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SHMARY 

Composite membranes, containing large amounts of inorganic oxides or hydrox

ides have been synthesized and characterized. Most frequently, zirconium 

oxide powder has been used as the inorganic material and polysulfone was 

chosen as the polymeric binder giving rise to the so-called Zirfon 

(zirconium oxide - polysulfone) membranes. 

The film casting technique have been used to prepare these composite membranes 

as flat membranes, hollow fibers or as a coating inside a porous tube (tubular 

membranes). The thickness of the membranes varies mostly between SO and 500 

(im depending on the envisaged application. 

These inorganic oxide based membranes have at first been developed and used in 

electrochemical systems, e.g. separation in alkaline water electrolysis. 

Using polysulfone as a binding material, composite membranes have first been 

formed with polyantimonic acid as the inorganic compound. Later on, a com

bination of zirconium oxide and polysulfone has been optimized for this 

purpose. Zirconium oxide has been preferred as the inorganic material because 

of its superior chemical and thermal stability in the alkaline solutions. The 

performance of electrolysis cells, equipped with these membranes and catalyti-

cally activated electrodes has been measured and a significant increase in 

thermal efficientcy could be obtained, as compared to the classically used 

asbestos diaphragm. A second application in the field of electrochemistry, 

namely as a KOH-matrix for the immobilized fuel cell for the Hermes-project, 

will also be discussed. 

In the last few years, several non-electrochemical applications have been 

explored for these composite membranes. The studied applications are mostly 

in the field of ultrafiltration and biotechnology. 

In the case of ultrafiltration, the addition of inorganic oxides increases the 

possibility of monitoring the pore size and pore size distribution. As a 

result of this, it was found that the retention curves of the inorganic loaded 

membranes are steeper as compared to soie other UF-membranes. There is also 

experimental evidence that the presence of the metal oxide increases the 

permeability of these membranes as compared to 100 I polymeric membranes, 

while a decrease in fouling has been noticed. These conclusions were drawn 

from experiments in the field of the dairy industry, the filtration of fruit 

juices and the separation of highly stable oil-water emulsions. 

In the field of biotechnology, the intrinsic properties of the inorganic 

material, together with the porous structure of these composite membranes are 

being exploited. We therefore report some interesting results on the removal 

of heavy metals in waste streams by means of immobilized bacteria. For this 

special application, a novel type of bioreactor has been developed. 
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1. IHTRODGCTIOH 

The research and development work on membranes at our institute goes back to 

the late seventies, when a programme was started for the development of a new 

separator material for use in the alkaline water electrolysis. The search for 

a new kind of separator, instead of asbestos, in the alkaline water electro

lysis, has been initiated by the world energy crisis at the time and most of 

this work has been sponsored by the Commission of the European Communities. 

As a possible substitute material for asbestos, a polymer based membrane 

loaded with inorganic oxide grains has been developed. Initially, polyanti-

monic acid has been chosen as the inorganic compound because of its ion-ex

change properties [1]. The idea was to increase the ionic conductivity of the 

membrane and as such to lower the ohmic drop, resulting in a decrease of cell 

voltage of the electrolysis cell. Although experimental results have 

validated this idea, it was also found that no great specificity towards the 

inorganic material existed, especially not in concentrated solutions [2]. The 

main reason for this being the porous structure of these composite membranes. 

Although the direct influence of the inorganic material inside the membrane on 

its conductivity properties is not straightforward, it is however necessary to 

have an hydrophylic material in order to compensate for the more or less 

hydrophobic nature of «.he polymeric binder materials. This is especially true 

in gas-evolving electrochemical cells, where gas bubbles could adhere at the 

membrane surface, which may result in "hot spots" and deterioration of the 

membrane. Therefore, research has been continued on those composite mem

branes, bur using zirconium oxide as the inorganic compound instead of poly-

ant imonic acid. Zirconium oxide has been preferred because of its superior 

chemical and thermal stability [3]. 

During this study on these composite membranes, it became clear that the 

addition of the inorganic compound to the polymer solution prior to the 

casting procedure, may influence some important characteristics of film casted 

membranes e.g. porosity, pore size distribution, permeate flux. This has 

initiated us to study in greeted detail some important non-electrochemical 

applications. We will therefore discuss in some detail the application of 

these membranes for ultrafiltration purposes, and also in the field of bio

technology for the removal of heavy metals in waste streams by the incor

poration of bacteria into these composite membranes. 
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2. PIEPABATIOH OF COMPOSITE MEMBKA4ES 

As indicated in the introduction, the term composite membrane means a membrane 

composed of two different materials; a polymeric matrix filled with inorganic 

materials such as metal oxides or hydrated oxides. These oxides are homo

geneously distributed in the polymeric matrix. 

Composite membranes composed of zirconium oxide powder and a polymeric binder 

have been manufactured using the film casting technique. Most frequently, 

polysulfone has been used as the polymeric material for preparing the casting 

dope. In this case, the casting dope consists of a suspension of zirconium 

oxide into a polysulfone solution. The suspension is machined in such a way 

that a homogeneous distribution of zirconium oxide grains is reached in the 

suspension. The suspension is casted onto a substrate and the membrane is 

formed by phase inversion [4]. 

The film casting technique can be used to prepare these composite membranes as 

flat membranes, hollow fibres or as a coating inside a porous trLe (tubular 

membranes) [5]. The hollow fibres are spun with a spinneret thereby the 

spinning suspension is deliverd through an extension orifice of the "tube in 

orifice" design. In order to prepare the tubular membrane configuration, a 

casting-bob method is used. The supporting tube is hereby placed onto a 

convener plate which can be moved downwards with a uniform linear velocity 

into a precipitation bath. The thickness of the membranes varies mostly 

between 50 and 500 urn depending on the envisaged application. 
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3. APPLICATIONS 

As discussed earlier, these composite membranes have at first been developed 

and used in the alkaline water electrolysis. Other electrochemical appli

cations can also be envisaged and we will therefore discuss, besides the 

application in the water electrolysis, a more recent development of this 

composite membrane as a separator in an alkaline fuel cell with immobilized 

electrolyte. 

In the last five years, several nun-electrochemical applications have been 

envisaged. Two of these applications will be discussed in more detail namely 

ultrafiltration and a novel type of bioreactor lor the removal and possible 

recuperation of heavy or precious metals from effluent streams. 

3.1. Low temperature alkaline water electrolysis 

In classical alkaline water electrolysis one uses asbestos diaphragms to 

separate the hydrogen and the oxygen gases and to conduct the ions. The 

asbestos diaphragm can be woven from asbestos fibres. In dry state, the 

asbestos mat seems to have holes in it but after wetting with electrolyte, the 

asbestos absorbs the liquid and swells with closing off the larger pores. 

