
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Development of Liquid Membrane Pertraction for the Removal and
Recovery of Chromium from Aqueous Effluents
B. G. Frasera; M. D. Pritzkera; R. L. Leggea

a DEPARTMENT OF CHEMICAL ENGINEERING, UNIVERSITY OF WATERLOO WATERLOO,
ONTARIO, CANADA

To cite this Article Fraser, B. G. , Pritzker, M. D. and Legge, R. L.(1994) 'Development of Liquid Membrane Pertraction for
the Removal and Recovery of Chromium from Aqueous Effluents', Separation Science and Technology, 29: 16, 2097 —
2116
To link to this Article: DOI: 10.1080/01496399408002192
URL: http://dx.doi.org/10.1080/01496399408002192

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496399408002192
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGY, 29(16), pp. 2097-21 16,1994 

Development of Liquid Membrane Pertraction 
for the Removal and Recovery of Chromium 
from Aqueous Effluents 

B. G. FRASER, M. D. PRITZKER, and R. L. LEGGE 
DEPARTMENT OF CHEMICAL ENGINEERING 
UNIVERSITY OF WATERLOO 
WATERLOO, ONTARIO N2L 3G1, CANADA 

ABSTRACT 

Liquid membrane pertraction combines the loading and stripping steps of sol- 
vent extraction into a single unit operation, allowing the continuous removal and 
concentration of a given species. In this paper the feasibility of applying liquid 
membrane pertraction to the recovery of chromium (Cr(V1)) from aqueous ef- 
fluents with the objective of reducing levels to below allowable discharge limits 
has been examined. A continuous laboratory-scale liquid membrane pertractor 
was constructed to solve a variety of problems associated with the treatment of 
Cr(V1)-bearing streams. Various operational factors .such as feed velocity, strip 
velocity, membrane velocity, and composition of the inlet feed were then exam- 
ined. Satisfactory continuous runs lasting up to 22 days were achieved. Chromium 
levels in synthetic waste could be reduced from 200-300 mg/L down to I mg/L, 
well within most allowable discharge limits. Experiments showed that the strip 
phase can be concentrated with inlet Cr(V1) concentrations of 2000 ppm Cr(VI), 
with indications that it should be possible at even higher concentrations. 

INTRODUCTION 

With increasing demands on the environment and on natural resources, 
there is a growing need to develop practical technologies that not only 
can remediate waste streams but also recover valuable components from 
these effluents. Hexavalent chromium is one metal that has received con- 
siderable attention. It is used extensively in such industrial applications 
as electroplating, electrofinishing, steelmaking, leather tanning, and cor- 

2097 

Copyright 0 1994 by Marcel Dekker, Inc 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



2098 FRASER, PRITZKER, AND LEGGE 

rosion inhibition, and it has long been recognized as a toxic substance 
due to its strong oxidizing potential and ease with which it can cross 
biological membranes ( 1 ) .  

Current methods for the treatment of chromate in liquid effluents from 
industrial operations include precipitation, when disposal is the objective, 
and ion exchange and/or evaporation, when recovery is desired. Both 
of these processes have certain disadvantages or limitations which have 
motivated interest in other processes. One such alternative for the treat- 
ment of Cr(V1) and other metals in wastewater is the use of liquid mem- 
branes (2). Although several variations exist, all liquid membrane pro- 
cesses involve the selective transport of a species from a feed solution 
across an intermediary liquid or supported liquid membrane phase to a 
strip solution on the other side. In most cases the outer phases are aqueous 
and the middle phasc is an organic solvent containing an extractant of the 
desired species. 

One of the earliest and most popular liquid membrane processes is the 
double emulsion or surfactant liquid membrane method (3-7). This tech- 
nique, which involves the use of an unsupported membrane, has been 
applied to the treatment of Cr(V1) in a number of studies over the years 
( 5 ,  8-13). Although capable of achieving rapid mass transfer with very 
high concentration ratios, the double emulsion method has some draw- 
backs, such as the need for a separate step to break down the emulsion 
for recovery of the metal and recycle of the organic and problems associ- 
ated with swelling of the organic due to occlusion of water and membrane 
stability (12, 14-16). 

The use of supported liquid membranes has received interest since most 
of these problems can be avoided, although at the cost of lower mass 
transfer rates and concentration ratios and some difficulty with membrane 
lifetime (16-21). A variety of such units are available, depending upon 
the geometrical configuration of the supports, including plate and frame, 
spiral, tubular, and hollow fibers (16-27). Some of these have been applied 
to the treatment of Cr(V1) and have met with some success (24, 27-29). 

