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ABSTRACT

Polyphosphazene linear polymer membranes have been evaluated in metal ion separation
processes. Poly(bisphenoxy)phosphazene (PPOP) is very hydrophobic and showed very low metal
ion fluxes. When this material was modified by adding carboxyl functional groups it became
hydrophilic and a 2 to 3 order of magnitude increase in metal ion flux was achieved. However, no
selectivity was observed for cobalt, copper, manganese, and nickel ions. The only selectivity
observed was in experiments involving chromium ions, which under the experimental conditions
formed dimers that were too large to permeate the membrane. Chromium was separated from
cobalt and manganese because of the dimer formation.

In reverse osmosis experiments, PPOP membranes removed 50% of the metal ions in a
single pass. The procedure was to force water through a membrane while retaining the metal ions
(cobalt, copper, manganese, and nickel) in the rejectate. This process could be used to
concentrate valuable metal ions or remove heavy metals from processing waste streams.

Polyphosphazene polymers have proven to be very chemical and temperature resistant.
Reverse osmosis experiments exposed the membranes to 97°C and 200 psi pressure. Simple
diffusion tests with metal ions exposed the membranes to pH 2 at elevated temperatures for
weeks at a time with little evidence of degradation.

The direct connection between chemical structure and performance has been shown in

polyphosphazene chemistry; PPOP was metal ion impermeable, whereas carboxylated PPOP was
permeable to all the metals tested.
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POLYPHOSPHAZENE MEMBRANES FOR METAL
ION SEPARATIONS

INTRODUCTION

The Idaho National Engineering Laboratory (INEL), under sponsorship by the Bureau of
Mines, evaluated the use of polyphosphazene-based polymer membranes for chemical separations.
Synthetic membranes based on phosphazene inorganic polymers offer the promise of new
industrial chemical separation technologies that are more energy efficient and economical than
traditional phase change separation processes and extraction techniques. The research focused on
the separation of metal ions from aqueous solutions. The polyphosphazene membranes were also
tested for gaseous separations, results of which are presented in a separate Report of
Investigation.

Historically, membranes used for chemical separation have been prepared from organic
polymers. In general, these membranes are stable only at temperatures less than 100°C, within
narrow pH ranges, and in a very limited number of organic media. As a result, many organic-
based membranes are unsuitable for industrial applications, which often involve harsh
environments. In recent years, membrane research has focused on ceramic and metal membranes
for use in the adverse environments of separation applications. These membranes are suitable for
gas and liquid sieve separation applications, where molecules may be separated based on their
molecular size. These membranes are not effective where additional selectivity is needed. A
membrane that separates on the basis of solubility and that can perform separations in adverse
environments is needed, and this need motivated the investigation of polyphosphazene
membranes.

POLYMER SELECTION AND PREPARATION

Background

Phosphazene polymers consist of alternating phosphorus and nitrogen atoms attached by
alternating single and double bonds. In addition, each phosphorus atom forms two bonds to side
groups. The virtually limitless number of possible side groups gives this class of materials a wide
spectrum of chemical possibilities. Because the backbone does not contain carbon, it is referred
to as an inorganic polymer, even though numerous organic side groups are attached to the
polymer backbone.’

These polymers can be easily modified with a variety of side groups by nucleophilic
substitution and exchange reactions. In addition to varying the side groups, the structure of the
backbone itself may be changed to any one of the following three types: linear, cyclolinear, and
cyclomatrix. These structures are illustrated in Figure 1. The R groups in figure 1 are used to
designate side and/or crosslinking groups (i.e., alcohol, phenol, amino, alkyl, and aromatic groups).

Linear organosubstituted polyphosphazene is synthesized by ring-cleavage polymerization
of a cyclic trimer (usually hexachlorotriphosphazene) at 250°C under vacuum and subsequent
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Figure 1. Backbone structure.




substitution with the desired side group. Cyclolinear and cyclomatrix polymers are prepared by
reacting cyclic trimer with difunctional monomers. The type of polymers obtained is dependent
on the mole ratios of the reactants and reactive sites on the trimer. Chemical and thermal
stability of the polymers increases with the crosslinking of the polymer backbone structure.?

Based on previous experience in other related programs, the phosphazene materials
selected for this project were linear backbone polymers having two side groups, such as phenoxy
or substituted phenoxy groups, attached to the phosphorus atoms in the backbone. An example
~of this type of polymer is poly(bisphenoxy)phosphazene, referred to as PPOP.

PPOP was examined most extensively because it is soluble in tetrahydrofuran (THF) and
1,4-dioxane, which in turn allowed the PPOP to be readily "cast” from solution into the dense film
and asymmetric membranes.