Although asbestos has been used quite successfully in the past, the asbestos 

diaphragm corrodes in alkaline medium at temperatures above 100 °C. Since the 

operation at 100 °C or at even higher temperatures (100-120 °C) is necessary 

in order to increase the energy efficiency, several materials have been 

examined. Table 1 gives some of the separator materials which have been 

developed for alkaline water electrolysis up to the late seventies. For acid 

water electrolysis, mainly Nafion has been used. 

In the last decade, new materials have been developed for use as separators in 

alkaline water electrolysis [7], All these materials are composite 

materials : 

* porous polysulfone filled with polyantimonic acid 

* polymer reinforced asbestos 

* zirconium oxide - polytetrafluoroethylene 

* nickel reinforced porors ceramic 
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Table 1 

[6]. 

Materials developed as separators for alkaline water electrolysis 

Materials Comments 

Asbestos Good separator up to 90 °C in alkali. 

Potassium titanate 

(+ Teflon) 

Very good in alkali above 100 °C 

(some embrittlement noticed). 

Nafion Very good in acid medium, works also 

in NaOH-solution. 

Battery separator Only works in the low temperature range. 

Porous polymer membrane Several attempts with 100 Z polymeric 

materials (Teflon) have been made. 

Ail have high resistances + problems 

with "hot spots". 

We have especially been engaged into the first type of material. Using 

polysulfone as a binding material, coirposite membranes have first been formed 

with polyantimonic acid as the inorganic compount. Lateron, a combination of 

zirconium oxide and polysulfone ha« been optimized for this purpose. Zir

conium oxide had been preferred because of its superior chemical and thermal 

stability in alkaline solutions. Table 2 indicates the most important 

characteristics of this composite membrane. The indication of the mean pore 

size in the skin indicates the fact that we have an asymmetric kind of 

structure which may be favourable under actual working conditions of the 

electrolysis cell. 

The performance of electrolysis cells, equipped with these membranes and 

catalytically activated electrodes has been measured and cell voltages of 

about 2.0 - 2.1 Volt at 60 °Z and 10 kA m could be obtained, decreasing 

towards 1.7 - 1.8 Volt at 120 °C. The advantages of such electrolysis units 

can easily be deduced from Figure 1 which compares the "Classical Alkaline 

Water Electrolysis" with electrolysis cells equipped with composite type of 
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separators, on the basis of cell voltage and thermal efficiency. The thermal 

efficiency is hereby difined as the ratio of the thermoneutral voltage (1.48 

Volt) and the cell voltage (3]. 

Table 2 : Basic characteristics of the membrane used for low temperature 

alkaline water electrolysis [•*]. 

Composition 

Thickness 

Mean pore size diameter 

(skin) 

Electrical resistance 

Maximum operating 

temperature 

Chemical stability 

80 wt Z ZrO + 20 wt Z PSF + reinforcing polymer 

structure 

650 iun 

200 Â 

0,3 S cm*. 20 °C, 30 wt Z K0H 

120 rC 

2 Z weight losses after 10,000 hours, 120 °C 

2J5 

2.0 

(A 

o 
S 1.5 o > 

w 

Clossial a kali ne electrolysis 

Thersnoneutral cell voltage. 

2 3 4 5 6 7 8 

Current density (kAm** ) . 

- 60 
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- 90 'S 

80 
« 
c 

100 f 

10 

Fig. 1 : Comparison of the performance of the composite membrane electrolysis 

cells with classical alkaline water electrolysis [3]. 
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3.2. Alkaline fuel cell with i—obilised electrolyte 

A second example of the use of the composite membrane in the field of electro

chemistry may be found in the alkaline fuel cell. A fuel cell can be defined 

as an electrochemical cell which can continuously change the chemic&l energy 

of a fuel and oxidant to electrical energy by a process involving an essen

tially invariant electrode-electrolyte system. If we consider as reactive 

gases hydrogen and oxygen or air, we have a reversed water electrolysis 

system. 

The fuel cell power plant for the Hermes-project, (space-application) is under 

study at Siemens N.V. (Germany) and Elenco N.V. (Belgium). For the Hermes 

fuel cell, the immobile electrolyte concept has been preferred, whereby a 

suitable matrix material is needed to contain the ROH-electrolyte. Basically 

two different materials are available, asbestos and a zirconia-polysulfone 

type composite membrane. 

The commonly used matrix material for the.alkaline fuel cell is asbestos. Due 

to its morphology it demonstrates excellent mechanical and electrolytical 

properties. However, this material shows a decrease of chemical stability at 

elevated temperatures and there is a definite health risk in manufacturing and 

handling this material. Therefore, a fall-back solution for asbestos has been 

envisaged and an applicability study of our composite membrane was started. 

The essential general requirements [8] set on these matrix materials for the 

alkaline fuel cell can be described as : 

material : * chemically resistant in 6M KOH/120 °C 

* hydrophilic or susceptible to wettability 

mechanics : * possibly thin (aim s 300 jun) 

* mechanical stability 

(tensile strength > 3 MPa) 

porosity : * high porosity (2 50 Z) 

* bubble point (H20, R.T) > 0,1 MPa 

* electrolytic resistance s 0.3 cm2 

(6 M K0H, RT) 
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The first type of membrane, tested for this application was very similar to 

the one developed for the alkaline water electrolysis. It was composed of 80 

wtZ of zirconium oxide grains and 20 wtZ of polysulfone. It had an asymmetric 
{I 

pore structure and was reinforced with a Halar fabri~ having a thickness of 

3ZS microns. The total thickness was about 650 microns. 

Table 3 shows a comparison between the properties of the "standard" Zirfon 

membrane and the preliminary target values, from this table it became clear 

that this type of membrane already fulfils a number of the most basic 

requirements, only the thickness and the electrical resistance needed to be 

improved [9]. 

Apart from the envisaged reduction of the total membrane thickness, which 

would probably result in a reduction of the electrical resistance, it was also 

intended to investigate the change of the asymmetric pore distribution into a 

symmetric one. A symmetric membrane was believed to be more reproducible and 

better suited to be welded onto the polysulfone frames of the fuel cell. 

By changing the preparation parameters of the film casting, symmetrically 

structured membranes without any reinforcing fabric could be made. As before, 

the composition was kept at 80 wt Z of zirconia grains and 20 wt Z of poly

sulfone. This new type of membrane had a thickness of about 200 microns. 

In table 3 a comparison was made between the properties of the asymmetric 

reinforced membrane, the symmetrically structured non-reinforced membrane and 

the preliminary requirements. The most striking conclusion that can be drawn 

from this table is that all targets have been reached. It may also be con

cluded that the values for the tensile strength, even without the use of a 

reinforcing fabric are higher than the target value. Concerning the bubble 

point, both the Coulter - Porometer technique and the Siemens technique 

(First bubble) have been used; both values are much higher than the target. 

Using the same procedure and composition, fo.— different preparations have 

been made in order to investigate the reproducibility of the manufacturing 

technique concerning the symmetrically structured matrix (without reinforced 

fabric). From the values in table 4 it becomes clear that the reproducibility 

is v»ry satisfactory. 