A relatively new supported liquid membrane method which has not 
received as much attention, but which has many attractive features, is 
liquid membrane pertraction developed by Boyadzhiev and coworkers 
(16, 30). The pertractor design includes flat, vertical membrane supports 
and utilizes gravity whenever possible, making construction and operation 
simple, inexpensive, flexible, and easy to scale-up. Another advantage is 
that all three liquid phases are flowing in this system, with velocities that 
can be independently controlled. Vertical flow and the immiscibility and 
density differences of the aqueous and organic phases ensure that the 
interfaces remain stable. By using these differences, the aqueous products 
can be easily collected at the bottom of the unit. 
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Boyadzhiev and coworkers (16,30-33) studied this process for the treat- 
ment of several systems, such as dilute aqueous solutions of Cu(II), iodine, 
phenol, and L-lysine. As yet, however, there has been no reported work 
on the application of liquid membrane pertraction to Cr(V1)-bearing 
streams. In view of its potential advantages, it would be useful to explore 
the feasibility of applying this process to the recovery of Cr(V1) from 
aqueous industrial effluents and at the same time reduce the Cr(V1) levels 
in the effluent below acceptable discharge limits. Accordingly, the objec- 
tives of this study were to design and construct a laboratory-scale pertrac- 
tor suitable for the treatment of Cr(VI), assess its robustness and ease of 
operation, and investigate the effects of various operating parameters (liq- 
uid phase flow rates, compositions of inlet streams) on its steady-state 
behavior. As will be shown, the particular characteristics of the exchange 
reactions involved necessitated some significant modifications to the de- 
sign and operation of the pertraction unit. 

EXPERIMENTAL PROCEDURE 

Chemicals and Chemical Analysis 

All chemicals were used as received from the supplier and were of 
reagent grade or better. Total chromium content in the aqueous phases 
was measured using a Fissons Model SS-7 Direct Current Plasma (DCP) 
Spectrometer (ARL Canada, Unionville, Ontario). Standards were pre- 
pared using a 1000 mg/L Atomic Absorption Chromium(II1) standard 
(BDH Inc., Toronto, Canada). The detection limit and limit of quantitation 
were 0.52 and 1.72 mg/L total chromium, respectively. 

Due to the high sodium concentration in aqueous strip solutions, chro- 
mium values in DCP analysis were artificially elevated due to a positive 
matrix effect. To adjust for this phenomenon, strip samples were diluted 
and an appropriate amount of a 30 g/L NaCl solution was added to give 
all samples a sodium content of 3000 mg/L. DCP was also used to deter- 
mine the total chromium content in the organic phase. A 100 mg/L Induc- 
tively Coupled Plasma Chromium(II1) Standard was used (special order 
from BDH) to prepare calibration standards. 

A Dionex 2000i Ion Chromatograph (Sunnydale, California) was used 
for sulfate analysis. An AS3 anion-exchange column with an AG3 guard 
column was used with a conductivity detector. The eluent consisted of 
3.0 mM NaHC03 and 2.38 mM Na2C03 at a flow rate of 1.8-2.0 mL/min. 

Hexavalent chromium concentrations in the aqueous phases were mea- 
sured with a Shimadzu UV-Visible Recording Spectrophotometer (Model 
UV-160) using a colorimetric diphenyl carbazide method (34). A 1-mL 
aqueous sample was acidified and diluted until the concentration was less 
than 1.5 mg/L and the pH was 1.5 2 0.5. Two milliliters of diphenyl 
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carbazide solution (0.25 g of 1,5-diphenyl carbohydrazide in 50 mL ace- 
tone) were added to the aqueous samples, and at least 10 minutes was 
given to allow full color development before analysis. Calibration stan- 
dards between 0.1 and 1.5 mg/L Cr(V1) were prepared using a 990-mg/L 
Chromium(V1) Atomic Absorption Standard Solution (Aldrich, Milwau- 
kee, Wisconsin). Cr(V1) concentrations in the samples were determined 
from the calibration curve regression line. 

Composition of the Liquid Phases 

A series of standard loading and stripping experiments, commonly used 
in solvent extraction studies, were carried out to select appropriate com- 
ponents of the feed, organic, and strip phase inlets and to better under- 
stand the reactions involved (35). Only the results as they pertain to opera- 
tion of the pertractor are given here. 

