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Summary

Asymmetric membranes were prepared by photochemical grafting of
28.1 umol cm™2 of 1,6-hexanediol diacrylate onto cellulose in the form of
filter paper, in the presence of 1,2-diphenyl-2,2-dimethoxyethanone as a
photoinitiator, the molar ratio of photoinitiator to acrylated monomer being
fixed at 0.086. A fixed polychromatic irradiation flux of 20.2 X 10~%
einsteins 57! cm™2 was used. After 10 min irradiation, a nearly quantitative
graft yield was reached. By multiple internal reflection IR analysis, a struc-
ture with one pendant acrylate group per monomer unit was assigned to the
grafted polymer; at longer irradiation times, a further decrease in unsatura-
tion resulting from photo-cross-linking between pendant acrylate groups was
observed. Permeabilities P and diffusivities D at 25 °C for hydrogen and
carbon monoxide were measured for membrane specimens obtained at dif-
ferent irradiation times. An increase in P reflects a decrease in unsaturation,
while the D are independent of irradiation time. The selectivity of the mem-
branes is not influenced by photo-cross-linking.

1. Introduction

The possibility of obtaining systems which behave as asymmetric mem-
branes for gas separation, by photoinduced grafting of ultrathin layers of
acrylic copolymers onto a macroporous substrate, was first demonstrated in
a previous paper [1]. The kinetics of photoinitiated grafting of single acrylic
monomers onto cellulose has since been studied systematically [2] under
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experimental conditions suitable for the preparation of asymmetric mem-
branes.

In the present work the influence of irradiation time on membrane per-
formance was investigated, both by examining kinetic variations in the
permeabilities and diffusivities of hydrogen and carbon monoxide through
the grafted polymer layer and by analysing the percentage of double bonds
as a function of the length of irradiation. This model study has been carried
out on membranes prepared by photografting of 1,6-hexanediol diacrylate
onto cellulose, a monomer on which the most important kinetic information
has already been obtained [2]. Hydrogen and carbon monoxide were chosen
as the permeating gases because of the satisfactory selectivity of the photo-
chemically prepared acrylic membranes towards them.

2. Experimental details

The sources of cellulose, 1,6-hexanediol diacrylate and 1,2-diphenyl-
2,2dimethoxyethanone were those given in ref. 2.

1 ml of a solution of dry acetone containing 0.795 + 0.002 M 1,6-
hexanediol diacrylate and photoinitiator (molar ratio of the photoinitiator
to the photoreactive monomer fixed at 0.0860 + 0.0003) was uniformly
deposited, as described in ref. 2, on a cellulose disk of diameter 6 cm. After
evaporation of the solvent under vacuum (0.1 mbar), the sample was irradi-
ated in an inert atmosphere, as described in ref. 2, with a fixed polychrom-
atic flux of (20.2 £ 0.7) X 108 einsteins s ! cm 2. After irradiation for 10
min under the experimental conditions employed in the present work,
grafting with a yield of 97% + 2% occurred. Membranes obtained with differ-
ent irradiation times, ranging between 10 and 280 min, after extraction and
drying under vacuum as described in ref. 2, were subjected to two different
types of measurement.

The permeation coefficients P and diffusion coefficients D for hydro-
gen and carbon monoxide at 25 °C were measured following the same tech-
nique and employing the same instrumentation as described previously [3].
The mean thickness of the supported membrane layer, excluding the cellu-
lose support, was evaluated on the basis of its mass and density, the latter
being determined experimentally for monomer samples photopolymerized
on glass plates as a function of irradiation time. The thicknesses (62 - 86 um)
obtained in this way were employed in calculations as the effective mem-
brane thicknesses. The results are reported in Table 1; the — log P are plotted
as a function of membrane irradiation time in Fig. 1.

