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This paper deals with the development of an advanced separator for high temperature alkaline water electrolysis. The NEW-ZIRFON® separator can be considered as a strongly improved replacement material for chrysotile asbestos and PPS cloth. For enabling substantial thickness reduction also in large sizes, the NEW-ZIRFON® separator is reinforced with a fabric (PP, ETFE or PEEK). In addition a completely new vertical manufacturing process was developed and optimized. With this new process the separator can now can be made on an industrial scale (continuous fabrication), and its properties are superior to any kind of other separator for this application. First of all the material is stable and does not show any dimensional changes. The separator has a symmetric surface pore structure, double skinlayer with identical pores at both sides (mean value 0.08 µm), a total porosity in between 50 and 55% and a low permeability (less than 200 l/hm²bar). Briefly, the major properties of the NEW- ZIRFON® are: permanent hydrophilicity, perfect wettability in strong alkaline, low ionic resistance (0.05 (.cm² in 6M KOH at 70°C for the 300 µm version), combined with a high bubble point (above 5 bar). As a result it is the only separator that enables working at high current densities (up to 10 kA/m²) combined with low energy consumption (less than 4.2 kWh/Nm³ hydrogen) All these properties are the result of a tedious optimization process, which make from this NEW-ZIRFON® separator the only one of its kind.
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1 Background
Already for a very long time chrysotile asbestos is used as the separator material for alkaline water electrolysis. However, for known health risk reasons and quality drop back of the asbestos raw materials, the asbestos separator is being abandoned. Alternatives are very scarce and still show some drawbacks. Knitted multifilament PPS cloth seems to be the most currently used asbestos alternative. However this separator material is not hydrophilic, has a large pore size and is quite thick (see §3). As a result bubble point pressure is very low and permeability very high. These are not really the optimal properties  for use in pressurized alkaline water electrolysis. 
Some 15 years ago we developed the ZIRFON® composite separator which showed very high potential by solving the afore mentioned problems of the alternatives (1(. Nevertheless, it suffered from limited mechanical strength. This was not beneficial for making large sizes and moreover due to its batch-wise fabrication in the lab, it had only limited industrial use. At that time also a reinforced version was developed which was very laborious and difficult to reproduce.
2 Development of the NEW-ZIRFON® separator 

ZIRFON® separators are basically composed of two materials: ZrO2 and polysulfone and are made by a film casting technique. Firstly a casting dope is prepared by suspending fine ZrO2 particles (1 µm) into a polysulfone solution (containing solvent 1). This dope is subsequently cast by a doctor blade method and immersed into a precipitation bath containing another solvent (solvent 2). The essence of this technique is that solvent 2 should be completely miscible in solvent 1, and that the polymeric binder (polysulfone in this case) should be well soluble in solvent 1, but completely insoluble in solvent 2 ). Thus solvent 2 is a non-solvent for the polymer. In this process the separator is the formed by out-diffusion of solvent 1 from the cast film, and in-diffusion of solvent 2. Depending on the diffusion kinetics different structures can be obtained. 
Typical for the classical process is that separator formation is induced only from one side of the separator. This is typical the top side which is in first contact with solvent 2. As a result for this process one obtains separators with an asymmetric pore structure, having a thin layer with dense pores at the top side and a layer with much more open pores at the opposing side (see figure 1).
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Figure 1: Typical asymmetric pore structure of classical ZIRFON separator

The targets for the new process were to completely overcome the observed drawbacks of classical both non-reinforced and reinforced ZIRFON® separators. 
Firstly for improving mechanical strength the NEW-ZIRFON® is reinforced with a fabric (PP, ETFE or PEEK). Secondly, for enabling continuous fabrication a vertical fabrication method is developed. This was done together with Agfa as a technological and commercial partner 
The vertical casting process is schematically shown in figure 2. With this set-up it is now possible to induce the separator formation from two sides. By this way of manufacturing the pore sizes at both sides are identical. Another advantage of this set-up is that separator formation can be split up in two phases: the skin-pore formation (outer pores) and bulk-pore formation (internal pores). The skin pores are formed by the contact with solvent vapor of solvent 2 or an eventual carrier vapor of solvent 3 (another solvent). The bulk pores are formed by diffusion out of solvent 1, into solvent 2 through the formed pores from the skin formation step. This way of manufacture gives us a wide variety of parameter tools in order to develop the desired composite or complex pore structures.
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Figure2: Vertical set-up for separator manufacturing 

In 2007 a pilot line for vertical separator casting with a width of  50 cm was constructed and made operational. Meanwhile a lot of development work could be done. Special attention was given to further reduce separator thickness, and to enable full temperature resistance of the ZIRFON material. With this respect separator thickness could be reduced to 0.3 mm. We think that even 75 µm might be feasible with the process. 
Depending on the used reinforcement materials (PP ETFE and PEEK) the temperature limit of the separator (longterm stability in strong alkaline) is or 80°C or 120°C. LT code is used for the low temperature version (80 °C), and HT for the high temperature version (120 °C).
The other part of the designation code refers to the thickness of the separator, expressed in microns. 
At the moment the most common NEW ZIRFON® separators are ZIRFON® 550LT and HT, having a thickness of 550 µm and a maximum longterm temperature in strong alkaline of respectively 80°C and 120 °C.