Feed Inlet 

As a first study on the use of pertraction for the treatment of Cr(V1) 
waste, only synthetic solutions in the feed stream to the unit were used. 
In most cases these consisted of approximately 200 mg/L Cr(V1) made up 
by dissolving K2CrZ07 in deionized water. This concentration was chosen 
since it is typical of some industrial effluents such as electroplating 
rinsewater (36). No other components were added, except for H2S04 to 
adjust pH. Batch loading experiments with this aqueous feed and the 
organic showed that the distribution coefficient reached a maximum when 
the initial pH of the feed was approximately 2. A similar result was re- 
ported by Strzelbicki et al. (10). Accordingly, the feed inlet to the pertrac- 
tor was adjusted to pH 2. 

Organic 

On the basis of previously reported studies (13,29,37) and batch loading 
and preliminary pertractor runs in our laboratory, the components chosen 
for the organic phase were 0.5 vol% Aliquat 336 as extractant and 2 vol% 
n-decanol as modifier dissolved in lsopar 2025 (Shell Chemical Co., To- 
ronto, Canada) or Exxsol D-60 (Esso Solvents, Toronto, Canada) solvent. 
Isopar 2025 is a mixture of isoparaffins with approximately 70% isooctane 
and the remainder higher molecular weight hydrocarbons. Exxsol D-60 is 
also a mixture, with an approximate composition of 56% napthenes and 
44% paraffins. 

Aliquat 336 (trioctyl methylammonium chloride) was found to exhibit 
faster loading rates and a higher selectivity for Cr(V1) over sulfate than 
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the tertiary amine tri-n-octylamine (TOA), in addition to being able to 
load Cr(V1) over a wider pH range (38). Aliquat 336 also proved more 
suitable as an extractant as it was chemically stable at the strip-organic 
interface over extended periods of time. This would be a critical factor 
in continuous pertraction processes where the organic phase would be 
continually recirculated. When TOA was used, a white precipitate formed 
at the strip-organic interface after about 10 hours of operation of the 
pertractor. Experiments showed that this precipitate contained Cr(III), 
which was likely due to a reaction of Cr(V1) with TOA. The formation of 
a precipitate when TOA was used to load Cr(V1) has also been reported 
by Smith et al. (24). 

A complication in using Aliquat 336 is that it contains C1- ion, which 
is not desirable in many electroplating operations. A simple way to prevent 
chloride from entering the system was to preload the organic phase with 
the standard aqueous feed in a separate vessel to exchange chloride with 
Cr(V1) and sulfate and then feed this loaded membrane into the pertractor. 
This pretreatment was only required once prior to start-up when a fresh 
batch of the membrane was being prepared since the organic phase was 
continually recirculated through the unit. 

Strip Inlet 

The strong affinity of Aliquat 336 for Cr(V1) in the loaded organic phase 
required a strongly alkaline solution NaOH (3.0 N) to achieve reasonable 
stripping rates. As will be discussed subsequently, this required a modifi- 
cation in the design of the pertractor as originally reported by Boyadzhiev 
and coworkers (16, 30). No Cr(V1) was added to the strip inlet except in 
a few experiments. 

RESULTS AND DISCUSSION 

Pertractor Design 

Based on the unit originally conceived by Boyadzhiev and coworkers 
(30), a pertractor was constructed consisting of closely spaced, highly 
porous (-SO%), vertical viscose (or regenerated cellulose sponge) sup- 
ports through which the feed and strip solutions were circulated in an 
alternating sequence. This entire assembly of supports was fitted inside 
a rectangular Plexiglas box. The organic membrane phase was circulated 
upward between the supports by an external pump. The bottom edges of 
the supports were angled and arranged to direct the feed and strip solutions 
into the appropriate collectors on opposite sides of the unit. However, 
problems arose with this design when used with the Aliquat 336 membrane 
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because the highly alkaline solution required for stripping rapidly de- 
stroyed the sponge support. A wide variety of materials were tested for 
a combination of hydrophilicity and compatibility with the stripping solu- 
tion, e.g., canvas, cotton fabric, cork, phenyl formaldehyde resin, and 
cotton cheesecloth. Of these, cotton cheesecloth was found to be the 
most suitable as an alternative support material. Since it is not as rigid as 
viscose, a new design for the supports was necessary. The alternatives 
used in this study included an open outer frame made of polyvinyl chloride 
and solid inner frames made of polyvinyl chloride and Plexiglas (Fig. 1 ) .  
Tightly stretched layers of cheesecloth over an angled 3 mm thick Plexiglas 
solid inner frame was ultimately found to be most effective. Trial tests 
using crystal violet as a flow indicator showed fairly uniform flow across 
the width and few dead spaces between the Plexiglas and cheesecloth. 
The unit used in this study consisted of one support for Cr(V1) loading 
and one support for Cr(V1) stripping. These supports were spaced 4.5 cm 
apart and fit into slots along the sides of the outer box. The number of 
cloth layers was varied from 2 to 8 in the test runs. 

