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SYNOPSIS 

Small incompatible molecules formed on porogen decomposition were found to be metastably 
dissolved in Porogen Derived Membranes, confirming previous analysis.’ Degrees of meta- 
stable dissolution are determined by polymer and porogen characteristics, by porogen con- 
tent, and by decomposition parameters (characteristics of reagent, its concentration, and 
decomposition temperature). These parameters determine the characteristics of decom- 
position products ( DPs) formed, the rate of their formation, and the properties of the 
matrix through which they have to diffuse for phase separation. Extraction experiments 
indicated that, for many compositions, leaching out of DPs during contact with water is 
very slow. Porogen derived membranes are thus intermediate between polymeric membranes 
and supported liquid membranes, with the potential of combining high selectivity and 
reasonable stability. 0 John Wiley & Sons, Inc. 

INTRODUCTION 

A new method for producing permeable polymeric 
membranes was described and analyzed.’ This 
method was based on chemical decomposition of 
molecules ( “porogens” ) homogeneously dispersed in 
a polymeric matrix. 

Briefly, the procedure for producing these Poro- 
gen Derived Membranes (PDM) consisted of: 

It was anticipated’ that decomposition products, 
being less compatible with the polymeric matrix 
than the porogen, diffuse out during porogen de- 
composition, or right after it, thereby forming pores. 
Alternatively, decomposition products could be 
metastably trapped and thus could affect transport 
through the membrane. The present article studies 
phenomena related to decomposition products 
( DPs) during and after decomposition. 

1. Forming a uniform mass containing a poly- 

2. Shaping the obtained polymeric mass to form 

3. Inducing a chemical decomposition of the 

mer and at  least one porogen, 

a premembrane, and 

porogen in the premembrane. 

EXPERIMENTAL 

Materials and methods were described in a previous 
article.2 

RESULTS AND DISCUSSION 
Previous described homogeneous mo- 

lecular dispersion of various porogens in polysulfone 
(PSF) and in polyvinylchloride (PVC) and decom- 
position of these porogens (thermally or by re- Metastable Solutions of Decomposition Products 

agents ) . Metastable Solutions of tbuX 

PVC premembranes, containing t-butyl esters of 
carboxylic acids or N-boc amines as porogens, were 
cast and dried in the procedure previously described’ 
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Figure 1 IR spectra of PVC : DTBDC premembranes 
before ( A ) ,  and after contact with a decomposing reagent: 
HCI (B),  HF ( C ) ,  and HCI + HF ( D ) .  

and then were treated with solutions of acids for 
porogen decomposition. Using HC1, HBr, HI, or HF 
under the conditions already defined, decomposi- 
tion approaches completion as determined by the 
disappearance of the carbonyl absorption from the 
IR spectra. Absorptions of the t-butyl (tbu) group 
(at  about 1370 cm-I and about 1150 cm-') , however, 
were still observed (see Fig. 1 ) , indicating the pres- 
ence of tbuX in the film: tbuC1, tbuBr, and tbuI 
appeared in films treated with HC1, HBr, and HI, 
respectively. On using HF, however, tbuOH is found 
rather than tbuF (Fig. 1C). In a similar experiment, 
both HC1 and HF were used for porogen decompo- 
sition. Premembranes, containing ditertbutyl oxa- 
late (DTBO) as porogen, were first immersed in di- 
lute HC1 solutions and then were kept in the vapor 
phase above 48% HF solution. IR spectra of the re- 
sulting membranes show absorptions of both tbuCl 
and tbuOH. 

Similar experiments were performed with PSF 
premembranes. IR spectra of membranes formed 
were complex, but the presence of tbuX was indi- 
cated by absorption at  1370 cm-l. tbuCl in PSF 
membranes formed on di-boc-diamino hexane 
(DBDAH) decomposition by HCl was identified by 
GC-MS. 

IR spectra thus show that tbuCl is formed upon 
decomposition of tertbutyl esters and of N-boc 
amines by HCl: 

R-C : 0-0-C (CH3)3 

+ HC1+ RCOOH + (CH3)aCCl 

tBuBr and tBuI are similarly formed upon using 
HBr and HI, respectively. Porogen decomposition 
by HF, however, resulted in tbuOH due to water 
molecules penetrating with HF (the difference may 
result from the strong hydration of HF through H- 
bonding). In the decomposition of DTBDC, a water 
molecule may also result from the porogen molecule. 
These results point out that, while HF acts as a cat- 
alyst, HCl, HBr, and HI also act as reagents being 
consumed in the reaction. 