LINEAR POLYMER SYNTHESIS

~ The synthesis of all linear polymers is similar, and one representative example will be
discussed in detail. PPOP was synthesized using the published method of Singler.> The overall
reaction for the synthesis of PPOP is:

[N = P(Cl),], + 2n NaOC4H; ---> [N = P(OC4Hs),], + 2n NaCl
The synthesis procedure can be summarized as:

1. Hexachlorocyclotriphosphazene was polymerized under vacuum at 250°C for 48 h
to produce polydichlorophosphazene.

2. The polydichlorophosphazene was dissolved in benzene and purified by
precipitation into heptane.

3. The pure polydichlorophosphazene was dissolved in dry toluene and added to a
benzenelbis(2-ethoxy ethyl)ether] solution containing 20 mole percent excess
sodium phenoxide. (Mole percentages are based on the number of moles of
chlorine in polydichlorophosphazene.)

4. This solution was refluxed at 110°C in the absence of light for 42 h, during which
time the Cl atoms were replaced by phenoxy groups.

5. After cooling, the product, PPOP, was precipitated into a large excess of methanol.

6. The solids (including the product) were separated by filtration and were washed
with water and methanol to remove occluded sodium chloride.

SR The polymer was purified by dissolving in THF and precipitation into a large
excess of water.




8. Following air drying, the polymer was further purified with petroleum ether in a
soxhlet extractor for 48 h.

Yields of 50 to 60% were achieved using this method. The resulting polymer was a white,
fibrous, flexible, film-forming material that dissolved in THF. The polymer was characterized with
infrared analysis and differential scanning calorimetry (DSC); the results matched literature
values.*> Molecular weights were determined using gel permeation chromatography and
polystyrene standards for comparison. These characterizations yield important information
regarding the polymer’s purity, chemical structure, in addition to molecular weight; all have a
bearing on the polymer’s ability to form a thin film and to function as a membrane. Other
polymers such as poly(bistrifluoroethoxy)phosphazene (PTFEP) were synthesized in similar
procedures.®

CASTING

Membranes were solution cast onto glass plates. Casting was performed by simply
pipetting approximately 8 mL of a THF solution containing 1 to 5% polymer onto a glass plate
and allowing the solvent to evaporate. Once dry, the edges of the membrane were loosened by a
knife and the plate was lowered into a water bath very slowly so that the water came in contact
with the edge but did not cover the film. The water worked its way under the film and the
membrane floated off. It was then easily transferred to the holder and mounted in the cell. In
some cases the membranes were cast using knife (draw-down bar) casting techniques. To vary
membrane thickness, either the polymer solution concentration or knife height was changed.

Film thicknesses were determined from scanning electron microscope (SEM) photographs
of the membrane edge taken at the conclusion of a series of experiments. There is uncertainty in
the thickness measurement because of stretching, compression, and rolling of the membrane
material when removed from the support and from the angle of view.

TESTING

All diffusion tests were performed using the liquid test cell. In all cases involving a
mixture of the three ions (Mn, Co, and Cr), the feed solution contained 0.01 M Cr(NO,);9H,0,
0.01 M Mn(NO,), and 0.01 M Co(NOy),6H,0. Demineralized water was used as the carrier
fluid to sweep the permeate from the back of the membranes to maintain a constant
concentration gradient.

Before each test, a leak test was performed to verify membrane integrity. This test
consisted of pressurizing the feed side to 50 psid relative to the permeate side. If fluid appeared
at the back of the test cell, the membrane was rejected. If the membrane was accepted, a 10 psid
pressure differential was established across the membrane and the system temperature raised to
the experimental condition. The system was allowed to operate for 1-1/2 h to establish steady
state before the first sample was taken. During a 20-min sampling period, the feed and permeate
flow rates were measured volumetrically, and the temperature and pressures were recorded.
Typical flow rates were 1.0 mL/min for the permeate and 25 mL/min for the feed. Mn, Co, and
Cr concentrations in the feed, rejectate, and permeate were measured by atomic absorption



spectrometry. The samples were also analyzed for Fe and Ni to verify that these species remained
below the threshold concentration for interference.

Using the permeate and feed concentrations, membrane thickness, sample time, sample
volume, and surface area of the porous support, diffusion coefficient ratios were calculated.
Diffusion coefficient ratios are of particular significance when evaluating the separation properties
of a membrane material. The general diffusion equation, for diffusion through a thin film under
the boundary conditions of the experiment, used to calculate the diffusion coefficient is:

D; = FY(C; - Cp) | ey
where

D, = the diffusion coefficient for species i

F, = the flux of species i through the membrane

0 = the membrane thickness

C, = the feed solution concentration

C, = the permeate concentration.