Although the original motivation for the modification of the support 
design stemmed from a materials problem, several other important advan- 
tages over the original viscose support design were realized. Since the 
supports are nonporous, the aqueous phases are confined to flow over a 
thinner layer (Fig. 2) than in the previous design, thereby enhancing mass 
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FIG. 1 Schematic diagrams of (left) open outer frame and (right) solid inner frame used 
as supports for cotton cheesecloth. 
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FIG. 2 Flow patterns of liquid phases with the modified pertractor design using nonporous 
supports. 

transfer. With a simpler frame, it was also possible to remove a single 
support from the unit without interruption in operation. 

A schematic of the entire continuous bench-scale pertraction unit is 
given in Fig. 3. Separate positive displacement pumps were used to control 
the flow rates of the three streams. Uniform flow of the three phases was 
ensured through the use of Plexiglas distributors mounted at the inlet of 
each stream to the unit. Control of solution level in each collector was 
achieved by adjustment of the height of the corresponding level leg. To 
obtain representative samples of the discharge streams, solutions were 
agitated with magnetic stir bars in the feed and strip collectors at the 
bottom of the unit. The pertractor was operated as a closed unit to mini- 
mize losses due to evaporation. 

Pertraction Operation 

The primary objectives of the test runs were to demonstrate the overall 
stability and robustness of the pertractor operation and to investigate the 
effects of various operating variables on its steady-state behavior. Prelimi- 
nary experiments indicated that 24 hours would ensure that steady-state 
had been reached for a given set of operating conditions, and consequently 
samples were collected after this period in all subsequent tests. Table 1 
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I ,  I '. 

outlet SmP q 
Fccd and smp 

Pertractor 

Membraoe overflows 

Level 

CaaA -...I-. 
I'GCU UUUGL Actuator 

Feed and strip 
reservoirs 

Membrane 
nservoir 

FIG. 3 Schematic of continuous bench-scale liquid membrane pertraction apparatus. 

TABLE 1 
Summary of Operating Conditions" 

Feed Membrane Strip Support 
velocity velocity velocity Cr(V1) in strip Layera of Support cross-sectional 

Run Variable (cmlmin) (cmlmin) (cmlmin) inlet (mpiL) cheesecloth Solventb typer area (cm') 

1 
2 
3 
4 
5 
6 
7 
8 

9 

10 

11 

I ?  

Feed velocity 0.3-1.8 
Feed velocity 1.9-5.3 
Feed velocity 1.7-5.7 
Feed velocity 2.7-9.4 
Strip velocity 1.8 
Strip velocity 1.7 
Strip velocity 7.8 
Membrane 2.6 

Membrane 3.8 

Cr(V1) in 3. I 

CrlVI) in 9.8 

Cr(V1) in 5.6 

velocity 

velocity 

feed inlet 

feed inlet 

strip inlet 

0 
16.1 
31.4 
26.2 
0 

27.9 
27.9 
0-29. I 

16.1-29.1 

4.3 

27.9 

33.7 

0.4 0 
0.5 151 
3.1 0 
2.6 0 

0.4-1.6 0 
I .6-3.1 0 
3.1-6.5 0 

0.5 151 

0.5 151 

1.1 0 

6.6 0 

3.2 0-2134 

8 
8 
4 

8 
4 
4 
8 

8 

8 

4 

4 

7 

1 
I 
E 
E 
I 
E 
E 
I 

I 

I 

E 

E 

PVC OOF 
PVC SIF 
PG SIF 
PG SIF 
PVC OOF 
ffi SIF 
PG SIF 
PVC SIF 

PVC SIF 

PVC OOF 

PG SIF 

PG SIF 

2.0 
1.6 
0.5 
0.3 
2.0 
0.5 
0.5 
I .6 

1.6 

2.0 

0.5 

0.5 

a Densities of feed and strip solutions are 0.997 and 1.110 gimL. respectively. Membrane cross-section arear: 23.4 cm' (Runs 1, 5 .  

