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Abstract

Porous stainless steel tubes were selected as the support medium for the preparation of hydrous zirconium (iv) oxide (Zr) and composite
zirconium/polyacrylate (Zr/PAA) dynamic membranes. Large pore size and wide pore size range resulted in poor reproducibility. Treatment
of such tubes with low concentration of suspensoids or colloids, such as fumed silica, resulted in suitable pore size reduction and considerable
improvement in flux and ionic rejection of both types of membrane, prepared on such pretreated tubes. As an example, a pretreated tube with
acomposite membrane yielded a flux of between 240 to 250 /m?h at 6 000 kPa and gave a rejection of 80 % from a solution of sodium nitrate
containing 2 000 mg/t NaNO, at pH 7. When pretreatment was omitted, the corresponding values were, flux 87 /m>h and rejection 66 %. The

pretreatment procedure is now being applied on an industrial scale.

Introduction

Dynamic membranes are formed in situ when a dilute colloidal
suspension of one or more additives is passed over the surface of
a porous support. Some of the more promising membranes which
have been developed are the hydrous zirconium (iv) oxide mem-
brane (Zr) and the hydrous zirconium (iv) oxide/polyacrylate
(Zr/PAA) composite membrane (Marcinkowsky et al., 1966;
Johnson et al., 1972).

The zirconium (iv) species are polymerised in aqueous solu-
tions and the polymerisation increases with decreasing acidity. It
is considered that the colloidal condition is important in the
formation of a Zr membrane on a porous support by crossflow
techniques and the favoured pH is 3,5.

The ability of zirconium toreact strongly with oxygen-contain-
ing species is an important property leading to chelation of a
polyelectrolyte, such as poly(acrylic acid), onto a preformed
membrane and so producing a composite membrane (Zr/PAA).
This chelation tends to occur most readily between five- and six-
membered rings and transition metals since bond distortion
occurs less frequently in such rings.

It has been proposed that in the formation of the hydrous
zirconium (iv) oxide membrane, some zirconium (iv) particles are
trapped within the porous structure of the substrate prior to the
onset of cake formation. This then represents the Zr membrane
which in acid solutions has anion exchange properties.

When a polyelectrolyte, like poly(acrylic acid), is then passed
over the Zr membrane, it enters the pores of the membrane rather
than forming a second layer. At low pH values the polyelectrolyte
molecules are hyper-coiled and thus easily penetrate the Zr mem-
brane and react (chelate) with the substrate. When the pH is raised,
the polyelectrolyte molecules ionise and expand to block the pores
thereby causing a rapid decrease in flux and an increase in ionic
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rejection. The membrane so formed represents the composite
membrane, Zr/PAA, which in neutral to alkaline solutions has the
properties of a cation exchanger (Freilich and Tanny, 1978a,b;
Tanny and Johnson, 1978).

This class of membrane is designated “dynamically formed” or
dynamic. Because these membranes can be formed and replaced or
generated in situ, there is considerable potential for their use in the
treatment of effluents with high fouling characteristics.

Selection of porous support

Early research on dynamic membranes was done on substrates
such as Millipore or Acropore films with a narrow range of pore
size. Nominal pore size ranges used were 0,2 umto 0,45 um. Early
application of dynamic membranes involved the use of porous
carbon or ceramic tubes for support. Work was done also on
coating such porous supports thinly with various particulate or
fibrous filter aids to achieve a surface favourable for dynamic
formation of hyperfiltration membranes (Johnson et al., 1968).

The fragility of many of the supports limited the applicability
of the research. Brandon et al.(1980) and Mott et al.(1977) used
porous stainless steel as the support material for dynamic mem-
branes (Carre Inc., 1982).

In our investigations also, porous stainless steel has been
selected as the main support medium. Thus in industrial applica-
tions in the treatment of effluents by membrane techniques, very
high pressure operation (6 000 kPa) becomes possible.

Experimental

Apparatus

A crossflow rig equipped with high pressure, low volume Hydra-
Cell D10 pumps was used for laboratory tests. Stainless steel (316)
was used wherever possible. Teflon flexible hose was used in the
line between the pump outlet and the crossflow support. The
equipment is shown schematically in Fig. 1.