Absorptions of tbuX were small or absent in IR 
spectra of membranes obtained by using H2S04, 
methylsulfonic acid (MSA) , or HC104 as external 
decomposition reagents. These residual absorptions 
may be attributed to incomplete decomposition or 
to tbuOH formation. 

PVC membranes, containing ditertbutyl dicar- 
bonate (DTBDC) as porogen (w/w ratio of 100/ 
16),  were treated with HC1 solution (37% w/w, 2 
h, 40" ) to complete porogen decomposition. Glass 
transition temperature (T,) of these films was 51", 
considerably lower than that of PVC, providing an- 
other indication of trapped decomposition products 
(DPs) . After heating to loo", the Tg changed to that 
of PVC (88" ) due to evaporation of the DPs. 

Evaporation of trapped DPs was studied ther- 
mogravimetrically. PVC or PSF premembranes, 
containing DTBO as porogen, were treated with HC1 
or HF for porogen decomposition. Thermogravi- 
metric analysis of the membranes obtained (Table 
I )  showed maximal rates of evaporation of DPs at 
about 100" and about 140" for PVC and PSF, re- 
spectively. Similar results were obtained for mem- 
branes obtained from DTBO and di-N-boc hydra- 
zine (DBH) containing premembranes. 

For comparison, a PSF film was immersed in 
tbuC1. Its IR spectrum shows limited tbuCl absorp- 
tion, indicating some swelling. Thermogravimetric 
analysis (TGA) of this film showed complete evap- 
oration of tbuCl content a t  a temperature lower than 
35°C. 

tbuX are thus small polar molecules, incompatible 
with the polymer, as was also shown by casting films 
from PVC + tbuCl + THF and from PSF + tbuCl 
+ DCE ( =  dichloroethane) solutions. No tbuCl ab- 
sorptions were observed in IR spectra of these films. 
However, when formed on decomposition of molec- 
ularly dispersed porogens, tbuCl molecules are re- 
tained, a t  least partially, in the polymer. 
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Table I 
Trapped in the Films after Porogen Decomposition 

Results of Thermogravimetric Analysis and Calculated Proportions of t-butyl Groups 

Polymer/Porogen 
(DTBO) Weight 

Polymer Ratio 

PVC 100/30 
PVC 100/30 

PVC 100/30 
PVC 100/10 

PSF 100/15 
PSF 100/15 

Weight Loss 
Temperature of Maximal 

Relative Trapped Rate of Weight Loss 
to Film t-butyla 

Porogen Decomposition (%I  (%) at 1"C/min at  5"C/min 

2 h in 37% HCl solution at  40°C 8.6 60 88 98 
3 days in 37% HCl solution at  8°C 9.4 70 88 98 
2 h in 37% HCl solution at  40°C 6.9 85 98 
20 h in vapor phase above 48% 6.9 60 85 

HF at  25°C 
2 h in 37% HCl solution at  40°C 10.5 95 145 
20 h in vapor phase above 48% 4.1 45 145 

HF at 25°C 

a Relative to calculated trapping of 100% tbuCl or tbuOH. 

tbuCl and tbuOH are volatile (b.p. of 50.7" and 
82.2", respectively). Had they been in a thermo- 
dynamically stable molecular dispersion, they would 
have volatilized continuously when temperatures 
approached their boiling points, their virtually com- 
plete elimination taking place at  10 to 20 degrees C 
above b.p. These observations, the contents in the 
membranes exceeding, by an order of magnitude, 
solubilities as reported or determined by us and the 
derivation from a molecular dispersion of a soluble 
porogen in polymer, pointed to a molecular disper- 
sion of this system. A state of metastable solution, 
named "anchoring" in Ref. 1, provided an expla- 
nation. Phase separation was prevented primarily 
by the cohesive forces between polymer chains, as 
indicated by several observations: ( a )  evaporation 
temperature was not determined by DP volatility 
and appeared unrelated to it, ( b )  evaporation tem- 
peratures from PSF were higher than those from 
PVC, ( c ) evaporation temperatures approximate 
glass transition temperatures. 

