentrations as shown in Fig.
4. This observation is similar to the result observed by Yang and Cussler'®”
for the extraction of copper and nickel. This increase suggests that the

0.03

- *2%
0.025 + m4% &
- ‘SH"

0.015 @

K, mm/s

0.01
»
0.005 *
Lt
0 . . . L
0 50 100 150 200 250

Time, min.

Figure 3. Effect of D2EHPA concentration on the overall mass transfer coefficient
of Zn.
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Figure 4. Variation of overall mass transfer coefficient with time at different feed
concentration.

carrier molecules were unsaturated at smaller feed concentration and they
could be used for extracting higher concentrated feeds.

3. Effect of aqueous phase acidity

The values of k,, are calculated at feed pH 0.1 and pH 2.01 and are plotted in
Fig. 5. The ky, values varied with pH. This could be the effect of less extraction
at lower pH where the concentration of the zinc is smaller. This reflects the use
of D2EHPA, which is an acidic extractant.

4. Effect of aqueous flow rate (Q,,) on the overall mass transfer
coefficient

The outlet concentrations of zinc in the aqueous phase, C", as a function
of aqueous phase flow rate, Q, are shown in Fig. 6. By investigating
Fig. 6, we can show that zinc concentration reaches 0.23 the initial concen-
tration after 5 minutes. With increasing the cycle time up to 120 minutes,
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Figure 5. Variation of overall mass transfer coefficient with time at different feed

acidity.

the zinc concentration reaches 0.12 of the initial feed concentration. These
data show that a very high level of zinc removal was easily achieved at low
aqueous flow rates. One can see the presence of high interfacial area in
hollow fiber membrane contactor for the complexation of zinc with

08
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[olan
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—&— 380 mlmin
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0 20 40 60 80
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Figure 6. Effect of aqueous flow rate on Zn concentration in the outlet aqueous

phase.
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Figure 7. Variation of overall mass transfer coefficient with time at different aqueous
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D2EHPA. Figures 7 and 8 are a plot of the overall mass transfer coefficient,
ky, vs the aqueous flow rate, Q,, and time. It was observed from Fig. 7 that
the mass transfer coefficient decreased slightly with time for the low
aqueous flow rate, whereas this reduction was observed as the aqueous
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k., mmsec
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0.006

0.004

0.002

L s L .
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Figure 8. Effect of aqueous flow rate on Zn mass transfer coefficient based on

aqueous phase.
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Figure 9. Variation of the mean Zn flux through the interfacial area with aqueous

feed flow rate.
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Figure 10. Effect of organic flow rate on Zn concentration in outlet aqueous phase.



870 E. A. Fouad and H.-J. Bart

flow rate increased from 0.38 1/min to 0.8 1/min. This reflects the increase
in the zinc extraction with increasing the flow rate and then decreasing the
aqueous feed concentration with time. This influences the concentration
gradient through the aqueous boundary layer and hence the mass transfer
coefficient decreased. A linear dependence was obtained (Fig. 8), indicating
that the mass-transfer coefficient implying the aqueous boundary layer
resistance is an important contributor to the total mass-transfer resistance.
The same type of linear dependence was reported for the removal of
heavy metals from wastewater and thallium.!'*3!

The mean flux J of Zn>" through the interfacial area A is calculated

according the following equation:'"*
J= lJA JaA = (Ch — CO") = kyAC (12)
A 0 7TdinL W W v m

In Fig. 9 the mean flux of zinc is plotted against the aqueous phase flow rate.
The zinc flux through the interfacial area increases with increasing aqueous
phase flow rate due to an increase in both ACy, and k. Similar relations

0.03
4 Q0=0.220 L/min.
- = Qo=0.340 L/min. * A
0.025 A Q0=0.570 L/min.

0.02

0.015

k,,, mm/sec.

0.01

0.005 |

0 50 100 150 200

Time, min.

Figure 11. Variation of overall mass transfer coefficient with time at different
organic phase flow rate.
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between J and Q,, are also reported elsewhere.®!*3°! At sufficiently high
phase flow rates; the membrane resistance and the inlet zinc concentration
in the feed stream limit the zinc flux.

5. Effect of the organic flow rate (Q,) on the overall mass transfer
coefficient

Figure 12 show the dependence of the overall mass transfer coefficient,
ky, on the organic phase flow rate, Q,, at a constant feed flow rate of
800 ml/min. Thus, an increase in the flow rate of D2EHPA in iso-
dodecane significantly increases the zinc extraction rate and reduces zinc
concentration in the aqueous outlet solution (see Figs. 10, 11). This
implies that the organic boundary layer resistance plays an important role
in the zinc extraction rate.