The diffusion coefficient ratio for two species diffusing through the same membrane is:

D/D; = F(C;; - G)IF(C;; - ) )

This expression has the advantage that the membrane thickness, which in our experiments is
subject to the most experimental error, is not part of the calculation.

The diffusion coefficient ratios for Co, Cr, and Mn as functions of temperature are shown
in Figure 2. Diffusion coefficients for each cation species were calculated for each experimental
temperature using membrane thicknesses measured by scanning electron microscopy. Using the
discrete solid state diffusion model discussed by Starzak’ and modified by McCaffrey et al.,®
activation energies for diffusion can be described by: ‘

D; = Dyexp(-AE,_JjkT) 3)
where

D, = the calculated diffusion coefficient from Equation (1)

D, = is related to the ionic jump rate from the feed into the membrane®
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k = Boltzmann’s constant T is the absolute temperature

AE

Il

mi the activation energy. AE_; is calculated from a plot of log D, vs. 1/T.

The simple diffusion experimental apparatus used for the four ion mixture (Co, Cu, Mn,
and Ni) is shown in Figure 3. It consists of a two-chambered plexiglas box separated by a
partition containing a membrane. The metal ions are loaded into one of the chambers and pure
water is placed in the other. Then, over time, samples are collected from each chamber and
analyzed for metal ions with an inductively coupled plasma (ICP) instrument. Experimental
parameters that were varied are membrane type, temperature, and pH.

DATA ANALYSIS FOR SEPARATIONS INVOLVING CHROMIUM,
COBALT, AND MANGANESE

Tests Involving PPOP Membranes

The data in Figures 2(b) and (c) indicate that chromium is separated from cobalt and
manganese in aqueous solution by PPOP membranes and that a maximum in the separation
occurs near 100°C. It was also observed that during the higher temperature runs, the rejectate

turned a dark green, compared with the dark purple feed, and the pH decreased. These results
indicate that a hydrolysis reaction is taking place when the solution heats.

It is known that chromium hexahydrate in aqueous solution forms a hydroxyl species that
forms polymers in the presence of a base or at elevated temperatures.” Chromium hexahydrate is
violet; but when the hydroxyl species is formed, the color turns dark green.

It appears that the polymerized Cr>* species forms in the feed solution and that the larger
polymerized hydrated form of Cr* is less likely to permeate the PPOP membrane than the
unpolymerized Mn?* and Co?* ions. This conclusion is further supported by the calculated

activation energies shown in Table 1. Activation energies are in the order predicted by ionic
radii.®

Table 1. Ionic radii and diffusion activation energies for Cr>*, Co?*, and Mn?**.

Tonic species ' Ionic radii, nm Activation energy, eV
crt 0.064 0.14
Co** 0072 0.16
Mn** 0.080 | 0.17




Two-Chamber Diffusion Apparatus

Sampling Port Heaters/Temperature Controllers Sampling Port

Feed Solution Chomber Permeate Solution Chamber

Figure 3. Two-chamber apparatus for separation testing.




Since the activation energies align with the ionic radii, it is probable that the diffusing
species are the ions. It is not clear at this time if the ions are hydrated or unhydrated. The lower
diffusion coefficient for chromium ions are related to the preexponential term and are most likely
due to a lower jump frequency from the feed solution into the membrane surface. This is a
natural consequence of the equilibrium between the polymerized chromium ions and the
unpolymerized chromium ions, which in effect reduces the concentration of chromium that can
enter the membrane.

The diffusion coefficient of Cr>* through PPOP is lower than the diffusion coefficients of
Mn?* and Co?* through the same membrane. A maximum in the separation appears near 100°C.
This phenomenon is related to the hydrolysis behavior of chromium and could be the basis for
new hydrothermal separation processes.

Tests Involving PTFEP Membranes

The same casting and testing procedures were used with this second membrane to
compare its performance to that observed previously with PPOP. PTFEP was expected to be
much more hydrophobic than PPOP due to the presence of the fluorine groups on the ligands
due to the highly electronegative surface of the PTFEP. As a result, one would expect the jump
distance from the feed solution into the membrane to be greater for PTFEP. Figure 4 confirms
this phenomenon. This figure compares the diffusion coefficients of PPOP and PTFEP for each
of the metal ions in this study. The results show that: (a) the diffusion coefficients for Cr** are
about a factor of 11 less than the diffusion coefficients for Co®* and Mn2*, and (b) the diffusion
of cobalt, manganese, and chromium ions is at least 50 times slower through PTFEP than through
PPOP.