Thermal analysis was used to calculate mean ac- 
tivation energies for evaporation of DPs from PSF 
membranes obtained on DBH (0.33 mmol/g in pre- 
membrane) decomposition by HC1. 

tbu-0-C : 0-NH-NH-C : 0-0-tbu + 3HC1- 

2tbuC1 + 2CO2 + HzNNHBCl 

7.3 KCal/mol and 31.6 KCal/mol were measured 
for tbuCl (temperature range 100"-140") and for 
H2NNH3C1 (temperature range 165"-175" ) , re- 
spectively, confirming strong metastable binding. 

Metastable Dissolution of Other DPs 

In addition to C4Hs and tbuX, carboxylic acids were 
formed on decomposition of tbu-ester porogens in 
premembranes. IR spectra showed the presence of 
lauric, a-bromo lauric, oxalic, dodecanoic, 5-amino 
caproic, oleic, and malonic acid in PVC membranes 
and dodecanoic and terephthalic acid in PSF mem- 
branes after decomposition of the corresponding 
porogens. The acids were in various degrees of hy- 
dration, according to the decomposition method. 
Hydration of metastably dissolved acid can be af- 
fected by external conditions; prolonged contact with 
water vapor increased hydration, whereas heating 
removed water. 

Hydrochloric salts of diamines were found in PSF 
membranes after decomposition of ( CH3),COOCNH- 
( CH2),NHCOOC ( CH3)3 porogens. Thermogravi- 
metric studies and chemical analysis showed that in 
the case of n = 0, monohydrochloride was formed, 
while for the others, dihydrochlorides were the re- 
tained species. NH4Cl was trapped in PSF mem- 
branes on decomposition of tertbutyl carbamate. 

Thermal decomposition of metal salts of N-boc 
amino acids in premembranes resulted in metastable 
dissolution of metal complex of the corresponding 
acid or products of its decarboxylation.2 

With HN03 solutions as external reagents for 
DTBO decomposition in PVC films, absorptions at 
1610, 1160, and 880 cm-', or 1670 and 1310 cm-', 
were observed in IR spectra (Fig. 2) .  The relevant 
decomposition product was not identified. 
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Figure 2 IR spectra of PVC-DTBO premembranes treated at room temperature with 
70% HNOB for 2 h. ( A )  ; with 50% HNOs for 20 h, ( B  ) ; and held in water for 1 h after 
HN03  treatment (C)  . 

Degree of Metastable Dissolution 

Metastable dissolution can be evaluated in terms of 
the extent of retention of DPs by the membrane and 
the stability of these metastable dispersions under 
various conditions. These are lumped under meta- 
stable dissolution. 

Effects of parameters, such as polymer and po- 
rogen characteristics, porogen concentration, re- 
agent used, and decomposition temperature, were 
studied. 

Effect of Polymer Characteristics 

TGA provided data for calculating metastable dis- 
solution as % of total tbu content in the porogen. 
Results (Table I)  showed: 

1. in both PVC and PSF, more tbuCl (formed 
on decomposition by HC1) was found than 
tbuOH (formed on decomposition by HF) , 

2. tbuCl content in PSF was higher than in 
PVC, and 

3. tbuOH content in PVC was higher than in 
PSF. 

dodecanedioate ( DTBDD ) containing premem- 
branes with 70% HN03 at -12" (Table 11).  

Effect of Porogen Characteristics 

PSF/DBH and PSF/DBDAB premembranes were 
treated in vapors of HCl solutions for porogen de- 
composition. After drying, they were thermogravi- 
metrically analyzed to determine tbuCl retention. 
The results (Table 111) showed that, compared on 
the same initial porogen concentration basis, mem- 
branes resulting from DBH containing premem- 
branes retained tbuCl more strongly than mem- 
branes resulting from DBDAB. 

IR spectra of PVC films, formed upon treating 
premembranes containing various tbu-ester poro- 
gens with 70% HN03 at 30" (in the case of BAHA 
6"C), showed that lauric, a-bromolauric, oleic, and 
dodecanoic acid were retained while oxalic and 5- 
amino caproic acid were completely eliminated (see 
Table 11).  Lowering decomposition temperature to 
-12" did not change the results. Similar behavior 
was observed for premembranes containing a mix- 
ture of DTBDD and DTBO; dodecanoic acid was 
retained while oxalic acid was not. 

