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SYNOPSIS 

An efficient photoprocess has been developed to increase polypropylene surface wettability 
by insertion of acid, ester, and amide functionalities. A systematic study of polypropylene 
surface irradiations indicates that photooxidations always precede the photosubstitution 
reactions that occur a t  the carbonyl site to form carboxyl, ester, and amide groups. Irra- 
diations with amines to form amide groups always achieved the highest level of wettability 
improvement without changing bulk morphology. This process may be very beneficial in 
facilitating the fabrication of composite membranes with hydrophilic barriers on top of a 
hydrophobic polymeric support such as polypropylene. The high chemical resistance of 
polypropylene matrix to various solvents makes the partially hydrophilized polypropylene 
an ideal membrane support when hydrophilic membrane barriers made by interfacial po- 
lymerization/crosslinking are needed for a variety of separation applications. 0 1995 John 
Wiley & Sons, Inc. 

INTRODUCTION 

Surface modification of polymers by UV/EB 
(electron beam) grafting of monomers, such as 
acrylates, is well documented in the polymeric lit- 
e r a t~ re . ' -~  However, very few works have dealt 
with the surface photofunctionalization of poly- 
mers (e.g., polyolefins) with small hydrophilic 
groups (e.g., photo~hlorination~).  Recently, it was 
found in our labs that irradiation of alkylbenzene 
compounds with various alcohols resulted in sub- 
stitution of the benzyl hydrogens with alcoholic 
moieties in a very selective mode.5 The alkylben- 
zenes underwent photosubstitution only a t  the (Y 

position to the aromatic ring, whereas the aliphatic 
alcohols reacted exclusively a t  the a position to 
the hydroxyl group. Similarly, this high selectivity 
was also observed in the photooxidation of alkyl- 
 benzene^.^,^ A series of alkylbenzene compounds 
with up to C4 open chain alkyl substituents un- 
derwent the same course of photoreaction a t  the 
a position to the aromatic ring, as no oxidation of 
the aromatic ring itself was detected under these 
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circumstances. Based on those studies, we adopted 
a similar approach to photochemically insert ox- 
ygen and nitrogen containing groups on polypro- 
pylene films. 

This photomodification process seems to be very 
beneficial in facilitating the fabrication of composite 
membranes with hydrophilic barriers on top of hy- 
drophobic polymeric support such as polypropylene. 
Recently, we were engaged in the development of 
new membranes for the separation of extraction 
solvents such as furfural and N-methyl-pyrilidone 
(NMP) from diesel fuel extract and raffinate. A well- 
known type of membrane synthesized previously for 
our lube oil /solvent separations is the composite 
membrane that contains a porous matrix and on top 
of it a dense barrier layer that actually accomplishes 
the separation. For the diesellfurfural and the die- 
sel / NMP separations the thin barrier layer was 
made in situ by an interfacial crosslinking of a poly- 
imine, or by an interfacial polymerization of an 
amine with diisocyanate or dicarbonylchloride 
monomers. The high chemical resistance of poly- 
propylene matrix to NMP, makes the partially hy- 
drophilized polypropylene obtained by our surface 
modification process an ideal membrane support for 
the above hydrophilic barriers. 
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Figure 1 
out substituents. 

IR analysis of polypropylene irradiated with- 

stituent donors. The polypropylene surfaces were 
then exposed to UV irradiation at  185-253 nm under 
air or nitrogen atmosphere. The samples were an- 
alyzed by reflectance FTIR for functionality iden- 
tification, by X-ray photoelectron spectroscopy 
(XPS)  for elemental analysis of oxygen and nitro- 
gen, and by X-ray diffraction (XRD) for analysis 
of bulk morphology. Surface wettability was mea- 
sured by contact angle analysis. 

The detailed synthesis of the polymeric mem- 
branes are documented e l ~ e w h e r e . ~ , ~  A pressure 
driven flow cell system was used to  evaluate mem- 
brane performance in separating the diesel /furfural 
and the diesel/NMP streams. Membrane flux was 
given in kilogram/ square meter / hour ( kmh ) units 
and selectivity was expressed as percent diesel re- 
jection { rejection ( % ) = 100 (feed concn - permeate 
concn)/feed concn} . Feed and permeate were an- 
alyzed by refractive index measurements using cal- 
ibration curves for each stream. 