Figure 3 , 4 and 5 give an impression of the pore structure of the cross-section, which is typical for any of the current NEW ZIRFON® separators. The structure is very symmetric all over the cross-section and the reinforcement is nicely positioned in the middle of the cross-section and well incorporated with no air bubbles around the monofilaments of the fabric. In addition the fine ZrO2 grains (less than 1 µm) are nicely distributed throughout the separator as can be seen in figure 5.
[image: image1][image: image5.wmf]Figure 3 and 4: Cross-sectional structure of the NEW ZIRFON® 550 LT separator
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Figure 5: Close up of the cross-section of the NEW ZIRFON® 550 LT separator
Figures 6 and 7 give a view on the top surfaces of this separator. Also there we can observe a very nice distribution of the zirconia grains.
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Figure 6 and 7: Top surfaces of the NEW ZIRFON® 550 LT separator ZrO2 grains.
3 Comparison of NEW ZIRFON® separators with PPS cloth
The NEW-ZIRFON® separator types 550 HT and 300 HT were completely characterized and compared with PPS cloth.. The results are given in table 1. In the following description a comparison is made for each parameter.
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Zirfon 300 HT PEEK fabric 261 50 6 7 19 22 0.07 0.15 5.5 3,21 0,08 140
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50 3 2 6 7 > 10 3,89 0,23

PPS cloth 924 40 450 450 90-150 360  > 600 11.58 20.1 0.1 5,98 0,55 2750

Pore size (Porometer) Ionic resistance

KOH 6M 30°C

Drop-test (1mm³) (sec)

H2O KOH 6M

Weerstand in functie van de temperatuurKOH 6M00,20,40,60,811,23040506070Temperatuur (°C)Weerstand#REF!#REF!


Table 1: Characteristics overview of NEW-ZIRFON® separators and PPS cloth
Thickness: 

NEW-ZIRFON® 550 HT and 300 HT are respectively 550 and 260 µm thick, whereas PPS cloth was 925 µm thick.

Total porosity:

Total porosity of NEW-ZIRFON® separators was in between 50 and 55%. For PPS cloth the total porosity was 40%.
Drop test (water and KOH solution):
A following measurement is the so-called drop test where 1 mm³ droplets of water or KOH (6M) are put on the both surfaces of the separator, and is observed how long it takes before they entirely enter the separator. This takes only a few seconds (3 seconds for water and 11 seconds for the KOH). For PPS cloth it took 7-8 minutes for water to enter the cloth, and in between 1.5 and almost 10 minutes for KOH solution. 

From this result we can surely conclude that the NEW-ZIRFON® separators are very hydrophilic. In addition, it was found that both surfaces behave the same, from which we conclude that their pore size is identical at both sides. Another conclusion is that the NEW-ZIRFON® separators have a double skinlayer and thus offer a double safety for preventing mixing of gases. 

PPS cloth on the other hand is quite hydrophobic and not homogeneous.

Pore size determination by Porometer:
We also measured the pore size of the separator by Porometer measurements. 

For NEW-ZIRFON® a  mean value 0.08 µm, with 0.2 µm as a maximum were found. These measurements are in good agreement with the observed bubble-point values (well above 5 bar) also given in table 1. 

For PPS cloth a mean value was found of 11.58 µm and a maximum value of 20.1 µm.

From these results it is clear that NEW-ZIRFON® separators are much tighter.
Bubble point pressure:

Bubble point pressure for all NEW-ZIRFON® separator types was at least 5 bar. For PPS cloth it was max. 0.1 bar. These values are in good agreement with the pore size determination by Porometer.

Ionic resistance (specific resistance and areal resistance):
The ionic resistance was also measured. The specific resistance for the reinforced NEW ZIRFON® materials was in between 3.2 and 4.2 (.cm at 30°C. As a result the areal resistance for the 550 LT/HT versions was 0.22 (.cm² at 30°C, and 0.13 (.cm² at 70 °C (both measured in 6M KOH). For the 300 HT version areal resistance was as low as 0.08 (.cm² at 30°C and 0.05 (.cm² at 70 °C. 
Specific resistance for PPS cloth was 5.98 (.cm at 30°C. As a result the areal resistance equals 0.55 (.cm² at 30°C

With such low areal resistance value NEW-ZIRFON® separators enable to electrolyse at high current densities without major voltage penalty (up to 10 kA/m²).

Permeability for pure water:

Water permeability was measured for NEW-ZIRFON® separator types and was in between 140 and 200 l/hm²bar. The value for PPS cloth was more than 2750 l/hm²bar. Even when pressure difference for this latter separator between catholyte and anolyte is limited to maximum 5 cm electrolyte column, electrolyte flow (containing dissolved gas) through separator as a result is existing (about 13 l/hm²).

Mechanical strength:
NEW-ZIRFON® separators have a tensile strength of at least 25 MPa. The reinforcements make the realization of larger separator area’s possible (up to a diameter of 1.65 m).
Homogeneity:

Last but not least from table 1 can be seen that the separator is also very homogeneous and very reproducible.
Chemical stability in strong alkaline:
NEW-ZIRFON®separators as well as PPS cloth do not show any dimensional changes in strong alkaline at elevated temperature.


Conclusions:

NEW-ZIRFON® separator forms a very interesting alternative for PPS cloth and chrysotile asbestos. 

4 Electrolysis results

Electrolysis experiments were done at external parties. Using the NEW-ZIRFON®separators stable cell voltages of less than 1.8 V were possible. This results in a power consumption of 4.2 kWh/Nm³ hydrogen or less, depending on the used current densities and electrolyte temperature. These values can never be obtained using PPS separator.
Hydrogen gas purity was at least 99.8 %. 
5 Future planning for scale up and commercialization
Real commercialization and scaling up has started in 2008. Smaller amounts can already be produced with the pilot with a maximum width of 50 cm. In a first stage the size of the NEW-ZIRFON®separators will be increased to 100 cm and in a later one to 165 cm.
Other applications outside alkaline water electrolysis like alkaline fuel cells are under study. 
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