Effect of Porogen Content Marked differences between PVC and PSF were 
observed, also with respect to retention of oxalic Table 111 shows that metastable dissolution de- 
acid, in these experiments. Thus, oxalic acid was creased with increasing initial porogen concentra- 
clearly identified in the IR spectra of PVC mem- tion. Similar results were observed for PVC/ 
branes, but was absent in those of PSF membranes. DTBDC premembranes treated for 2 h in 37% HC1 
Similar results were observed on treating ditertbutyl solution at  40°C (Table I ) .  
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Table I11 
Films During Porogen Decomposition 

tbuCl Metastable Dissolution in PVC 

Porogen Concentration tbuCl 
in Premembranes Retention 

Porogen mmol/g Composition (%I  

DBH 
DBH 
DBH 
DBDAB 
DBDAB 
DBDAB 

0.25 
0.41 
0.68 
0.138 
0.23 
0.41 

100 
95 
66 

100 
93 
80 

Transparent PVC premembranes containing 
DTBDD, DTBO, or their mixtures as porogens, were 
treated with 70% HN03 at 30°C. Membranes formed 
from premembranes, initially containing 13.1, 16, 
20, or 30 DTBDD per 100 PVC ( w /w ) , were at least 
partially opaque, indicating phase separation. 
Opacity increased with initial porogen content. 
Films, obtained from PVC/DTBDD/DTBO pre- 
membranes with PVC/DTBDD w/w ratio of 100/ 
6.7 and PVC/DTBO ratios of up to 100/13.3, were 
clear. Films, resulting from PVC/DTBDD/DTBO 
premembranes with PVC/DTBDD w/w ratio of 
100/ 13.1, were opaque, the opacity increasing with 
DTBO content. Similar dependence on initial po- 
rogen content was observed also for films obtained 
from PVC /DTBO premembranes (although oxalic 
acid formed in these conditions completely diffused 
out of the film). 

Effect of Decomposition Parameters 

Oxalic acid was found in membranes obtained by 
treating DTBO containing premembranes with HF 
or HC1 (either in solution or in vapor phase). 
Treating with 70% HN03 solution for 2 h a t  30°C 
resulted in films with no indication of acid retention. 
Similar results were found for 5-amino caproic acid 
in membranes obtained from BAHA (mono boc-5- 
amino hexanoic acid) containing premembranes. 

PVC membranes obtained from premembranes 
with high porogen (DTBDD, DTBO, or mixtures) 
content were opaque when decomposition was in- 
duced by 70% HN03 at 30°C ( 2  h )  , but clear if in- 
duced by 70% HN03 at  -12" ( 15 days). 

Oxalic acid, tbuX, and nitric acid related DPs 
were found in PVC membranes obtained by treating 
PVC/DTBO premembranes at ambient with 50% 
(or less) HN03 solution or with 70% HN03 solution 
for 30 min. These DPs are not retained in mem- 

branes formed using 70% HN03 for 2 h at ambient 
or a t  higher temperature. 

Dodecanoic acid was retained in membranes ob- 
tained by treating PSF/DTBDD premembranes 
with 50% HN03 at ambient for 48 h, but not in 
those treated with 70% HN03 at -12" for 5 days. 

Discussion of Degree of Metastable Dissolution 

Metastable dissolution obviously depended on po- 
rogen and polymer, on their ratio, and on decom- 
position conditions. These parameters determined 
the characteristics of DPs formed, the rate of their 
formation, and the characteristics of the matrix 
through which they have to diffuse for phase sepa- 
ration. 

Acid induced decomposition of tbu esters or of 
N-boc amines may have resulted in C4Hs, which 
evaporated completely, or tbuX, which may have 
been retained. In the first case, the acid acted as a 
catalyst, while in the second, HX or water was con- 
sumed. The amount of tbuX retained in the polymer 
was also affected by the amount of tbuX formed and 
therefore was determined also by the accessibility 
of the reagents, which in turn was affected by the 
polymer. The relatively low proportion of tbuOH in 
PSF films after porogen decomposition by HF, may 
thus be ascribed to limited formation rather than to 
weak anchoring (the amount of water being the lim- 
iting factor) ~ 

Once formed, the incompatible volatile tbuX 
tended to phase separate and to diffuse out of the 
film. This diffusion was affected by the rigidity and 
by the density of the polymeric matrix. Polymer 
characteristics, and plasticizing effect of porogen not 
yet decomposed, were therefore of importance. 
Metastable dissolution was thus higher in PSF than 
in the less rigid PVC. It increased with decreasing 
initial porogen concentration and, for di-N-boc di- 
amines, with decreasing M.W. (for the effect of mo- 
lecular size on plasticizing effect, see Tg data in Ref. 
2) .  Furthermore, porogen concentration and size 
determined the initial distances between decompo- 
sition products.2 Low initial concentration of po- 
rogen and porogen of small M.W. contributed to re- 
tention also by increasing diffusion distances re- 
quired for phase separation. 

