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SYNOPSIS

The synthesis of grafted polymers of polyethylene (PE) with acrylic acid and N,N-di-
methylamino-2 ethyl acrylate is performed in two steps. The first one needed the ozonization
of powder of PE in well-defined conditions to obtain an expected activation. The second
one consisted in bulk grafting the two monomers by thermal decomposition of the above
hydroperoxides and peroxides of the activated PE. After elimination of homoacrylated by
selective solubilization, we obtained films by pressing the copolymers either alone or the
mixture of the two copolymers to prepare the anion (or cation) exchange membrane and
the amphoteric ion-exchange membrane. The second part of the study deals with the phys-
icochemical characterization of these membranes: thickness, exchange capacity, electrical
resistance, transport number, and water content. These characteristics are given for various
concentrations of equilibrating solutions and for various pH. The results show that we

have perfectly corrected membranes that are competitive with the commercial ones.

INTRODUCTION

The ion-exchange membranes, which were conceived
for the brackish water desalting, have nowadays
many further applications in the industry. This suc-
cess is the result of the improvement of the synthesis
methods.

Ion-exchange membranes are synthesized ac-
cording to several methods: chemical,’* photo-
chemical,®* radiochemical,>® and mechanical.”® In
our work, membranes were prepared by a chemical
grafting of a weak acid and a weak base on the ozon-
ized polyethylene (PE). This new method allowed
us to obtain two selective membranes (cationic-ex-
change membrane [CEM] and anionic-exchange
membrane [AEM]) and an amphoteric ion-ex-
change membrane that can exchange anions as cat-
ions. The composite structure of the amphoteric
membrane exhibits a number of interesting prop-
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erties, especially a higher permeability for electro-
lytes. This property makes possible the use of com-
posite membranes for separating electrolytes from
mixed aqueous solutions of electrolytes and none-
lectrolytes by dialysis, electrodialysis, or piezodi-
alysis.

The aim of this work consists of presenting a new
chemical method for manufacturing ion-exchange
membranes and in determining the physicochemical
characteristics of the synthesized membranes.

EXPERIMENTAL

Ozonization

The ozonization was carried out with low-density
powdered polyethylene having an index equal to 20
and an average molecular weight equal to 17,000
(Chemical C.D.F. Company). A predetermined
amount of PE is introduced into a double-walled
reactor, fluidized by a current of air, and heated at
50°C by circulation of a thermostatted oil in the
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double-walled reactor. As soon as the temperature
of the PE is stabilized, the ozone was generated using
a standard ozone generator (Trailigaz type). The
oxidation was started by bubbling the O3;/0, gas
mixture through the PE. During oxidation, the pro-
duction of ozone is maintained at its maximum. The
reaction was stopped 1 h later.

Peroxides and Hydroperoxides Titration
by the DPPH

The titration of the ozonized PE was carried out by
introducing a predetermined amount (20-25 mg) of
the ozonized PE into a container (round-bottom
flask) connected with an argon entry and containing

the DPPH solution in xylene at 17-107° mol L ™!,
The oxygen in the container was eliminated by pas-
sage of an argon flux for 5 min. The container was
then heated at 110°C for about 15 min. At the end,
the solution was cooled and the DPPH excess was
titrated by colorimetry at 520 mn with a display of
Varian type having an automatic compensation [ Fig.
1(a)]. The titration was carried out with a stan-
dardized curve preliminary plotted [Fig. 2(b)] (ab-
sorbance D, as a function of the concentration).
The amount of PE is chosen as to give a considerable
decrease of the optical density. However, this de-
crease must not be very great so to avoid the absor-
bance of combination products remaining in the so-
lution.
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Figure 1 Standardized curves: (a) variation of the optical density (D,) of the DPPH
for various concentration as a function of the wavelength; (b) variation of the optical
density (D) of the DPPH at 520 nm as a function of the concentration.
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Figure 2
spectrum (b), ozonized PE.

The amount of DPPH that reacted with the
ozonized PE is given by the following formula:

_ (Absg — Abs;)V
m- e~ 1000

Nq

where ¢ = 1.06-10* mol™! L cm™ calculated from
the standardized curve; m = weight (g) of ozonized
PE added to the DPPH solution; V = volume of the
DPPH solution; Abs, = absorbance of the DPPH
solution without ozonized PE; Abs,; = absorbance of

IR spectrum of ozonized and nonozonized PE: spectrum (a), nonozonized PE;

the DPPH solution with ozonized PE; and N is

given in mol equivalent per gram of the ozon-
ized PE.

Selective Titration of Hydroperoxides

A predetermined amount of the ozonized PE (20-
25 mg) is introduced in a flask containing about 15
mL of freshly distilled benzene and saturated with
argon, and we let the PE enough time to swell. After
4 h, 1 mL of iron reactant is added and the mixture
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is completed to 25 mL with distilled water. After
the sedimentation of the PE (30 min), the resulting
solution is titrated by colorimetry at 512 nm.