Moreover, since the manufacturing of surh a symmetrically structured membrane 

is very new, it can be expected that the small differences that still remain 

will be reduced with some further optimization. 
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Table 3 : Comparison between the properties of the asymétrie reinforced 

Zirfon -membrane, the symmetrically structured non-reinforced 

Zirfon -membrane and the preliminary requirements. 

Thickness 

(M-m) 

Total 

Porosity 

<*) 

Tensile 

Strength 

(MPa) 

Bubble 

Point 

(MPa) 

Electrical 

Resistance 

(Qcm*. RT. 

30 wtZ KOH) 

Preliminary 

Requirements 5 300 > 50 

Asymmetric 

Halar reinforced 650 63 

> j 

16.0 

> 0.1 

0.6 

(dry) (Coulter 

18.2 porometer) 

(wet) 

s 0.3 

0.36 

Symmetric 

(non-reinforced) 200 54 

5.8 > 0.9 

(dry) (Coulter ) 

5.7 0.3 

(wet) (Siemens 

Technique) 

0.17 

The chemical stability had been proven only for the Halar reinforced "standard" 

Zirfon membrane which has an asymmetric pore distribution. Table 5 resumes the 

results of the chemical stability experiments performed on the newly developed 

symmetrically structured membrane without reinforcing fabric. 

This type of membrane was tested for 1,000 hours in a 30 wtZ KOH solution at 

100°C and 120°C. It is clear from these figures that this new type of matrix is 
R R 

as stable as the Halar reinforced 'standard" Zirfon membrane where the total 
weighs loss for both 100°C and 120°C (1,000 hours in 30 wtZ KOH) was about 1 Z. 

Table 5 shows that all the target values are still obtained after the chemical 

stability tests. However it should be noticed that the membrane samples became 

more brittle during this 1,000 hours exposure to the hot KOH solution. This is 

illustrated by the smaller values for elongation after the test. 



Table 4 : Reproducibility of symmetrically structured non-reinforced 

Zirfon membrane. 

Membrane 

Prel. Req. 

First Preparation 

Second Preparation 

Third Preparation 

Fourth Preparation 

Thickness 
(tun) 

£ 300 

200 

200 

210 

206 

Total 
Porosity 

> 50 

54 

53 

56 

56 

Bubble Point 
(MPa) 

iO.l 

0.3 

0.4 

0.35 

0.2 

Tensile 
dry 

*3 

5.8 

4.7 

5.1 

5.7 

Strength 
wet 

*3 

5.7 

4.6 

4.9 

4.8 

Electrical 
( acm) 

8.61 

7.55 

8.99 

8.23 

Resistance 
(öcmM 

* 0.3 

0.17 

0.15 

0.19 

0.17 

c 
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Up till now, there has only been one full-sized cell test with this new de

veloped composite membrane. The membrane was hereby pressed against the 

electrodes between two frames, and not welded onto the frames as usual with the 

asbestos matrix. The cell voltage remained stable for over 160 hours, where

after the experiment was stopped. It is clear that many more results will be 

needed before any definite co"-lusions can be drawn. 

Table 5 : Overview of the results of the chemical stability tests 

carried out on non-reinforced symmetrically structured 

Zirfon membranes. 

Parameter Temperature of exposure 

No 

Exposure 

100°C 120°C 

Total Porosity (Z) 56 54 I 52 

Bubble Point (MPa) 

Thickness (|im) 

Electrical Resistance (QcnT ) 

0.35 

210 

0.19 

0.4 

208 

0.22 

0.3 

206 

0.19 

Weight Change (Z) +0.2 -0.1 

Tensile Strength-dry (MPa) 5.1 10.2 4.6 

Elongation-dry (Z) 8.9 2.6 < 0.5 

Elongation-wet (Z) 6.6 2.6 1.8 
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3.3. The use of the Zirfon membranes for ultrafiltration applications 

During the last two decades, ultrafiltration has become an industrial process 

in a wide variety of fields of application : from the chemical industry (re

covery of electropaint, latex), textile industry (indigo natural dye), paper 

industry, lubricating oils, the medical industry (end stage renal disease, 

blood processing) to the food industry (fruit juice clarification, whey pro

cessing, cheese making and water treatment). 

The first type of membranes used for ultrafiltration purposes was made from a 

cellulosic type of polymer, which of course lacked chemical stability. Rela

tively soon new polymer types e.g. polysulfones, polyacrylonitriles were used 

to overcome this difficulty. However the major breakthrough for this type of 

polymeric membranes was the discovery of the asymmetric structure, yielding a 

good combination of process flux and cut-off values. 

In the search to further improve the flux properties of the membranes, methods 

like grafting of hydrophilic groups onto the polymeric backbone [10,11], or 

more recently the making of thin film composite ultrafiltration membranes by 

interfacial polymerization of polyureas and polyurethanes onto polyethersulfone 

support membranes [12], amongst other techniques were used. These methods are 

aimed to reduce the deposit of foulant gel layers on top of the membranes 

during filtration. A drawback of grafted polysulfone membranes is that the 

grafted groups tend to disappear upon many successive cleaning procedures 

rlternatively with alkaline and acid cleaning detergents. As a result, the 

membranes become more hydrophobic and are more fouling sensitive. 

The solution we have been putting forward in order to minimize fouling and 

thereby to increase the membrane's flux properties, was the incorporation of 

inorganic oxides like ZrO into the polymeric matrix, leading to a composite 

membrane [5,13]. Polysulfone was used as the binding p lymer. Loading degrees 

up to 90 wt Z of ZrO can be reached. 

Para] el to the development of the pol/meric membrane types, but with some 

delay, other people developed ceramic membranes, starting with zirconia on 

carbon to the more recently developed alumina type of membranes. 

The composite type of membrane we have been developing combines some of the 

interesting properties of both the polymeric and the ceramic type of membranes 

as for instance : 

- they are still flexible just as the polymeric membranes; 

- they have in some cases even sharper cut-off values than the polymeric and 

ceramic membrane types [5]. 
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The major disadvaudage of the composite membrane type is its chemical stability 

with respect to organics and its thermal stability which is limited to some 

120°C. It is obvious that the origin of these properties lies in the use of 

polysulfone as the binding polymer and that when other more stable polymers are 

used, these problems are less occuring. 

In this chapter the major ultrafiltration properties and the obtained results 

in some typical fields of application will be discussed. 

3.3.1. Membrane preparation 

As already discussed earlier these membranes are prepared by a phase inversion 

technique, namely by immersion precipitation. For this particular application 

it was thought that the tubular configuration would meet the demands of most 

types of applications. The big advantage of this form of execution is the 

possibility to treat highly viscous products, which can be encountered in 

applications where high volumetric concentration factors are required. Another 

advantage cf the tubular configuration lies in the fact that the flow-through 

section is relatively large compared to flat sheet plate and frame systems and 

hollow fiber type of modules. This is the origin of the greater ease of 

cleaning of this type of configuration. On the other hand the drawbacks of 

this configuration are; its rather low packing density ard its somewhat higher 

energy consumption. 