In a parallel series of runs, grafted acrylate membranes were analysed,
both during the grafting period and during the successive irradiation, by
multiple internal reflection (MIR) IR spectroscopy, in order to evaluate the
percentage of original double bonds that remained at each irradiation time.
The sharp peak at 810 cm™! corresponding to the CH,=CH— out-of-plane
vibration of the acrylate group was used. For this band the penetration
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TABLE 1

Permeabilities P, diffusivities D and solubilities § of hydrogen and carbon monoxide at
25 °C in photografted and photo-cross-linked poly(1l,6-hexanediol diacrylate) membrane
prepared by irradiation of 28.1 umol em 2 of monomer supported onto cellulose at
various times t of irradiation with a flux of (20.2  0.7) X 1078 einsteins s~ cm—2

t (min) P (em%emHg 157 1) D (em?s71) S (emHg™1)
Hydrogen
108 (1.7+0.3) x 10710D (3.8 +£0.9)x 10°°%Pb (4.5 +£0.8)x 1072
64 (3.6 £0.7) x 1071¢ (4.1 £1.2)x10°° (8.8 £1.7)x 1072
115 (3.7+0.7)x1071° (3.710.8)x10™?° (1.0 £ 0.2) x 101
176 (4.6+0.7)x 10710 (4.6+1.3)x10™° (1.0+x0.2)x10™!
210 (5.4%1.2)x 10710 (3.9+0.9)x10°° (14 £0.3)x 101
242 (6.2%0.6) x 1071C (3.5+1.0)x 107? (1.5 £0.2) x 10!
280 (6.0 £ 0.5) x 10™1¢ (4.31£1.0)x10™? (1.2+0.1)x 10!
Carbon monoxide
10 (3.6 0.4)x 1011 (2.6 £0.8)x107° (1.4 +0.2)x10°2
20 (4.4 % 0.4) x 10711 (34£1,0)x107? (1.3%0.1) x 1072
35 (5.9+1.3)x 1011 (3.1+0.7)x10? (1.9+0.4)x10°2
50 (6.1 £0,7)x 10711 (2.9+0.5)x10™° (2.1+£0.2)x10°2
72 (61+1.1)x1011 (3.3+0.8)x10™? (1.8+0.3)x10°2
90 (7.6 X 0.7)x 10711 (3.0+£06)x10°° (2.5 £0.2) x1072
142 (1.1+0.2) x 1071¢ (2.3+0.9)x10™° (4.8 £0.9)x 1072
200 (9.3+1.8)x 10711 (2.6 £0.8)x10™° (3.6 £0.6)x 1072
240 (1.0+0.2)x 10710 (2.9+20.7)x10™° (3.4%0.5)%x102
276 (1.1+0.1)x 1010 (3.2+0.9)x10°° (3.3£0.2)x1072

2Time corresponding to a practically quantitative graft yield (95% or above), as measured
by gravimetric analysis and to nearly 50% residual acrylate groups in the grafted layer, as
measured by MIR IR.

bUncertainties are expressed as standard deviations from the mean value of 4 - 6 perme-
ametric determinations on different samples,

depth, under the experimental conditions, was about 6.5 um, a depth statis-
tically corresponding in the great majority of cases to about one tenth of the
mean grafted polymer thickness in the membrane. The MIR penetration
depth, however, exceeded the mean thickness of the dense skin layer, which
was fairly low in most cases (see Fig. 2). No interference by the cellulose
substrate was noticed for the 810 cm™ ! band. MIR spectra were measured
on a Perkin—Elmer spectrophotometer, using an MIR accessory with a KRS-5
crystal and a single incident angle- of 45°. Analytical values of residual
acrylate groups were corrected for the apparent thickness increase obtained
from the accompanying density variations during photo-cross-linking of the
grafted layer.



234

80 % /%/ % - 94

3 3
’(')O_.o——'—-v——o
o \
\
* 0
g &
1 1
] ©
n [+ -]

RESIDUAL UNSATURATIONS %
-log (P/cm? cmHg™'s™)

80 160 240
TIME {min)

Fig. 1. Left ordinate: per cent residual unsaturation (acrylate groups, by MIR IR spectro-
scopic analysis) during photografting and successive photo-cross-linking of 1,6-hexanediol
diacrylate onto cellulose, as a function of irradiation time (in minutes). Right ordinate:
negative logarithm of the permeabilities P (cm2 cmHg™ ! 57!) of hydrogen and carbon
monoxide through the membranes prepared in this work as a function of irradiation time
(in minutes).