For less volatile DPs (carboxylic acids, amines) 
the degree and rate of C4H8 and tbuX formation and 
evaporation also affected matrix properties. Thus, 
unlike when HCl or HF were used, porogen decom- 
position by HN03 did not leave tbuX in the film 
and therefore formed, a t  least initially, a larger free 
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volume, providing for easier migration of acid or 
amine nitrate out of the membrane. 

The role of volatile DPs formation, and the con- 
centration of the remaining porogen acting as plas- 
ticizer still present in the polymeric medium, were 
also affected by the decomposition rate, as deter- 
mined by the decomposition reagent, its concentra- 
tion, and decomposition temperat~re.~ In rapid de- 
compositions (completed in about 1 h ) ,  a combi- 
nation of larger volumes of gas formed and relatively 
rapid plasticizer elimination left, a t  least initially, 
an open system, which provided for phase separa- 
tion. In slower decomposition, during most of the 
process there was still enough plasticizer to allow 
polymer flow to close openings and trap a consid- 
erable part of the DPs. In very slow decomposition, 
most of the slowly formed DPs could diffuse out 
while the polymer rearranged into a dense medium. 

Extraction of Decomposition Products 

Water, methanol, and their mixtures were used to 
extract retained decomposition products. Extraction 
rates were expected to provide data characterizing 
metastable dissolution. 

Exfraction of fbUX 

Membranes formed on porogen decomposition in 
premembranes, using HC1 or HF as reagents, were 
tested in permeation experiments. IR spectra of 
these membranes showed a decrease of tbuX ab- 
sorptions as compared with those prior to the ex- 
periments. Hence, permeation of solute or osmotic 
permeation of water caused extraction of DPs. Ex- 

i 
/ 

Extraction time ( hours ) 

Figure 3 Extraction into water at  32°C of tbuCl re- 
tained in film after treating PSF-DBHd premembranes 
by HCl for porogen decomposition. The initial porogen 
concentrations were 0.68 mmol/g composition ( A )  0.33 
mmol/g composition ( B )  and 0.25 mmol/g composition 
( C ) .  

701 1 I I 

50 100 I50 
Extraction time ( hours ) 

Figure 4 Extraction into water at  32°C of tbuCl re- 
tained in film after treating PSF-DBDAB premembranes 
by HCl for porogen decomposition. The initial porogen 
concentrations were: 0.41 mmol/g composition ( A ) ,  0.21 
mmol/g composition ( B )  and 0.13 mmol/g composition 
(C) .  

traction from PVC membranes is faster than ex- 
traction from PSF membranes. 

PSF membranes containing tbuCl or tbuOH were 
introduced into permeation measuring cells con- 
taining 30% HC1 solution on one side and deionized 
water on the other (permeation cell is described in 
Ref. 1 ) . After 6 days in a mechanical shaker at am- 
bient, about 30% of retained tbuOH was extracted 
while tbuCl extraction was only a few percent. About 
40% of retained tubCl was extracted after 16 days. 

Figures 3 and 4 summarize results of tbuCl ex- 
traction by water at 32°C from PSF membranes 

V I  I I I I I I I I I 
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Extraction time ( hours)  

Figure 5 Extraction into methanol, methanol-water 
mixtures and water of tbuCl retained in the film after HCl 
treatment of PSF-DBHd premembranes. The methanol : 
water molar ratios were: ( A )  1 : 0, (B)  0.5 : 0.5, (C)  0.3 : 
0.7, and ( D )  0 : 1. 
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formed by treating PSF/di-N-boc diamine con- 
taining premembranes with HCI vapors. The figures 
show that extraction is not complete and that ex- 
traction increases with initial porogen concentration 
and with porogen molecular weight. 

Figure 5 summarizes results of tbuCl extraction 
by water, methanol, and their mixtures from PSF 
membranes formed by treating PSF/DBH pre- 
membranes with HCI vapors. The effect of increas- 
ing methanol proportions is clear. 