In order to prepare the tubular configuration a casting-bob method was used 

[14]. The type of support is still a matter of study. Hereby an evaluation is 

being made between the performance data (flux and permeate quality), the opera

tional parameters (chemical and mechanical stability, ease of cleaning and life 

time) and the economical aspects (cost price). 

The types of support tubes that are under investigation are polycrystalline 

carbon (with two different pore sizes, resp. 0.2 and 4 microns) and a non-woven 

polyester type. The internal diameter for all the examined type of tubes is 

about 6 mm, whereas the external diameter is 10 mm for the carbon type of tubes 

and 6.5 mm for the polymeric support. The length of the membranes that werc-

realised with these tubes was 1,200 mm. 

To investigate the properties or the realised membranes, modules were assembled 

containing different number of tubes with a minimal geometric membrane arei of 

8i> cm* to a maximum of 7,300 cm?. Figure 2 gives a view on one of the largest 

module types. 



original contains 
color illustrations 

14 

Fig. 2 : View on one of the end-sides of the moH-iles. 

Different Zirfon membrane compositions were realised, containing up to 90 

weight Z of zirconium oxide. This type of membrane will be called further in 

the text the 90/10 Zirfon membrane. 

3.3.2. Characteristics of the tubular Zirfon UF membranj£ 

a) Pure water flux determination 

Figure 3 gives the pure waterflux of the 90/10 Zirfon membrane on the differ

ent types of support tubes. It is clear frorr. this figure that the support of 

the membranes is playing a predominant role in the overall pure water flux of 

the membrane. This is illustrated by the fact that the 0.2 micron carbon tube 

strongly reduces the pure waterflux of the 90/10 membrane, since it has already 

without a membrane a low pure waterflux. This is not the case anymore whpn the 

more open support tubes are used. 
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The observed pure water flux for this composite membrane is relatively high in 

comparison with 100 Z polysulfone membranes and with ceramic membrane types 

with a similar cut-off value. When looking at the flux (J) equation (1), a 

rearranged Hagen-Poiseulle-equation [15], 

J = S.dp* AP/32nl (1) 

where S = surface porosity 

dp = pore diameter 

1 = pore length, here the skin thickness 

|i = viscosity of the solution 

it is clear that the reason that a membrane with a similar pore diameter 

(cut-off value) has a higher permeability, only can be sought in the fact that 

the ckin-thickness must be smaller or the surface porosity must be higher. By 

comparing the cross-sectional views of both the composite membrane type and the 

100 Z polymeric types hardly any difference in skin-thickness can be found, 

which is in the range of 0.5 to 1 micron. The reason for higher permeability 

has thus to be found in an increased surface porosity. Up to now, no 

experimental evidence is available. 

3000 

— 2000 -

X 
3 

1000 -

0.00 0.10 0.20 0.30 0.40 

Transmembrane pressure (MP .) 

Support tube type 

+ CARION 0.2 MICRON 

A CARBON 4.0 MICRON 

O «S NON-fOVIN 

0.50 

Fig. 3 : Influence of the support tube on the pure waterflux 

of a (90/10) Zirfon membrane. 
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b) Structure evaluation 

Figure 4 gives the cross-sectional view of the polycrystalline carbon tube 

coated with the (90/10) Zirfon membrane. It is clear from this figure that 

the composite z.embrane has the typical asymmetric structure, consisting of a 

thin skin layer, which is responsible for the msss transfer properties of the 

membrane, supported by a sponge-like substructure containing fingerlike ca

vities of which the diameter reaches of up to 30 am at the outside of the 

membrane (the tube side). The ZrO -powder is homogeneously distributed 

throughout the membrane and can be observed clearly in the pore-walls. 

The thickness of the membranes equals some 50 microns. The adhesion of the 

membranes to the support tubes was ~ested by putting a backpressure of 0.7 MPa 

from the outside to the inside of the tube, while water with a velocity of 

4 m.sec" was circulated through the inside of the tube. No damages were 

observed, indicating that the membranes are relatively good attached to the 

support tubes. 

c) Determination of the cut-off value of both an 80/20 and a 90/10 type of 

Zirfon membrane 

Us ng a single tube experimental set-up a series of retention measurements were 

carried out with dextran polymers with different molecular weight ranging from 

9,000 to 168,000 Dalton, starting with the solute with the lowest molecular 

weigth, at a transmembrane pressure of 0.3 MPa and solute concentrations of 

1000 ppm. 

Retention was defined by the classical formula (2), 

s 
R - 1 - -pr- (2) 

CR 

where R = retention 

C » concentration of the solute in the permeate 

C = concentration of the solute in the retentate 

Figure 5 gives the retention curves for both a 90/10 and a 80/20 Zirfon 

membrane. The cut-off value which can be derived from these retention curves 

(90 I rentention) for the 90/10 and the 80/20 membrane equals respectively 

75,000 and 150,000. 
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Fig. 4 : SEM-picture of the cross-section of a Zirfon membrane 

coated at the inside of a polycrystalline carbon tube 

(0.2 micron). 



18 

100 

90 

80 

_ 70 
>• 
* 60 

g 50 
i -

5 40 
1— 
UI 
Œ 30 

20 

10 

Symbol 
• 

X 

Type of membrane 

90/10 
80/20 

• 

_^z 
LJ\r 

20 30 
MW 1/3 

40 50 60 

Fig. 5 : Retention curves of both 80/20 and 90/10 Zirfon membranes. 

It has to be noticed from the slope of these retention curves that the pore 

size distribution of these membranes is very narrow [16,17] : e.g. one has a 

retention of only 8 Z for dextran 40,700 and of already 88 Z for dextran 70,400 

with the 90/10 membrane. It can also be noticed that the pore size distribu

tion is more narrow at increasing zirconium oxide content. 

Similar cut-off values were found for these types of membranes on other support 

tubes. 

3.3.3. Performance testing of the Zirfon membranes 

The performance of the Zirfon membranes was tested in several typical fields 

of ultrafiltration applications on both laboratory and semi-pilot scale, in the 

food, metal, textile and pharmaceutical industry. In the herefollowing para

graph the key features of the membranes (flux and permeate data) will be given 

and discussed. 
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a) Envisaged applications in the food industry 

Experiments were undertaken in the milk and the fruit juice sector. In the 

milk sector three types of applications were examined; namely : the protein 

concentration of skimmed milk for both cheese making (Gouda cheese) and for the 

production of a clinical food, and the recuperation of the whey proteins of 

Gouda-cheese to produce whey protein concentrates. 