I = Isopar 2025, E = Exxsol-D-60. Densities of Isopar 2025 and Exxsol D-60 membranes are 0.70 and 0.79 g h L .  respectively. 
PVC = polyvinyl chloride, PG = Plexiglas, OOF = open outer frame. SIF = solid inner frame. 

and lo), 15.5 cm2 (Runs 2. 3. 6-9. 11. and 12). 16.5 cm' (Run 4). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



LIQUID MEMBRANE PERTRACTION 21 05 

summarizes operating conditions, the solvent, support type, and number 
of cheesecloth layers used. It should be noted that, as defined here, each 
test run corresponds to a series of experiments where one operating vari- 
able was systematically changed. Evidence that steady-state had been 
achieved is supported by comparison of the Cr(V1) mass fluxes across 
both supports after 24 hours of operation for various runs (Table 2), which 
shows that there is good agreement in most cases. After some experience 
with the pertractor, very good reproducibility was achievable. As an ex- 
ample, Table 3 gives a comparison of the response of the pertractor for 
two similar sets of flow velocities run 4 days apart. 

Many of these experiments were carried out during one continuous 22- 
day stretch. During this time period, flow rates and compositions of the 
three streams were varied and supports changed without terminating the 

TABLE 2 
Comparison of Steady-State Cr(V1) Fluxes 

across the Feed and Strip Supports 
~ 

Flux (pLg/cm*min) 

Run" Feed strip 

1 
2 
3 
4 
5 
7 
9 

10 
12 

I .02 
1.38 
0.87 
0.52 
1.42 
0.81 
1.68 
2.07 
0.87 

0.98 
1.39 
0.75 
0.60 
1.24 
0.84 
1.33 
2.07 
1.02 

a Each set of data corresponds to an experi- 
ment conducted during the run designated. 

TABLE 3 
Pertractor Reproducibility Attained for Two Similar Sets of Flow Velocities Run at 

Different Times 

Velocity (cmlminf Cr(V1) Concentration (mgiL) 

Feed Strip Membrane Feed in Feed out Strip Membrane 

8.11 6.82 60 208 92 111 188 
7.85 6.60 76 213 91 124 177 
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operation. The pertractor responded smoothly and reliably to changes, 
and performance remained stable throughout this period. 

Effect of Operating Parameters 

Feed Velocity 

Runs 1 to 4 were conducted to investigate the effects of the feed stream 
velocity on the steady-state outlet concentrations of the three streams 
(Table 1). During each run the flow rates of the other two streams were 
kept constant. For the purposes of reporting the data, the measured volu- 
metric flow rates have been converted to linear velocities from measure- 
ments of the densities and the cross-sectional areas of the liquid streams, 
also obtained during the test runs. The Cr(V1) level in the feed outlet 
reported here has been normalized with respect to the concentration in 
the feed inlet (denoted as [Cr(VI)]~o,,/[Cr(VI)]~~) to compensate for small 
differences in the inlet concentration from test to test. 

As expected, an increase in the feed velocity in each run caused a rise 
in the Cr(V1) concentration in the outlet of that stream, presumably due 
to a lower residence time and less time for loading (Fig. 4a). However, 
at the same time, it also enabled more Cr(V1) to be transferred into the 
organic phase, leading to a higher outlet concentration as well (Fig. 4b). 
The higher Cr(V1) concentration in the membrane, in turn, increased the 
driving force for transfer at the organic-strip interface and resulted in a 
higher Cr(V1) level in the strip outlet (Fig. 4c). 

An important question concerning pertractor performance is its ability 
to reduce the Cr(V1) level in the effluent below allowable discharge limits. 
As shown in Fig. 4(a), this can best be achieved at low feed velocity. The 
best result shown in the plot corresponds to a feed velocity of 0.3 cm/min 
during Run 1, when the feed stream was reduced from 296 to 6 mg/L 
Cr(VI), although pertractor performance was not optimized in this regard. 
The results of other experiments that are not presented have shown that 
discharge levels as low as 1 mg/L can be reached, well below most dis- 
charge standards. 