RESULTS AND DISCUSSION 

The two major groups of substituent donors irra- 
diated with the polypropylene films contain the hy- 
droxyl and the amine functionalities. Irradiations 
with mono- (e.g., methanol) and di- (e.g., ethylene 
glycol) alcohols indicated that unlike the alkylben- 
zene compounds, photosubstitutions in polypropyl- 
ene are always accompanied by photooxidations, 

EXPERIMENTAL 

Polypropylene films were irradiated in a Rayonet 
photoreactor containing 16 lamps of 35 W each. The 
films were soaked prior to irradiation in various al- 
cohols or amines that served as the hydrophilic sub- 
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Figure 2 
intervals of time. 

IR analysis of photosubstituted polypropylene with methanol after different 
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even under nitrogen atmosphere. Photooxidations 
alone formed carboxylic groups on the polypropyl- 
ene, as shown by the FTIR of the film before and 
after irradiation (see Fig. 1 ) . 

The IR spectra of a methanol photosubstitution 
reaction at  different intervals of time shows bands 
at  1710 and 1730 crn-', which indicates the forma- 
tion of acid and ester carboxyls, respectively. As the 
irradiation progressed, the ester groups, which ap- 
parently formed by methoxy moieties reacting at 
the carbonyl site, were growing at a much faster rate 
(see Fig. 2 ) .  

Similar pathways of photosubstitution at car- 
bony1 sites, which followed the preliminary pho- 
tooxidation, were observed with amine substituents, 
as IR measurements indicated the formation of 
amide groups. The absorptions bands at  3264-3287 
cm-' in Figure 3 are typical of N - H bands, whereas 
bands at  1656-1663 cm-' are indicative of CO func- 
tionality in an NCO amide group. The position and 
appearance of these bands are similar to those of N- 
acetyl ethylene diamine, because ethylene diamine 
(EDA) served as amine donor in our experiments. 

XPS measurements of the polypropylene pho- 
tosubstituted films with amine moieties lo further 
supported our structure elucidation, because the ni- 
trogen to oxygen ratios in these samples were always 
close to the one ratio of the amide (NCO) group 
(see Table I ) .  

Similar quantities of oxygen insertion was ob- 
served with the mono- and di-alcohol's photosub- 

Table I 
of Photomodified PP Films 

XPS and Contact Angle Measurements 

N/O Contact 
Reactant % 0 % N Ratio Angle (")" 

65 
CH30H 10 - 56 

56 

- - 4 - 

- 

- - HOCzH40H 11 
HZNCzH4NHz 9 9.8 1.09 43 
(HZNC2H4)zNH 11 11 1 49 

a Unreacted polypropylene has a contact angle value of 90". 

stitution reactions on the film surface. However, 
blank irradiations that resulted only in photooxi- 
dation showed a lower amount of oxygen in the 
polypropylene. Table I also indicates that wettabil- 
ity, expressed in contact angle values, is related to 
the level of functionalization as well as to the nature 
of the inserted group. Indeed, some modeling studies 
performed in our labs on the wettability of polymer 
surfaces agree quite well with the experimental 
data." The main conclusion derived from our ex- 
perimental and calculated data is that photosubsti- 
tution at carbonyl sites with alcohols or amines, to 
form ester or amide groups, respectively, always has 
an advantage over pure processes of photooxidation 
or photosubstitution in improving wettability. 

A series of irradiations under strictly inertic con- 
ditions of nitrogen atmosphere, showed that pho- 
tooxidations always occurred, even with minor 
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Figure 3 
HzNCzH4NHz, (B) (H2NC2H4)2NH, (D) untreated polypropylene. 

IR analysis of photosubstituted polypropylene with amines: (A) and (C) 
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Figure 4 Statistical study of the significance of the substituent factor. 

amounts of oxygen, which is apparently absorbed 
on the film surface. This fact may indicate that the 
only way to eliminate photooxidation is to irradiate 
the polypropylene films in a vacuum chamber. Prac- 
tically, it would be difficult to avoid photooxidations 
in a large scale process, but our data demonstrates 
it has no merit because a combination of photoox- 
idation and photosubstitution always results in the 
highest improvement of surface wettability. 