3. Results and discussion

Asymmetric membranes were prepared by photochemical grafting of
-28.1 umol ecm™2 of 1,6-hexanediol diacrylate onto cellulose in the form of
filter paper, with a polychromatic irradiation flux of (20.2 + 0.7) X 1078
einsteing s em™2 for 10 min at 30 * 2 °C in the presence of 1,2-diphenyl-
2,2-dimethoxyethanone as the photoinitiator (with a molar ratio of 0.086
between photoinitiator and monomer). During the grafting period, the
percentage of double bonds, as determined by MIR IR spectroscopy, de-
creased from an initial 100% to about 50% (see Fig. 1). Owing to the kinetics
conditions, this corresponded to grafting of a homopolymer chain onto the
substrate with a quantum yield of 46 * 4 monomer molecules per quantum
and a nearly quantitative graft yield (97% t 2%). The results of MIR IR
analysis thus clearly show that a structure with one pendant acrylate group
per monomer unit may be assigned to grafted polymer.
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(b)
Fig. 2. Electron micrograph (scale shown on figure) of (a) the crosssection and (b) the

surface top layer of a membrane prepared by photoinitiated grafting of 28.1 umol cm—2

of 1,6-hexanediol diacrylate onto cellulose.
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Irradiation of the samples was continued after the end of the grafting
period. A further decrease in unsaturation was observed and followed by
means of MIR IR analysis. Permeametric characterization of membranes was
also carried out, consisting in the measurement of P and D for hydrogen and
carbon monoxide at 25 °C as a function of irradiation time. The results are
reported in Table 1. The P are also reported graphically in Fig. 1, in which
the MIR IR experimental data are also shown. The following are clearly ob-
served: (i) the increase in the permeation coefficients as a function of time
is paralleled by photo-cross-linking between pendant acrylate groups which
brings about a decrease in unsaturation (Fig. 2); (ii) the diffusion coefficients
remain unaffected by irradiation of the grafted layer, within the limits of ex-
perimental error (see Table 1); (iii) furthermore, the ratio between the per-
meation coefficients of hydrogen and carbon monoxide is practically con-
stant (in other words the selectivity of the membranes does not appear to be
appreciably influenced by photo-cross-linking). As a consequence of (ii) and
(iii), the variations in permeation coefficients imply only changes in the sol-
ubility S of the gases in the grafted layer after irradiation, as expressed by
S = P/D reported in Table 1.

A dense skin layer is obtained in the membranes at the end of the
constant-rate grafting period, during which unsaturation decreases linearly
with time, as indicated in Fig. 1; its structure, as illustrated by electron mi-
crography (Fig. 2), is fully compatible with that of an oligomolecular layer
of homopolymer grafted onto the cellulose substrate either by photoinitia-
tor radical propagation or by a cellulose radical propagation mechanism, as
discussed in our previous paper [2]. Further irradiation, after the grafting
stage, modifies the grafted polymer, reduces its unsaturation from 50% of
the grafted diacrylate to very low values amounting to a few per cent of the
initial value. The photo-cross-linking mechanism may possibly involve radical
formation from pendant acrylate groups of the grafted chains either by direct
excitation in the high energy UV region or via energy transfer by photoinitiator
triplets, both processes occurring with quantum yields much lower than those
of the first constant-rate grafting period. The main physicochemical effect of
photo-crosslinking on the transport properties of the investigated gases
appears to be on the solubility. This is not an improbable conclusion, since
the presence of double bonds conjugated to carbonyl groups in pendant
acrylate groups should strongly affect the adsorption and desorption as well
-as the absorption characteristics. The solubility generally seems to increase,
even if without specificity for the two gases, with a decrease in unsaturation
and the progressive cross-linking of grafted chains. The diffusion coefficients,
on the contrary, are not perceptibly altered outside the range of experimen-
tal uncertainty.
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