Short length porous stainless steel tubes, representative of
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Flow diagram of dynamic membrane unit (feed tank equipped with pH probe
and temperature control)

longer tubes used in two large-scale ultrafiltration plants were used
as supports. Dimensions were : internal dia. 14 to 15 mm; external
dia. 21,3 mm; effective porous length 455 mm; effective internal
porous surface 0,02 m?.

Porosity of the tubes

Porosity of the tubes was determined in terms of air pressure
required to allow bubbles to emerge from the porous surface wetted
with propan-1-ol (ASTM, 1983). The tubes showed the following
variation : air pressure for maximum pore size, 120 to 175 mm Hg;
air pressure for mean pore size, 160 to 285 mm Hg. This should be
compared with pressures required in tests conducted on Millipore
and Nuclepore membranes having nominal pore sizes of 0,45 um
and 1,0 pm respectively. These membranes gave values for both
maximum and mean pore sizes near 560 and 440 mm Hg
respectively.

The pore sizes of the porous stainless steel tubes were found to
be too large and variable to enable Zr membranes and Zr/PAA
membranes to be produced which exhibit consistent results with
high ionic rejection and good flux values.

Pore size modification

The pore sizes of the naked stainless steel tubes were modified by
treatment with either fumed silica or with precipitated hydrous
zirconium (iv) oxide (Neytzell-de Wilde, 1989a). The particles
were deposited from dispersions of these materials into the surface
of the pores and onto the surface of the porous tube by passing such
a dispersion tangentially across the surface of the porous support.

Fumed silica is produced by hydrolysis of vaporised silica
tetrachloride and is manufactured by Cabot Corporation (USA)
and by Degussa AG (Germany). When such material is dispersed
in water, the surface hydroxyl groups can link the individual
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aggregates together through hydrogen bonding into intricate three-
dimensional networks.

Precipitated hydrous zirconium (iv) oxide was produced by
treatment of dilute solutions of zirconium nitrate with hydroxide to
pH 6 to 7 under good agitation. The hydrous oxide can be regarded
alsoas consisting of three dimensional polymers of linked tetrameric
units. Increasing the pH above 4 results in the formation of
increasingly large polymers of these tetrameric units (Clearfield,
1964, Hock, 1974).

Particulates such as diatomaceous earth, can also be used for
pore size modification but the deposits can be dislodged readily.
The three-dimensional networks produced by fumed silica or
precipitated hydrous zirconium (iv) oxide when deposited in/on
porous supports are not readily dislodged.

A series of tests was carried out on the crossflow filtration of
suspensions of fumed silica [grade, Aerolite 200, manufactured by
Degussa AG (Germany)] to demonstrate the effect of such suspen-
sions on pore size and flux decline of porous stainless steel tubes.
The initial pure water flux of the tubes used in the tests was greater
than 30 000 #m?h at 1 000 kPa and 40°C.

Results : Silica membranes on porous stainless steel tubes

The results of tests carried out on deposition of silica during
crossflow filtration of silica suspensions at 2 000 kPa inlet pressure
are shown in Figs. 2 and 3. The flux decline is clearly related to
concentration, ¢, of the suspension. The relation of flux versus
(1/c¢)” after a fixed time is shown in Figs. 3 and 4 for operation at
2 000 kPa and at 4 000 kPa respectively.

The typical behaviour of the depletion of a suspension of silica
during crossflow filtration in the recycle mode is given in Fig. 5.
The behaviour is similar to that of a colloidal suspension of
zirconium at pH 3,5. This creation of dynamic membranes by
filtering dilute inorganic colloidal solutions through porous
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Flux decline during crossflow
filtration of suspensions of fumed
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substrates is described in detail by Tanny (1978) and the use in
particular, of dynamically formed silica membranes for
ultrafiltration is also described (Tanny and Hauk, 1980; Tanny and
Korin, 1981).

At low concentrations of silica 2 mg/t (0,2 g/100 {), effective
pore size modification was achieved when such suspensions were
circulated tangentially across the porous surface. At this concen-
tration, the air pressure required for mean size estimation by bubble
emergence tests on the treated tubes was similar to that for the
Nuclepore membrane (440 mm Hg). This pore size is considered
satisfactory for the production of Zr and Zt/PAA membranes with
consistent properties.