The results in Figs. 4(a) and 4(c) show that attaining low Cr(V1) levels 
in the feed outlet by maintaining a low feed velocity comes at the expense 
of concentrating the metal in the strip phase. Thus, in applications where 
both of these objectives are desired, a compromise in feed velocity or a 
multistage operation would probably be required. This situation is not 
surprising and is the expected behavior for most separation processes. 
Note also that the outlet membrane and strip concentrations do not in- 
crease indefinitely as the feed velocity is raised, but instead level off to 
limiting values. Since these levels correspond to the maxi'mum fluxes that 
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FIG. 4 Effect of feed velocity on the steady-state Cr(V1) concentrations in the pertractor 
discharges: (a) feed outlet, normalized with respect to the feed inlet concentration; (b) or- 
ganic outlet; and (c) strip concentration change from inlet to outlet. The number next to 

each curve denotes the test run. 
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can be transferred, a further increase in feed velocity will accomplish 
nothing other than to diminish the efficiency of the process. 

Comparison of the data for Runs 1 and 2 in Fig. 4 yields information 
on the influence of membrane velocity. As indicated in Table 1, the most 
important difference in the operating conditions of Runs 1 and 2 with 
regard to loading is the membrane velocity. An increase in velocity from 
0 cm/min in Run 1 to 16.1 cm/min in Run 2 brings about a considerable 
improvement in Cr(V1) loading, as reflected in a shift in the curve in Fig. 
4(a) to the right. This observation suggests that Cr(V1) loading is limited 
by some sort of resistance at the membrane-feed interface. It is difficult 
to assess its effect on the stripping reaction on the basis of Fig. 4(c) since 
the amount of Cr(V1) transferred appears to reach a limit at higher feed 
velocities. 

The influence of the number of cheesecloth layers used can be examined 
by comparing the data in Fig. 4 for Runs 3 (4 layers) and 4 (2 layers). 
One observation is the large effect of cheesecloth number on the outlet 
concentrations of all three phases. As shown in Figs. 4(a) and 4(c), the 
reduction in the number of layers from 4 to 2 is beneficial, substantially 
lowering the Cr(V1) concentration in the feed outlet and raising it in the 
strip outlet. 

A change in the number of cheesecloth layers would be expected to 
alter the residence times of the aqueous phases and mass transfer resis- 
tance across the supports. The first of these can only be of secondary 
importance since otherwise an elevated Cr(V1) concentration in the feed 
outlet would be expected as the number of layers is reduced rather than 
the lowering that is observed. It therefore appears that mass transfer resis- 
tance is the crucial factor limiting the exchange process at each support, 
in agreement with the conclusion made on the basis of the effect of mem- 
brane velocity on Cr(V1) loading. 

Strip Velocity 

The effect of the strip velocity on the Cr(V1) concentrations in the three 
outlet streams can be seen in Fig. 5. Over the experimental conditions 
evaluated, the results show that the outlet feed concentration is not 
strongly affected by strip velocity (Fig. 5a). However, at the same time, 
the Cr(V1) level in the strip outlet decreases as the strip flow rate increases 
(Fig. 5c), which is not surprising since the residence time of this stream 
is decreasing. Furthermore, this drop is steep enough at low strip veloci- 
ties (Run 5 )  that the Cr(V1) flux from the organic phases diminishes as 
well. The combined effects of a constant flux entering the organic phase 
from the feed and a declining flux leaving leads to a rise in the membrane 
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FIG. 5 Effect of strip velocity on the steady-state Cr(V1) concentrations in the pertractor 
discharges: (a) feed outlet, (b) organic outlet, and (c) strip concentration change from inlet 

to outlet. The number next to each curve denotes the test run. 
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concentration with increasing strip velocity, as observed in Fig. 5(b). 
Under the conditions of these experiments, Aliquat 336 is far enough away 
from saturation with respect to Cr(V1) that it can accommodate these 
changes in the flux. 

Membrane Velocity 

The influence of membrane velocity on Cr(V1) loading was discussed 
previously with regard to Fig. 4. Its effect on Cr(V1) loading and stripping 
is shown more completely over a wider velocity range in Fig. 6. The 
results show that an increase in velocity, particularly above 16 cm/min, 
improves pertractor performance by simultaneously decreasing the feed 
outlet concentration and increasing the strip outlet concentration. Similar 
to the effect observed with the number of cheesecloth layers used on the 
supports, this confirms the conclusion that resistance at  the aqueous-or- 
ganic interface contributes significantly to mass transfer limitations. This 
is further substantiated by the data in Fig. 6 which show that the positive 
effect of membrane velocity on pertractor performance is enhanced by 
operating at a feed velocity of 3.8 cm/min (Run 9) over that at 2.6 cm/min 
(Run 8). 