The hydroperoxide amount is given by

V-AD

Npoos = —————
ROOH ™ 9em1000

where ¢ = 1.68-10* mol L cm™!; V = volume of the

sample; m = weight (g) of ozonized PE; and AD

= optical density of solution minus this of solvent.

Grafting

In the mixer cell, we introduced 20 g of ozonized PE
and 30 g of monomer. The mixture was heated at
110°C with continuous stirring for 1 h. After the
copolymerization, the product was recovered,
founded, treated to eliminate the homopolymer, and
dried at 50°C overnight.

Membrane Manufacturing

The method consists of melting the copolymer and
pressing it in order to obtain a dense membrane after
cooling and solidification.

Characterization

Before measurement, pretreatment is carried out in
order to remove impurities from the membrane
phase. Membranes are immersed in aqueous hydro-
chloric acid (1 h), distilled water (2 h), and aqueous
sodium hydroxide (1 h) at room temperature.

Thickness

Thickness of the membranes was determined with
a micrometer (PIGIMATIC) by measuring the
thickness of membranes clasped between two glass
plates. The thickness of the two glass plates is si-
multaneously determined by the same way.

Exchange Capacity

Exchange capacities of the CEM and of the AEM
were determined by pH titration.®

Exchange capacities of the amphoteric membrane
were determined by radioactive tracers. The general
principle of the method has been already described
by Gludeckauf and Watts.!° It consists of following
the kinetics of sorting out a labeled ion in the equi-

librium solution of the electrolyte containing at least
the ion, the labeled ion being its radioactive isotope.

Values of the exchange capacity for the ampho-
teric membrane were deduced from curves repre-
senting the variation of the ion content as a function
of the NaCl concentrations in the equilibrium so-
lutions. The exchange capacity corresponds to the
extrapolated value at zero NaCl concentration in
the equilibrium solutions.

Water Content

The water content of the membrane is determined
after equilibrating a sample of the membrane with
the studied solutions for 1 day at 25°C. The sample
is then removed from solution, and both surfaces
are wiped with filter paper. The water content is
deduced from the difference in weight between the
wet and dry membranes. The sample is dried for 4
days under vacuum at 30°C.

Electrical Resistance

The electrical resistance of the membrane equili-
brated with a solution of NaCl at a given pH is mea-
sured using the clamp cell technique already de-
scribed.!! The temperature is maintained at 25°C.
The membrane resistance is measured at 250 Hz
using a Dick and Jones bridge.

Membrane Potential and Transport Number

The membrane is placed inside a plexiglass cell be-
tween two aqueous solutions at the same pH. So-
lutions were circulated by means of two peristaltic
pumps. The steady-state values of membrane po-
tential are measured using two Ag/AgCl electrodes
and a high-impedance millivoltmeter ( Minisis 800
Tacussel). The measuring cell was thermostatted
at 25°C. Values of transport numbers were calcu-
lated from measurements of the membrane potential
using the Teorell, Meyer, and Sievers theory.!?!*
For the AEM and the CEM, the membrane potential
was measured for the following system: NaCl 0.1 M/
membrane /NaCl 0.01 M. For the amphoteric mem-
brane, the membrane potential was measured for
the same system but at various pH’s.

RESULTS AND DISCUSSION

Membrane Preparation

The membrane preparation is accomplished in three
stages:
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® ozonization of polyethylene
e grafting of monomers
¢ film preparation.

Ozonization

The ozonization of polymers is very well known and
usually leads to a polymer blend that exhibits hy-
droperoxide and peroxides on the polymeric chain
according to the reactions proposed by Kefeli et al.'®:

RH + O; = RO, + HO®
RO; + RH - ROOH + R’
R"+ O; = RO,
RO, + R* = ROOR

The conditions of ozonization can be controlled,
and so we obtain polymers with peroxide and hy-
droperoxide contents!®!” known from analysis ti-
tration. The titration was carried out in two stages:
(1) titration of both peroxides and hydroperoxides
by the DPPH; (ii) then titration of hydroperoxides
by iron salts. The DPPH is a stable radical that can
react with radicals coming from the thermal decom-
position of the ozonized PE at 110°C. The excess of
DPPH was then titrated by colorimetry (Fig. 1). In
this work, we noticed that after heating for 10 min
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the ferric ions with ammonium thiocyanate. The red
complex obtained was analyzed by colorimetry.

Table I gives the results of the titration of per-
oxides and hydroperoxides for various conditions of
ozonization (temperature, time, flux, and ozone
concentration ). This table shows that the lower the
temperature used, the higher the hydroperoxide
content obtained. This was also observed by Bou-
tevin et al.!” in the synthesis of PE-g-MMA and
PE-g-S, and by Michel and Monnet'? in the case of
PP. Actually, it is normal that by increasing the
temperature the hydroperoxides ROOH decompose
and give RO radicals that were stabilized in powder
in peroxides ROOR by recombination.