Method of formation of Zr and Zr/PAA membranes

The method for Zr and Zr/PA A membrane formation was based on
that used by Johnson et al. (1972). For Zr membrane formation a
colloidal suspension near pH 3,5 containing 10 mg/l Zr was used.
For composite membrane formation the poly(acrylic acid) solution

(1/6)2 = (1/concentration of cotloid) ¥

contained about 50 mg/l poly(acrylic acid) of molecular mass near
150 000. All membranes were formed and evaluated at 40°C.

Results : Zr and Zr/PAA membranes on porous stainless
steel tubes

The results of a series of tests involving the formation of Zr and
Z1/PAA membranes on naked and pretreated porous stainless steel
tubes are given in Table 1. Tests were carried out at different
pretreatment and membrane formation pressures. The composite
membranes were all evaluated up to 6 000 kPa using sodium nitrate
solution of approximately 2 000 mg/t at pH near 7.

The suspensions used for pore size modification were prepared
from fumed silica or precipitated hydrous zirconium (iv) oxide and
the maximum concentration in the suspension was 3 mg/l in the
tests reflected in the table. Some tests, not reported here, were
carried out using suspensions as high as 5 and 7 mg/. These Zr and
Zir/PAA membranes gave very high flux values. The composite
membranes, however, gave rejéctions below 70 %. Further work at
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these levels of pretreatment is necessary and such work needs to
include storage under water.

Figure 6 shows the formation of the Zr membranes at 6 000 kPa
for naked and pretreated porous stainless steel tubes. It will be seen
that the Zr membrane was more readily formed on the pretreated
support. This effect became more marked as formation pressures
were increased from 600 to 6 000 kPa.

It can be seen from the table that the composite membranes
prepared on pretreated tubes gave extremely good flux and good
rejection values when compared with the composite membrane
prepared on naked tubes. Figures 7 and 8 demonstrate the trend in
the relation between pressure and flux for tubes treated with either
2 mg/l fumed silica or 2 mg/! precipitated hydrous zirconium (iv)
oxide. Figure 9 shows the trend in the relation between flux of the
Zr membrane and flux of the Zr/PAA membrane. It is evident that
the pretreatment of the porous stainless steel substrate has a marked
effect on the flux of both the Zr and Zi/PAA membranes. The flux
of the Zr/PAA membrane, however, is directly related to the flux
of the Zr membrane (Fig. 9). Many of these membraned tubes were
tested for storage in water and these were found to be stable even
after long periods of storage.

The pretreatment procedure was adopted in the preparation of
both Zr membranes and Zr/PAA membranes in 2 industrial appli
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cations using modules with a porous area of 6,35 m? and a total
support length of 134 m per module. The results of such trials on
a desuinted wool scour plant effluent and on a textile dyehouse
effluent are extremely encouraging (Neytzell-de Wilde et al.,
1989b).

Conclusions

In general, in crossflow techniques involving filtration of inor-
ganic suspensoids or colloids, the flux undergoes a rapid decline
and subsequently levels off to a pseudo-steady state. Important
factors which affect the rate of decline and the level of the pseudo-
steady state for a given substrate are the size and morphology of the
individual suspensoids/colloids, the pressures at which the suspen-
sion is passed tangentially across the porous substrate and the
concentration of the suspension.

The correct treatment of porous stainless steel tubes with a
dilute suspension of fumed silica or precipitated hydrous zirco-
nium (iv) oxide to modify the substrate pore size, improved the
degree of reproducibility of results obtained from membranes (Zr
or Zr/PAA) prepared on such substrates. In addition, 80 % rejection
and good flux values were achieved. A degree of tailoring was




Figure 6
Hydrous zirconium (iv) oxide
membrane prepared at 6 000
kPa on porous stainless steel
tubes; naked and pretreated
with silica
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Figure 7
Trend for relation between pressure and
[flux for composite membranes (Zr/PAA)
on treated porous stainless steel tubes
(pretreatment : fumed silica, 2 mght )

Figure 8
Trend for relation between pressure and flux for
composite membranes Zr/PAA on treated porous
stainless steel tubes (pretreatment : precipitated
hydrous zirconium (iv) oxide, 2 mg/l )
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Figure 9
Trend for relation berween flux of Zr membrane and Zr/PAA
membrane (membranes prepared at same pressures 600 to
6 000 kPa; substrates naked or pretreated porous stainless
steel. Pretreatment either fumed silica or precipitated hydrous
zirconium (iv) oxide)

possible and membranes prepared at low pressures could be
operated at higher pressures.
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