Extraction of Carboxylic Acids 

Metastably dissolved oxalic acid was extracted more 
easily than metastably dissolved dodecanoic acid. 
While the first was completely extracted during sev- 
eral days immersion in water at ambient (or several 
hours a t  elevated temperatures), the second showed 
only modest extraction, even by solutions of NH40H 
or NaOH. 

IR spectrum of PVC membranes, obtained by 
treating PVC/ABTBL (a-bromo t-butyl laurate) 
premembrane with HN03 [Fig. 6 (A)] ,  showed ab- 
sorption at about 1750 cm-' due to retained a-bromo 
lauric acid. Immersion of this film in a solution of 
NH40H resulted in transformation of the carboxylic 
acid to carboxylate as shown by shift of IR absorp- 
tion to about 1580 cm-' f Fig. 6 ( B  ) 1. The base per- 
meated into the membrane and interacted with the 
retained acid. Similar results were obtained with re- 
tained dodecanoic acid and with terephthalic acid. 
Immersing in HF solution converted the carboxylate 
back to carboxylic acid [Fig. 6 ( C )  1 ,  confirming the 

I I 
crn-1 

3200 1800 1600 

Figure 6 IR spectra of PVC film obtained by treating 
ABTBL containing film with HN03 ( A ) ;  followed by 
treatment with concentrated NH,OH ( B ) ,  and then with 
2M HF solution (C) ,  and with water ( D )  . 

0.5 I .o 
MeOH molar ratio in MeOH + H,O mixture 

Figure 7 Extraction by methanol-water mixtures 
(32"C, 31 h contact) of tbuCl and H2NNH3C1 formed by 
HCl induced porogen decomposition in PSF-DBH pre- 
membranes. Initial porogen concentration was 0.33 mmol/ 
g composition. 

identification of the carboxylate. Figure 6 (D ) is the 
IR spectrum of this membrane after being kept in 
water; it indicates that retention persisted through 
these transformations. 

Terephthalic acid was retained in PSF mem- 
branes after porogen decomposition in PSF/ 
DTBTF (di-t-butyl terephthalate ) premembranes. 
As in the case of a-bromolauric acid, immersion in 
solutions of bases converted the acid into the salt 
form. However, in the case of terephthalic acid, this 
conversion enhanced extraction with water. Tere- 
phthalate-containing films were treated with HCI 
vapors for conversion of the salt back to the acid 
form. Extraction experiments showed that the acid 
formed was extracted more easily than the acid prior 
to conversion to terephthalate-the interaction with 
the base made an irreversible change in the system. 

Similar experiments were made with membranes 
obtained from PSF/DTBO and PVC/DTBDD 
premembranes. In the first, conversion to salt af- 
fected extraction as in PSF/DTBTF, while the sec- 
ond behaved similarly to PVC/ABTBL. 

Membranes were obtained by inducing decom- 
position in PVC /DTBDD premembranes (using 
acetic methyl-sulfonicanhydride ( ASA ) as internal 
precatalyst3 or HN03). These membranes were im- 
mersed for 1 day in: ( a )  water, (b)  5% (w/w) meth- 
anol in water, (c)  25% w/w methanol in water, and 
(d) methanol. Partial and complete extractions of 
the dodecanoic acid were observed in solutions (c)  
and ( d )  respectively. 
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Figure 8 Extraction by methanol of H2NNH3Cl formed 
by HC1 induced porogen decomposition in PSF-DBHd 
premembranes. The initial porogen concentrations were: 
( A )  0.68mmol/gcomposition, ( B )  0.41 mmol/g, and ( C )  
0.25 mmol/g composition. 

Extraction of Amine Hydrochlorides 

PSF premembranes containing the porogen TBC (t- 
butyl carbamate), DBH, BAB (N-boc aminobu- 
tane) , DBDAB, DBDAH, BABA (boc aminobuta- 
noic acid), or BAHA were treated in HC1 vapors for 

Extraction time ( hours) 

Figure 9 Extraction by methanol of ClH3N- 
( CH2),NH3C1 formed by HCl induced porogen decom- 
position in PSF-DBDAB premembranes. The initial po- 
rogen concentrations were: (A) 0.41 mmol/g composition, 
(B)  0.22 mmol/g composition, and ( C )  0.13 mmol/g 
composition. 