SUMMARY OF THE CHROMIUM, COBALT, AND MANGANESE
SEPARATIONS

Overall observations concerning these two phosphazene polymer membranes are (a)
phosphazene polymers can be cast into membranes, (b) they are stable at temperatures up to
180°C in the presence of alcohols, (c) their chemistry can be altered to change their separation
performance, (d) they demonstrated separation factors of a magnitude useful for metal ion
separations, and (e) the fluxes through membranes were low.

DATA ANALYSIS FOR SEPARATIONS INVOLVING COBALT, COPPER,
MANGANESE, AND NICKEL

Four different polymeric formulations were tested in this set of experiments. The first two
were very hydrophobic. These two membranes were poly(methoxy-ethoxy-
trifluoroethoxy)phosphazene and poly-bis(meta-methylphenoxy) phosphazene. After 400 h of
testing, neither of these two membranes had allowed over 1 ppm of any of the ions through.

To make a more hydrophilic material, a membrane was prepared by exposing a regular
PPOP membrane to sulfur trioxide. The separation experiments were then run immediately, but
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little improvement was observed. Subsequent analysis showed that a permanent sulfonation had
not taken place.

A PPOP polymer in which approximately 8% of the phenoxy groups had a carboxy group
attached was synthesized (labeled 8%-COOH-PPOP). The test results were dramatic (see
Figure 5). In the first 450 h at room temperature close to 100 ppm of each of the ions had
permeated. The temperature was raised to 50°C, and in the following 150 h the concentration
increased to more than 250 ppm for all of the ions, showing that by varying the polymer indeed
could permit permeation by the metal ions. Even though this membrane was not selective, it does
illustrate one of the main premises of this program; which is that the chemistry of the polymer
can be modified to change its performance. Perhaps another polymer variation could be selected
that would show selectivity as well. Another important point is that there are many different
metal ion separations needed, and the results here are for only one group of very similar metal
ions. ‘

Tests Involving Reverse Osmosis

Another separation that would be useful in the mining industry and in waste minimization
would be the concentration of metal ions from dilute process or waste streams or the clean up of

process waters for recycle. With this premise and the knowledge that some of the membranes did
not allow metal ions to readily transport through them, a set of reverse osmosis experiments were

run. In reverse osmosis, water is forced through the membrane using higher temperatures and
pressures in a direction opposite to the direction it would flow based on concentration gradients.
An aqueous feed stream containing metal ions was passed across one of the hydrophobic
membranes to see if the water could be forced through, leaving the metal ions behind, thus
concentrating the ions and purifying the water. It was surmised that if a hydrophilic membrane
was used, both the water and ions would permeate.

Table 2 gives results of reverse osmosis with 8%-COOH-PPOP (hydrophilic) and straight
PPOP. The results proved the premise. In the case of the 8%-COOH-PPOP, the metal ion
concentration is basically the same for both feed and permeate. However, the PPOP membrane
restricted the permeation of the metal ions by a factor of two. These scoping experiments show
that there is a good possibility that the membranes could be useful in concentrating metal ions in
aqueous process and waste streams.

Table 2. Metal ion concentration by reverse osmosis.

Run time, Permeate Ni, Co, Mn, Cu,

Membrane h volume, mL ug/e ug/g ne/e ug/e
COOGH PPOP 5 18.5 Feed 880 911 888 845
Permeate 936 965 946 954

PPOP 45 20 Feed 947 943 927 901
Permeate 456 453 451 411

11
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SUMMARY AND CONCLUSIONS

Polyphosphazene linear polymer membranes have been evaluated for metal ion separation
processes. These studies were performed primarily with a group of similar polymers based on
poly(bisphenoxy)phosphazene (PPOP). This is a hydrophobic material, as is the methylated
PPOP material tested. These materials did not transport metal ions with any usable fluxes.
Attempts were made to make more hydrophilic materials. This led to a PPOP with approximately
8% of the phenoxy groups carboxylated. The modified polymer was much more hydrophilic and
transported the four metal ions tested very readily. These results show that the polymer’s
performance depends on its chemical structure. The carboxylated polymer did not show any
selectivity for the ions tested. Selectivity was observed in a metal ion mixture containing
chromium under conditions that caused the chromium to dimerize. The chromium dimer was
large enough to be hindered from going through the membrane at the same rate as the other
metals in the mixture. This result is an important finding because it points to the possibility that
both the type of polymer and the environment of the metal ions play an important role in the
overall separation of metal ions from solution.

Finally, to take advantage of the fact that some of the membranes did not readily
transport metal ions, an experiment was performed to determine if the ions could be concentrated
by forcing the water through such a membrane. A reverse osmosis experiment proved in principle
that the idea worked. A PPOP membrane retained over half of the metal ions in a solution
passed through the membrane at elevated temperatures and pressures. This process could be
used to concentrate metal ions or to clean up a waste stream containing metal ions.

13
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