In the previous paragraph the influence of the support tubes was indicated. Up 

till now, the influence of the support tube was only investigated for the 

clinical food application. These experiments were executed at Nutricia 

Research (The Netherlands). 

Figure 6 gives the flux data as a function of the volumetric concentration 

factor for the 90/10 Zirfon membrane on different supports and of a commer

cial membrane type. The experiments were performed at 50°C, at a transmembrane 

pressure of 0.3 MPa, a pH of 6.05 and a linear velocity of 4 m.sec" for the 

Zirfon membranes. 

With the Zirfon membranes, substantial higher flux values can be obtained in 

comparison with commercial membranes [12]. 

It is also clear that tbe support material of a membrane contributes also to a 

large extent to the process flux characteristics of the membrane. In the 

future this observation will also be examined for other applications. 

Another interesting feature of the Zirfon membranes is that high volumetric 

concentration factors can be achieved. This is very important when small 

solutes (like sugars and salts) have to be removed by a diafiltration step. 

Upon diafiltering low molecular weight solutes are washed by adding water and 

pass the membrane pores. The amount of diafiltration water can be strongly 

reduced when the diafiltration can be executed at more concentrated solutions. 

We measured also the behaviour of the Zirfon membranes with respect to the 

clarification of concentrated apple juices. Ultrafiltration is for this 

application a wellcome alternative to replace the convential complicated and 

labour-intensive process. 

Prior to filtration, the six times concentrated apple juices, coming from East 

European countries, were diluted two times. Then they were treated with 2 

enzyme types respectively an amylase and a pectinas*» at a temperature of 55°C 

during 2 hours. This product, that is still 3 times concentrated, was used in 

the up-concentration experiment. All the filtration experiments were carried 

out with the 0,2 urn carbon support tube. 
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Fig. 6 : Influence of the support tubes on the direct flux of a 90/10 Zirfon 

membrane at the up-concentration of acidified skimmed milk. 

Figure 7 gives the results nf this experiment, obtained on a Zirfon membrane 

type at a constant transmembrane pressure of 0.3 MPa and a linear velocity of 

4 m/sec. The initial flux was 68 1/hm* at CF of 1, and at a CF of 26 it still 

was 36 l/m*. As a result the mean flux for the whole experiment was 48 1/m*. 

Table 6 gives the analysis of the permeate samples of this experiment. The 

refraction of the permeates was measured by means of a refractometer. The 

refraction values are given in "Brix; l°Brix is equal to a 1 Z sugar solution. 

A normal value for a 1/1 concentrated juice is 12°Brix [16]. The colour of 

browning was measured using a Spectrophotometer and expressed in transmittance 

at a wavelength of 440 nm. The turbidity was measured by means of a turbidity 

meter and expressed in Nephelometric Turbidity Units (NTU); values below 1 are 

found for very clear and "brilliant" juices. To check the stability of the 

juices, a pasteurization was executed, giving possibly lead to a recondensation 

of the smaller polyphenol-chains. To see to what extend this happens, the MTU 

is measured after pasteurization. If the NTU values after this operation 

remain between 1 and 2, the ultrafiltration was successful. 
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Fig. 7 : Direct flux for a three times concentrated apple juice 

as a function of C.F. for a Zirfon (90/10) membrane on the 

carbon (0.2 micron) support tube. 

Table 6 : Analysis of the apple juice permeate samples 

Type of Exp. 

Exp. with 
3 times 
concentra
ted apple 
juice 

C.F. 

1.1 
2.7 
5.5 
12.1 
16.8 
19.7 
26.8 

Refraction 
(°Brix) 

33.7 
36.9 
37.6 
35.5 
36.6 
34.8 
34.8 

Colour 
(ZT.440 nm) 

61.4 
59.1 
58.9 
61.7 
62.0 
63.2 
61.7 

; 

N.T.Ü. 

0.10 
0.13 
0.14 
0.10 
0.15 
0.12 
0.13 

Stability Test 
(10° at 95°C, cooling)! 

N.T.U. after 2 weeks i 

0.25 
-

i 

s 
0.22 I 
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We see in table 6 that the refraction for all the permeate samples is between 

32 and 37°Brix. These are normal values for 3 times concentrated juices. The 

browning values of the different permeate samples are very similar. The NTU 

values are low, and stay low as a function of CF and as a function of time. 

b) Envisaged application in the metal industry 

In the metal industry oil emulsions are used for cooling and lubricating during 

operations like drilling, calandering, cutting and turning. To meet today's 

effluent standards sophisticated treatment methods are required. Breaking the 

emulsions chemically creates a sludge which always requires further stabili

zation before disposal. The water phase from the chemical treatment requires 

also additional treatment. 

The ultrafiltration on the other hand produces a water phase that can be 

discharged with no post-treatment, and an oil phase that can be burned. 

We gained some experience in the filtering of emulsions that are used for the 

calandering of aluminium sheeting. These experiments were done at the Sidal 

company. The emulsions that are used for this application contain 5 vol.Z of 

oil and are pretreated in a centrifuge to remove the suspended metal particles 

which can damage the membrane surface, and to remove the free floating oil. 

The ultrafiltration is used to increase the oil concentration to 25 vol.Z. At 

that moment the oil emulsion is very unstable. This makes it possible to 

further remove the oil by a centrifugation step. 

At a temperature of 50°C, a tangential velocity of 4m/sec and a transmembrane 

pressure of 0.3 MPa, flux values of 230 1/hm* and 80 1/hm* for oil concen

trations of respectively 5 and 25 vol. Z can be obtained. These maximum values 

were measured for a 90/10 Zirfon membrane coated at the inside of the 4 um 

carbon support tube. 

Concerning the permeate quality it is possible to obtain permeates containing 

less than 1 ppm of oil for oil emulsions containing 5 vol.Z of oil, and con

taining about 5 ppm of oil for 25 vol. Z emulsions. 

c) Envisaged applications in the textile industry 

Some experience was obtained with the Zirfon membranes for two applications 

in the textile industry, namely the recuperation of Indigo from waste waters 

and the second is the recuperation of size polymers. 



The first application is the recuperation of Indigo. Indigo is a quite expen

sive natural dye. One of its major drawbacks is its bad adhesion to textile 

fibers, resulting in a high losses via washwaters. Ultrafiltration is a very 

suitable process tc recover the indigo dye. A small experience was gained in 

cooperation with the Gesellschaft far Trennverfahren (Germany) indicating that 

with an 80/20 Zirfon membrane with a cut-off value of 20,000. retentions of 

99 to 100 Z are possible w.th flux values of about 90 1/hm2. 

The second application is the recuperation of size polymers, like polyvinyl-

alcohol (PVA), carboxymethylcellulose (CMC) and polyacrylate (PAC), which are 

used as sizing agents to improve the strength and surface characteristics of 

warp yarns prior to weaving. There liey are subjected to considerable abrasion 

and tensile stress. These PVA. CMC and PAC have replaced the traditional 

sizing agents like starch, gelatines and gum:.. In recent years, research has 

been focussed on the development of processes capable of size recovery from the 

effluents. With ultrafiltration high recoveries are possible. 