From Figs. 3, 8, 9, and 12 it may be concluded that all three resist-
ances, namely, the organic boundary layer resistance, the interfacial
reaction resistance, and the aqueous boundary layer resistance affect the
zinc extraction rate and the mass-transfer coefficient; further the organic
boundary layer resistance plays a key role in the zinc extraction rate in
the HFM extractor.

25

K.*1 0", m/s

0||\\Il\ll\llllllll\\ll\|I||||
[ 0.1 0.2 0.3 0.4 0.5 0.6

Qo, L/min

Figure 12. Variation of overall mass transfer coefficient with organic phase flow rate.
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Figure 13. Mass transfer correlations in the tube side of Celgard Liqui-Cel extra-flow
contactor.

6. Estimation of the mass transport correlations

For the tube side, the experimental data is correlated using Eq. (7), with Sh,
and Re, defined according to the following equations:

k[di
Sh, = 13
‘=p, (13)
4
Re, = Qv (14)
T]WIMTdi
Tw
Sc, = 15
Ct Dy, (15)

On the other side, Shy and Re; for the shell side defined according to Equations
(16) and (17):

k
Sh, = —sdn_ (16)
Dzna,
Re, — & dn (17)
norg
Sc, = Torg_ (18)

Dzna,
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Figure 14. Mass transfer correlations in the shell side of Celgard Liqui-Cel extra-
flow contactor.

Different parameters (n, L, d;, d,) are taken into account by the way of calcu-
lating the hydraulic diameter Eq. (10) and the mean velocity outside the fibers
Eq. (11). The values of diffusion coefficients (D, = 6.42 - 10710 m/s and
Dyoar = 5.84- 10710 m/s) necessary for calculation of Sh and Sc, are taken
from Awakura et al.'*”! for the tube side and Miyake et al.'*®! for the shell side.

Corresponding to Figs. 13 and 14, the correlation that came out from the
experimental results is:

di 0.333
For the tube side: Sh, = 0.00281 Re!**¥Sc0 (L> (19)

For the shell side: Sh, = 6.8695 Re’****Sc%*? (20)

The linear plot of these figures shows the degree of reliability for the derived
correlation. According to our knowledge, this is the first correlation describing
the mass transfer of the aqueous flow in the tube side of cross flow HFM. For
our tube side correlation, it was found to be very close to the Leveque
approximation.
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CONCLUSIONS

Microporous hollow fiber modules (HFMs) promise to be highly efficient
devices for reactive solvent extraction. In this study, nondispersive solvent
extraction was investigated for the removal of zinc ions from sulfuric acid
solutions. Acidic organophosphorous extractant (D2EHPA) is investigated
as a potential extracting agent. It seems that the extraction of zinc is highly
pH dependent. Great dependence of the overall mass transfer coefficient on
the concentration of a complexing agent is reported, where k,, increased
from 5 x 107° m/s to 25 x 10”° m/s for D2EHPA concentration ranged
from 2v% to 8v%. The results clearly underline that the overall mass
transfer coefficient depends on the aqueous and organic flow rates. Also, we
observed that the zinc flux increased with increasing the aqueous flow rate.
From the data obtained, we concluded that zinc extraction is controlled by
the aqueous boundary layer resistance, the interfacial reaction resistance,
and the organic boundary layer resistance in a hollow fiber membrane
contactor.

NOMENCLATURE

membrane area at the interphase, m>
solute concentration, M

internal membrane diameter, m

log mean diameter, m

outer membrane diameter, m
Hollow fiber diameter, m
Diffusivity, m?/s

Flux, m mole/m? - s

mass transfer coefficient, m/s
Equilibrium constant

length of hollow fiber, m
equilibrium distribution coefficient
number of hollow fiber in the module
flow rate, m3/s

Reynolds number

Schmidt number

Sherwood number

Volume, m>

Velocity, m/s

<<§%?§’OSBV‘WWHUOQ§“§Q‘E“O>

Greek Symbols

16 shell side correlation coefficient
B shell side correlation coefficient
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o membrane thickness, m
A fractional resistance

T tortuosity

e porosity

n kinematic viscosity, m* /s
Subscripts

h hydraulic

i interfacial reaction

m membrane

S shell

o) outer shell

si inner shell

t tube

org organic

w aqueous

Zn Zinc

ZnA, Zinc-D2EHPA complex

Superscripts

In

module inlet

out module outlet
* aqueous-organic interface
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