I 
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Figure 10 Extraction by methanol of H2NNH3C1 and 
ClH3N ( CHZ)*NH3C1 formed by porogen decomposition 
in PSF premembranes. Initial porogen concentrations 
were 0.25 and 0.22 mmol/g composition, respectively. 

porogen decomposition. PSF membranes, contain- 
ing the corresponding amine hydrochlorides, re- 
sulted. Extraction of these retained DPs was studied 
at 32". 

Methanol/water mixtures were used for extrac- 
tion of tbuCl and of HPNNHBCl from films obtained 
on porogen decomposition in PSF/DBH premem- 
branes. Results are summarized in Figure 7, showing 
that tbuCl is extracted more easily than the hydra- 
zine salt. 

Methanol was used for extraction of amine hy- 
drochloride from membranes resulting from PSF/ 
DBH and PSF /DBDAB premembranes. Results, 
summarized in Figures 8 and 9, show increased ex- 
traction with increasing initial porogen content. 

a %LIzzA  
0 50 too 

Extraction time (hours) 

Figure 11 Extraction by methanol of ( A )  
CH3 ( CH2),NH3C1 ( B  ) HOOC ( CH2),NH3C1, and (C  ) 
ClH3N ( CH2 ),NH3CI formed by porogen decomposition 
in PSF premembranes. Initial porogen concentrations 
were 0.15, 0.14, and 0.14 mmol/g composition, respec- 
tively. 
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The effect of amine hydrochloride characteristics 
on extraction rate was studied. Results in Figures 
10 and 11 show the following sequences of extract- 
ability. 

H2NNH3C1 > (CH2)4 ( NH3C1)2 and 

CH3 (CH2)3NH3C1> HOOC (CH2)3NH3C1 

> (CH2 )4 ( NHBC1)2. 

In another experiment, comparing extraction by 
methanol a t  30°, the following sequence of decreas- 
ing extractibility was observed. 

HpNNH3Cl > (CH2)6(NH&l) > (CH2)4(NH&1)2. 

Discussion of Extraction Experiments 

Retained DPs and the medium in which they are 
retained form systems that interact with permeating 
solvent molecules. As  a result, the metastable struc- 
ture may be affected so as to lower the activation 
energy for phase separation. Extraction results con- 
firm conclusions obtained, as described in the section 
“Discussion of Degree of Metastable Dissolution,” 
according to the degree of retention: ( a )  tbuX is 
retained less strongly than amine hydrochlorides, 
( b )  retention decreases with increasing initial po- 
rogen concentration. 

Extraction experiments also provided data as to 
the effects of molecular size and functionalities of 
DPs: 

1. Activation energy for separation of dodeca- 
noic acid was higher than that of oxalic acid 
and for ( CH2)4 ( NH3C1)2 it is higher than for 
H2NNH3Cl. These molecules differ in size, in 
number of charges, and in ( CH2) -chain. The 
difference in degree of retention was therefore 
not surprising, though it was difficult to as- 
sign a single overriding reason for the differ- 
ence. 

2. Activation energy for separation of 
( CH2)4 ( NH3C1), was higher than that of 
CH3(CH2)3NH3C1. As the former has two 
polar groups located at the opposite ends of 

3. 

the chain, migration might have been very 
slow, the polar groups “pulling” in different 
directions. In addition, bifunctional DPs may 
conceivably form a network of interactions 
throughout the polymeric composition, 
thereby stabilizing anchoring. 
The high activation energy for separation of 
5-amino butanoic acid, compared to that of 
diamino hexane, may be due to lower free 
volume formation (only one N-boc group is 
decomposed per porogen molecule). 

CONCLUSIONS 

Small, incompatible decomposition products were 
found homogeneously dispersed in PSF and PVC 
membranes formed on porogen decomposition. The 
degree of this retention was determined by polymer 
and porogen characteristics, by porogen content, and 
by porogen decomposition parameters. Extraction 
experiments indicated that, for many membranes, 
leaching out of decomposition products during con- 
tact with water was very slow. Thus, stable mem- 
branes containing hydrochloric acid salts of di- 
amines, carboxylic acids, and metal complexes were 
attainable. These metastably dissolved decomposi- 
tion products interacted with molecules permeating 
into the membrane. Porogen derived membranes 
thus had the potential of combining the advantages 
of polymeric and of supported liquid membranes: 
reasonable stability and high selectivity. 

The authors are grateful to Prof. A. Baniel for the fruitful 
discussions. 
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