Using the 80/20 Zirfon membrane with a cut-off value of 20,000 as mentioned 

above, some experience in this field was gained. The operational conditions of 

the filtration experiments were as follows T * 80-85°C, transmembrane 

pressure - 0.65 MPa. Retentions were found of about 95 Z and mean flux values 

of 23 1/hm2 to a concentration factor of 8 (at an end-concentration of 90 g/1) 

for a sizing agent with a molecular weight between 28,000 and 120,000. These 

experiments were carried out on Hoechst and Henkel products in cooperation with 

the Textilverfahrungs Institut of Denkendorf (Germany). 

d) Envisaged applications in the pharmaceutical industry 

In cooperation with the Cesellschaft für Trennverfahren (GTV, Germany) some 

first experiments for the removal of pyrogens with the 80.20. 20,000 cut-off 

membranes have been executed. 

3.3.4. Conclusions 

e 

The results of the tests of the Zirfon ultrafiltation membranes in the 

various fields of applications «how their potential. At the moment a lot of 

effort is being undertaken in order to define the ideal support tube for the 

membranes, as it was proven to be of very great importance in the overall 

performance of i-he membranes. 
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3.4. Immobilization of bacteria in composite membranes 

Due to the fact that some results were obtained by immobilizing enzymes into 

the composite membranes, the idea grew to immobilize also living cells into the 

membrane. We started with the bacterium Alcaligenes eutrophus CH34, a very well 

studied bacterium, able to precipitate some metals. After immobilization it was 

also very important to design a new reactor type in order to separate the 

process stream from the nutrient stream (necessary to keep the bacteria alive 

and in an active state). 

The different steps followed in the development of this system together with 

some future applications will be presented. 

3.4.1. Heavy metal resistance in Alcaligenes eutrophus CH34 

During the last years, bacteria resistant to a variety of heavy metals were 

isolated and identified (for review, see Silver, [18]). The mechanisms for 

these resistances are often controlled by plasmid borne genes or by trans

posons. A remarkable example of those resistant bacteria is Alcaligenes 

eutrophus var. metallotolerans. The representative strain CH34 was isolated in 

sediments from a décantation basin of a zinc factory [19]. Strain CH34 bears 

two large plasmids [20] controlling resistance against Cd , Co , Zn , Hg , 

Tl+, Cu++, Pb++ (pMOL30, 240 kb) and Co++, Zn++, Ni++, Hg++, CrO^"", Tl+ 

(pM0L28, 165 kb). On pMOL28 nickel, cobalt and zinc genes (cnr) are probably on 

the same cluster very near to the chromate genes (chr). One DNA fragment (in 

pMOL30) of about 6 kb [21] is responsible for the resistance against cadmium, 

zinc and cobalt (czc). And another gene cluster seems to code for copper (cup) 

and lead resistance. Both plasmids contain a mercury transpon : 7n4378 and 

Tn4380 [22-23]. Different heavy metal resistance genes are cloned and se

quenced, namely czc [24]. From the copper and lead genes, mutants are avail

able (corbisier et al., in preparation). 

The czc and mercury genes were used as probes for hybridization with total DNA 

from strains isolated from different mining and industrial sites in Belgium and 

Zaire [25,26]. From these different sites, strains hybridizing with these 

probes could be isolated [27]. 
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As could be shown by Nies et al. [28,29] resistance to chromate is inducible 

and based on deceased net accumulation of the metal anion. Resistance to zinc, 

cadmium, cobalt and nickel are resulting >m inducible, energy dependent 

cation efflux systems [24,30]. In some physiological circumstances A. eutrophus 

can also accumulate and precipitate heavy metals [31,32]. At increased 

concentrations of Cd or Zn ions, a removal of these metals from the solution is 

observed during the late log phase and the stationary phase. This accumulation 

and precipitation is correlated with the cjncentration and kind of carbon 

source (lactate or gluconate), with the progressive alkalinization of the 

medium, with he concentration of phosphate and appears to be associated with 

the outer cell membrane. The precipitation of Cd(HC0 ) 2 and Cd(OH) is proved 

by IR-spectroscopy. The interpretation o-. this feature is that the metal 

speciation will change at the cell surface due to the progressive pH increase 

the steep pH gradient on this site, and the production of CO by the cell 

metabolism. The metal will in this way precipitate on the cell envelopes using 

a membrane component as a support. This trapping would occur at the uptake or 

the efflux of the metals or more likely during both processes and suggests a 

kind of biomineralization as reviewed by Mann [33], 

3.4.2. Polysulfone - ZrO membranes 

R 
The Z-'.rfon composite membranes, originally developed for electrochemical 

purposes as explained before (see § 3.1 and § 3.2) have been produced in three 

different configurations : flat membranes with or without a reinforcing 

support, hollow fibres [34] and tubes [35] however, the hollow fibres are very 

sensitive to clogging especially in the presence of an effluent which contains 

suspended materials. 

The tubular type of membrane which is probably the best choice for the bacteria 

immobilized reactor, corresponds to a bundle of tubes being mounted into a 

cylinder, the reaction chamber. Each tubular membrane is .imposed of a porous 

supporting tube covered with the active membrane. 

The application of this composite type of membrane for the immobilization of 

bacteria is determined by the knowledge of the behaviour of the bacteria with 

regard to the material. 

For the formation of suitable composite membranes Cad-,, Sb.O, (membrane type 

Zirfon M6 or M5) or polyvinylpyrolidone (PVP) (membrane type Zirfon M7, M8 and 
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MIO) were used as pore formers. Typical membranes for bacterial immobilization 

have a porosity between 60 and S"> Z, pore diameters between 1 and 5 (im and a 

thickness between 150 and 250 um. They further possess a skin side with pores 

with a diameter smaller than 1 jim. Fingerlike structures are not good for 

retention of the bacteria. 

3.4.3. Immobilization of A. eutrophus in the composite membranes 

Diluted bacterial cultures were filtrated over the membranes either vertical or 

tangential. Filtration is done from the open side (opposite to the skin side) 

where a lot of bacteria can rolonize the membrane. Figure 8 shows both sides of 

a membrane after a vertical filtration with a diluted A. emrophus culture. 

Only few cells pass through the skin due to the small pore diameter of this 

membrane layer. A better distribution of the cells can be obtained by higher 

dilution of the cell suspension by tangential filtration. 

3.4.4. Colonization of the composite membranes by A. eutrophus 

After immobilization of A. eutrophus in the mentioned membranes, colonization 

happens by growth of single cells at random distributed in the membrane net

work. Figure 9 shows the colonization of the membrane at the open side in 

function of time. This figure shows a complete colonization after about 4 to 6 

days. 