Inlet Composition of Aqueous Phases 

In most of the experiments of this study, the inlet compositions of the 
aqueous phases were kept approximately constant; however, a few runs 
were conducted to investigate the effect of Cr(V1) level and pH of the 
feed inlet and the effect of Cr(V1) concentration in the strip inlet. Although 
it is not surprising that the outlet concentration in the feed stream in- 
creases with a rising Cr(V1) concentration in its inlet, the strong depen- 
dence between the two in the data shown in Fig. 7 is noteworthy. In an 
operation involving actual industrial effluents, it would be preferable for 
the discharge to be less sensitive to variations in the inlet. Further experi- 
ments need to be done to study the dependence of the pertractor behavior 
on the Cr(V1) level in the feed inlet for other operating conditions and to 
determine conditions where the sensitivity is lower. 

The pH of the incoming feed is an important consideration in practical 
situations not only because of its direct influence on Cr(V1) loading but 
also because of the pH rise that occurs during loading. Due to the likely 
presence of metal cations in the effluent, too high a pH in the outlet could 
cause the undesired precipitation of these metals in the pertractor. Batch 
equilibrium loading experiments of the Cr(VI)/Aliquat 336 system in our 
laboratory had previously shown that the pH remained virtually constant, 
provided the initial pH was maintained below 2.2. However, if the initial 
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pH was raised above this level by only 0.5 units. the equilibrium pH rose 
dramatically to above 10. In order to determine whether this would be a 
problem in the operation of the pertractor, the effect of inlet pH was 
studied for values varying between 1.9 and 2.4, the range over which the 
pH increased very sharply in the equilibrium studies. Fortunately, the pH 
of the feed stream was found to behave quite differently in these pertrac- 
tion runs and showed virtually no change as  it was discharged. In addition, 
the Cr(V1) concentrations in the feed and strip outlets were unaffected 
by the variation of inlet feed pH in these runs. Evidently the exchange 
reactions at both supports are never close enough to equilibrium for the 
system to become depleted of H + ions, and consequently the question of 
inlet feed pH should not be an issue during pertractor operation. 

In many envisaged applications where the recovery of highly concen- 
trated Cr(V1) solutions is desired, i t  will be most practical if part of the 
strip outlet stream could be returned for reuse and the remainder replen- 
ished with a NaOH solution before being recirculated back through the 
pertractor. Thus, it is important to assess the performance of the pertrac- 
tor when the strip inlet already contains significant amounts of Cr(V1). 
Results are shown (Fig. 8) for experiments in which the strip inlet concen- 
tration was varied from 0 to 2134 mg/L with all other parameters held 
constant. Over this range, the strip outlet concentration varied linearly 
with the inlet concentration. Most importantly, concentration of the strip 
phase by approximately 350 mg/L was possible at the highest inlet concen- 
tration using the same 3.0 N NaOH level as  in the previous runs. At the 
same time, the data show that performance on the feed side of the unit 
was unaffected. 

CONCLUSIONS 

It is apparent from this study that liquid membrane pertraction can be 
used for the removal and concentration of Cr(V1) from aqueous effluents. 
The particular characteristics of the Cr(VI)/Aliquat 336/NaOH system uti- 
lized in the pertractor necessitated several important modifications to its 
design and operation. The unit performed smoothly and stably during 
continuous test runs. Moreover, the modifications were found to have 
some important advantages over the original design. The effect of a num- 
ber of operating parameters, such as design and composition of the mem- 
brane supports, velocities of the three liquid streams, and inlet composi- 
tions of the aqueous phases, was also studied. Further work is needed to 
optimize operating conditions with respect to lowering the Cr(V1) in the 
effluent discharge and raising the Cr(V1) flux into the strip phase. 
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LIQUID MEMBRANE PERTRACTION 2115 

It will be advantageous to develop a pertractor mathematical model for 
the Cr(VI)/Aliquat 336/NaOH system for the purposes of design optimiza- 
tion and technoeconomic evaluation. This will allow the possible advan- 
tages of using this technology for Cr(V1) treatment to be assessed and the 
applications for which it is most appropriate to be ascertained. The data 
obtained in this study will be useful in developing such a model. 
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