To thoroughly evaluate the experimental factors 
that  affect this photomodification process, a statis- 

tical scheme was designed based on our preliminary 
data. A 6 X 24 factorial design was used in which 
the reagent factor was investigated at  the six fol- 
lowing levels: blank (none), xylene, ethanol (EtOH), 
ethylene glycol (EG), ethylenediamine (EDA), and 
ethanolamine (EA). The other four factors have two 
levels each, and the whole scheme involved 96 ex- 
periments with three measurements of contact angle 
for each case. The interpretations of the statistical 
data further support most of our previous conclu- 
sions. As can be seen in Figure 4, the contact angle 

17.66 8.838 5.901 4.436 3.559 2.976 2.562 2.252 2.013 1.823% 
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Figure 5 
untreated polypropylene. 

XRD analysis of: (A) photosubstituted polypropylene with methanol and (B) 
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Figure 6 A composite membrane for diesel/solvent separation. 

readings for the neutral reagent xylene were signif- 
icantly higher than those of the other hydroxyl and 
amine substituents, whereas the values for EDA 
photosubstitutions were significantly lower. 

The fact that blank irradiations with no reagents 
resulted in better wettability than xylene under cer- 
tain conditions, may indicate the existence of a 
screening phenomenon responsible for light absorp- 
tion and dissipation by the top solvent layer. To 
avoid such a screening obstacle, more accurate pro- 
cedures to form thinner solvent layers on top of the 
polypropylene substrate would be required. 

To  assure that only surface modifications oc- 
curred during our irradiations, XRD analysis was 
conducted on several of the photosubstituted sam- 
ples. The diffraction patterns in Figure 5 of the 
highly crystallized polypropylene films exhibit the 
same features for an irradiated and a nonirradiated 
sample, indicating that no change in bulk morphol- 
ogy occurred as a result of the surface photomodi- 
fication process. 

Finally, this process may be very beneficial in 
facilitating the fabrication of composite membranes 
with hydrophilic barriers on top of a hydrophobic 
polymeric support such as polypropylene. In our 

Table I1 
Diesel Streams 

Membrane Separation of Furfural/ 

Feed Ratio 
Furfural/Diesel Rejection (%) Flux (kmh) 

4:l 99.9 38.5 
4:l 99.9 53.9 
1:4 99.9 6.4 
1:4 99.9 6.9 

recent s t u d i e ~ , ~ ~ ~ ~ ~ ~  it was found that hydrophilic 
membrane barriers synthesized by interfacial po- 
lymerization or crosslinking on top of a polymeric 
support are very effective in removal of extracting 
solvents (e.g., furfural, NMP) from diesel fuel. 
The composite membrane developed for this ap- 
plication contains barriers formed by polymeriza- 
tion/crosslinking of an amine/polyimine with var- 
ious diisocyanate/dicarbonylchlorides, to form urea 
( -  NCON -) or amide (-CON -) bonds, re- 
spectively (see Fig. 6). 

The evaluations of these membranes in separat- 
ing a 4 : 1 furfural/diesel feed showed excellent se- 
lectivity and very good flux (see Table 11). In the 
second stream of 1 : 4 furfural/diesel the membranes 
showed excellent selectivity and fair flux. 

A similar study was also performed on the sep- 
aration of 1 : 2 and 1 : 3 NMP/diesel streams. Be- 
cause the development of a membrane support with 
good chemical stability for NMP had not been com- 
pleted at this time, only symmetric films of the above 
chemistry were fabricated. The evaluation results 
showed excellent selectivity of 99.9% diesel rejection 
with a good chemical resistance of the barrier films 
toward NMP. The high chemical resistance of poly- 
propylene toward a variety of strong and reactive 
solvents, such as NMP, makes the partially surface 
hydrophilized polypropylene matrix an ideal support 
for the hydrophilic barriers that are needed in this 
application. 

The author wishes to thank C. S. MacMahon and C. Y .  
Thiel for IR measurements; M. A. Behrens and R. D. Pug- 
liese for XPS and XRD analyses, respectively; and K. M. 
Hellmuth for valuable assistance. 
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