3.4.5. Cd removal by immobilized A. eutrophus cells 

A. eutrophus cells are immobilized in membrane M5 in the same way as described 

in section 3.4.3. After filtration and rinsing, the membranes were incubated in 

minimal growth medium with 0.8 X lactate as carbon source and 1 mM phoophate as 
109 

phosphor source. To each of the media Cd (0.25 |iCi) was added plus cold Cd 

to reach a final Cd concentration of 0.5 mM, 1.0 mM and 2.0 mM. 

In function of time, samples of the solution were taken. Of thesp samples total 

Cd concentration and Cd concentration in the supernatant (after centrifugation 

of the released cells) were measured. This last calculation makes the differ

ence between free ionic Cd and Cd precipitated or accumulated (by the released 

cells). At the end of the experiment the Cd concentration was also measured on 

the membranes. 
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Fig. 8 : Microscopic pictures of a Zirfon M5 membrane 

after tangential filtration. 

A diluted culture of A. eutrophus was filtered tangentially by The Zirfon M5 

membrane. The filtration side or open side (A) and the opposite side or skin 

side (B) are shown. The bar presents 10 ̂ m. 
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•vïjr 

Fig. 9 : Scanning Electron Microscopy of colonization of a Zirfon M5 

membrane by A. eutrophus in function of .aie. 

The bacterial colonization of Zirfon M5 is shown before filtration (A), just 

after filtration (B), after 3 day; (C), after 6 days (D), after 8 days (E) and 

after 10 days (F). The bar presents 10 <xm. 
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Figure 10 presents the results of the Cd removal from a solution. Table 7 gives 

the calculated amounts of Cd and Zn per cm2 of membrane. At the time of 

measurement, the membranes were not yet saturated with the metals. 

Table 7 : Cd and Zn accumulated by Zirfon M5 membranes with immobilized 

A. eutrophus. 

Original metal concentration metal concentration/membrane surface 

Cd jig Cd/cm* 

0.5 jiM 0.2 

0.5 (iM 169.0 

1.0 M 428.0 

2.0 (JLM 900.0 

Zn tig Zn/cm* 

0.5 |iM 0.2 

0.1 mM 37.9 

0.2 mM 52.9 

0.5 mM 134.2 

1.0 mM 237.5 

2.0 mM 591.5 

Cd and Zn concentration/membrane surface, are presented for metal removal 

experiments with Zirfon M5 membranes colonized by A. eutrophus. 

3.4.6. Development of a Flat Sheet Reactor (FSR) 

In the previous experiments, bacteria were always immobilized in the membrane 

by perpendicular filtration which resulted in a fast clogging cf the membrane. 

The nutrients were added to the heavy metal solution resulting in a -*aste of 

nutrients. Therefore, to solve these problems a flat sheet membrane reactor was 

developed. In this system bacteria were immobilized by tangential filtration. 

The reactor consists of two chambers with each an inlet and outlet and separa

ted from each other by a composite membrane and a supporting frame as shown in 

Figure 11. In one chamber nutrient solution and at the other side synthetic 

effluent (in the presented experiments it was mostly water with 1 mM of CdCl ) 

were pumped during reactor use. 

Generally at each side 500 ml solution was pumped all the time and samples were 

taken from each chamber for measurement of optical density (caused by released 

cells), pH, metal concentration and lactate consumption. Different parameters 

were evaluated by changing one of them in experiments with two reactors. 
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Fig. 10 : Cd removal from a solution by A. eutrophus immobilized in 

Zirfon M5 without and with a colonization period. 

The results of the Cd removal by membrane M5 without and with a bacterial 

colonization period are compared. Without colonization (-col) means that Cd was 

added immediately after the filtration of bacteria. With colonization (+col) 

means that the membranes were incubated with the bacteria during 8 days before 

addition of Cd. The Cd concentration in the supernatant, obtained after 

centrifugation of the solution is presented. Cd concentrations of 0.5, 1.0 and 

2.0 mM Cd (56, 112, 224 ppm respectively) were used. 

Figure 12 presents the results obtained with a FSR with membrane Zirfon M5. Cd 

is removed from the effluent in a linear way from 140 ppm to 110 ppm after 28 

hours. Between 28 and 36 hours a sharp decrease of Cd concentration four. 110 

ppm to 4 ppm was observed (in 5 hours). Afterwards a small peak of 10 ppm 

(due to diffusion) appears followed by a second decrease to below 1 ppm after 

80 hours. At the nutrient side some diffusion of Cd occured to a concentration 

of 32 ppm after 72 hours, followed by a decrease to 25 ppm after 90 hours. 
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Fig. lia. Shematic presentation of a Flat Sheet Reactor. 

b. Photo of a Flat Sheet Reactor. 
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Colonization of the membrane before heavy metal treatment will shorten the 

metal removal time. 

- • * - - MrtriMt 
pH : 7.04 
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TfeM UMors) 

144 180 

Fig. 12 : Cd removal from Flat Sheet Reactor. 

The results of a FSR reactor with Zirfon M5 are shown. Cd concentrations at 

effluent and nutrient side are presented. 

In this system different parameters were studied. A membrane which was already 

colonized by bacteria could remove metals much faster. The choice of a good 

membrane is very important. 

0. supply at or in the membrane is very important and can be increased by 

increasing the flow rate. pH adjustment of the effluent between 7 and 7.5 will 

accelerate the metal removal. Lactate turnover is measured to give the right 

dose in a right lapse of time without needless loss of this carbon source. 

Thick membranes will prevent cell release and will bind more metal. 
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Larger membrane surfaces will accelerate the metal removal. The orientation of 

the skin side to the effluent prevents too high cell release and makes metal 

removal time longer. 

3.4.7. Development of a Tubular Membrane Reactor (TMR) 

In order to enlarge the surface area of the immobilized bacteria and to make a 

stronger reactor structure, a Tubular Membrane Reactor (TMR) was constructed. 

A first unit consisted of a stainless steel pipe with a diameter of 20 nm with 

an inlet and outlet on the cylinder wall. Inside was a carbon pipe (inner 

diameter 6 mm and the outer diameter is 10 mm) mounted. The carbon pipe has a 

mean pore radius of 2 |xm. On the inside, a membrane MS was used with the open 

membrane side to the carbon pipe. The effluent flows through the carbon pipe 

and the nutrient at the outside of the pipe (see figure 13). 

This TMR reactor was connected to an effluent and a nutrient flask (see figure 

13). Solutions were pumped at a flow rate of 40 ml /min for the nutrient and 

5 ml /min for the effluent. At these flow rate, the AP over the membrane was 

very low. Bacteria were added from the nutrient side. The effluent to be 

treated passes over a column, bearing glass beads, before recirculating to the 

effluent flask. Effluent and nutrient solution were stirred during the run. 



a. Tubular Membrane Reactor (TMR^ 

b. Total flow sheet for metal removal with a TMR 

A : nutrient 

B : effluent 

C : siphon 

D : siphon 

E : TMR 

F : column with 

glass beads 

PUMP 

Fig. 13 : Schematic presentation of a Tubular Membrane Reactor. 
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Fig. 14 : Cd and Zn removal with a TMR reactor. 

Cd and Zn removal are presented in function of time. In (a) the first 100 hours 

are necessary for the colonization of the carbon-pipe support. Zn removal (b) 

was done with the same Zirfon M5 membrane on the same carbon-pipe support, 

while the colonization was still present. 

Figure 14a shows the first assays of Cd removal with a TMR. In the beginning a 

large colonization time is necessary to colonize all the C-pipe. Afterwards Cd 

removal goes faster and faster. Figure 14b shows the results for Zn removal for 

the same TMR. Zn removal started immediately because the C-pipe was already 

immobilized. 
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Fig. 15 : Cd removal with a TMR reactor with a Zirfon M5 membrane 

on a polyester support. 

Cd removal is presented in function of time. A Zirfon M5 membrane on a poly

ester support was used. 

Figure 15 shows the results for Cd removal in a TMR with a polyester support in 

case of a carbon support. The immobilization period is now disappeared due to 

the thin polyester layer (only 200 \aa), the high porosity and the large pore 

diameter. Metal removal is the same in both systems (carbon or polyester 

support). 

3.A.8. Development of a Continuous Tubular Membrane Reactor (CTMR) 

The tubular reactor was further optimized to a continuous system as shown in 

figure 16a and b. In this system a solution containing 120 ppm Cd is treated to 

below 1 ppm Cd at the output as presented in figure 17. 
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Fig. 16 : Continuous Tubular Keabrane Reactor (CTKR) 

a. Total flow sheet of a CTMR 

b. Continuous Tubular Membrane Reactor 
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Effluent is pumped from tank A to B and from there circulated through the tubes 

of the reactor (CTMR) and the glass beads column (GBC) on which the metals are 

bound. After a certain residence time the effluent flows to C via a sand 

filtration (SF). 

Bacteria are immobilized in the composite membrane of *-.he tubes of the CTMR and 

are fed via the input of nutrient from D to E from where it circulates through 

the interlumen space of the CTMR. After use the nutrient flows into F. 

3.4.9. Precipitation and crystalization of Cd and Zn 

It was shown that bacteria immobilized on the membrane could induce, by the 

colonization of their heavy metal resistance mechanisms and their metabolism, a 

precipitation of Cd(HCO ) and Zn(HCQ^) around the cells. Figures 18a and 18b 

show Scanning Electron Micrographs of membranes with biomineralized Cd and Zn 

crystals. 

MrtrttM ""A*" KfnMNt ~ O ~ 

130 
<• 3 

1 104 y 
a a 

| 78 

e 
g 52 + 
o 

O 26 

. . • - + - * 

.•+'' 

._•. ;__ G 

••+. +-
+ 

100 

80 

60 

40 

20 

80 160 240 320 400 

Tim* (hours) 

Fig. 17 s Results of Cd removal in a CTMR system. 
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The input and output Cd concentrations and residence time are presented in 

function of time. 
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From other results with glass vessels it could also be concluded that the Cd 

and Zn crystals stick very well to glass surfaces; thereore a column of glass 

beads was introduced in the treatment cycle to trap the metal crystals. With 

the aid of this sytem regeneration becomes very easy. A column can be removed 

and replaced by another one and eluti^-. can be done by strong acids. 

a. Cd crystallization 

b. Zn crystallization 

Fig. 18 : Bacterial induced formation of Cd and Zn crystals 

on Zirfon M5 membranes. 

The figure presents the bacterial formed Cd(HCO ) and Zn(HCO ) crystals. The 

bar presents 10 (iin. 
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3.4.10. Future applications an conclusions 

The use of bacterial immobilization in composite membranes was proved and the 

results give some indications towards other possible future applications. Not 

only an immobilization of the bacteria in the composite membranes could be 

realized, but also a new reactor concept was developed. The reactor is based on 

the separation of a process (effluent) stream and a nutrient stream (to keep 

the bacteria active). Both streams are separated by a membrane containing the 

immobilized bacteria. The bacteria catalyze in the effluen"- stream certain 

reactions (e.g. heavy metal precipitation, xenobiotic degradation, compound 

transformation) and they receive the necessary nutrients from the nutrient 

stream. With this concept the carbon source concentration necessary for Cd 

removal of 1 liter of effluent could be reduced from 8 gr/1 (Stirred Tanc 

Reactor) to 0.3 gr/1 (Tubular Membrane Reactor). First of all it seems to be 

clear that this kind of reactors can be used for heavy metal removal. 

A. eutrophus cells are used for the removal of Cd and Zn. Therefore experi

ments with other bacteria for the removal of Cu and Ni are now going on. 

Secondly, the reactor can probably also be used for the recovery of certain 

precious metals like Pd. Some special microorganisms could already be 

isolated. 

Thirdly the degradation of xenobiotic organic compounds by specialized immo

bilized bacteria seems to be a good system for water treatment. Also due to the 

special design of the reactor : certain compounds can be used to induce 

cometabolism. Also a combination between heavy metal removal and xenobiotic 

degradation can be envisaged. 

Fourthly some first experiments showed the possibility to transform some 

substrates into new compounds. 
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4. GENERAL CONCLUSIONS 

From the foregoing results, it may be concluded that a novel type of composite 

membrane have been manufactured and characterized in a reproducible way. This 

composite membrane is composed of an inorganic oxide or hydroxide and an 

organi: binder material. The most succesful combination, up till now, is 

zirconium oxide - polysulfone, called Zirfon 

Zirfon -membranes, as illustrated before have first been developed for use as 

separators in electrochemical applications, e.g. alkaline water electrolysis, 

alkaline fuel cells. The major objective for these applications being ;-

decrease in membrane resistance (lowering the ohmic drop), which results in a 

decrease of energy costs in operating such cells. The experimental results 

show that using these membranes may result in a substantial increase in overall 

performance of these electrochemical cells. 

Beside*: the application in electrochemical systems, Zirfon -membranes have 

been tested as separating membranes for different ultrafiltration purposes. It 

is shown that for several well-defined applications, e.g. filtration of milk 

products, ultrafiltration of fruit juices, filtration of size-polymers, these 

membranes offer a good possibility, either of replacing some existing commer

cial membranes or to open new possibilities for ultrafiltration membrane 

technologies. 

The most recently studied application of the 'irfon -membrane is in the field 

of biotechnology namely for the removal of heavy metals in waste streams by 

means of incorporated bacteria. For this application, one makes use of the 

specific porous structure of the membrane as well as with the presence of 

inorganic oxide or hydroxide grains, which enhances the possibility of immo

bilization of micro-organisms. A comparative study with other membranes have 

still to be made but the obtained results with the Zirfon -membranes, as shown 

before, look quite promising. 
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