Furthermore, the oxidized and nonoxidized PE
were analyzed by IR spectroscopy. The spectrum of
oxidized PE shows a large band at 1720 cm™* (C=0)
that does not exist in the IR spectrum of nonoxidized
PE (Fig. 2).

The absorbance measurements at 1720 cm™
(vc=o0) and 720 cm ™ (vcpy,) give an oxidation content
that we compared with copolymers of ethylene and
carbonyl oxide (for more details, see Ref. 10). Heat-
ing ozonized PE leads to ketone, as Nuchachenko
showed®:

1

at 110°C the decomposition of PE was completed. \
Zeppenfeld!® showed that the hydroperoxides re- o)
acted only with the iron salts according to the fol- R/

lowing reactions:

ROOH + Fe?* + H* = RO" + Fe** + H,0
RO’ + Fe** + H* - ROH + Fe**
We observed that only one molecule of hydro-

peroxides (ROOH) reacted with two Fe%*. The
ROOH titration was performed by complexation of

mcm—(”:-—CH, + CH,~~
0

Grafting Reaction

Peroxides and hydroperoxides, resulting from the
ozonization, are decomposed at high temperatures
and produced RO and HO" radicals. These initiate

TableI ROOR and ROOH Content of the Ozonized (PE) for Different Conditions of the Ozonization

Flow Nroor” Nnoonb
T (°C) t (min) Q; (g/L) (lh) (10° eq/g) (10° eq/g) % ROOH
22 120 16 700 7.58 2.88 61
50 15 6 1200 2.30 0.62 37
50 120 16 700 3.60 0.90 35
50 120 6 700 7.51 1.86 34

2 DPPH titration.
b Tron salts titration.
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the polymerization of monomers that leads to graft
copolymers (from RO’) and homopolymers (from
HO"):

ROOH + ROOR — RO" + HO"
RO+ nM - R—O0— (M),
HO' + nM —» — (M), —

We used two monomers: acrylic acid (AA) and N,N-
dimethylaminoethyl methacrylate (MADAME) to
obtain polyanion and polycation.

The grafting reaction was performed in bulk in a
mixer cell after introducing known quantities of
ozonized PE and of monomer. During the polymer-
ization, we measured the variation of the torque of
the rotor in the cell. It was observed that this vari-
ation is greater for ozonized PE with monomer than
for nonozonized PE (alone or with a usual free rad-
icals initiations) (Fig. 3). This result clearly indi-
cates that only in the first case did the reaction occur,

§(kg.m')

but we have also seen that after 1 h the torque de-
creased probably due to a cleavage of polymeric
chain.

After copolymerization, the product was recov-
ered and precipited by a solvant of the homopolymer
and nonsolvant of the grafted copolymer in order to
eliminate the homopolymer: Solvants used for poly-
acrylic acid and poly MADAME are, respectively,
water and acetone.

The following step was the characterization of
the copolymer and, specifically, the weight grafting
content of the monomer on the PE. Because of the
poor solubility of the copolymers, with the PE main
chain, we used the centesimal analysis.

The elementary analysis of O and N in the prod-
ucts makes it possible to estimate rigorously the
percentage of AA and MADAME in copolymers be-
cause O and N atoms are located only on the grafted
chains. Therefore, the grafting content of the AA
and MADAME can be determined from the follow-
ing formulas:

¢ (mn)

Figure 3 Variation of torsional couple that the mixture makes use of against the mixer:
(1) nonozonized PE + monomer; (2) ozonized PE; (3) ozonized PE + monomer.
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Table I Weight Grafting Content and Number of Grafted Monomers (P) per Chain of PE

% content of

% content of

Product % O % N AA (weight) MADAME (weight) P
Paa 9.56 — 21.50 — 60
Pumab — 2.67 — 30 45

(0)% + Maa chemical resistances. We determined the following
% AA = 100 ——— . .
32 parameters: thickness, exchange capacity, water
content, membrane potential, and transport num-
and bers.

o (N % - Myaname
14

% MADAME = 10

where M, and Myapame are the molecular weights
of the AA and the MADAME monomers. From these
percentages, we have calculated the number of
monomers grafted by chain of PE. All the data are
listed in Table II.

The molecular weight M, of the PE was 17,000,
1.e., 600 ethylene base units, and we obtained a
weight grafting of 20%-30%, i.e., average molar
grafting 10%, therefore, there are 60 units of acrylate
per PE chain.

With reference to Michel and Verney’s result, !
we have calculated the average number of branching
by PE chain «; these values depend on the M, of
polymers and peroxide and hydroperoxide contents.
Under our conditions we obtained between 0.7 and
1.2 grafted, so we can consider that we have only
one chain of acrylic monomer by chain of PE with
a length of 100 units grafted.??

Membrane Manufacturing

The cation- and anion-exchange membranes have
been prepared by pressing a known amount of co-
polymer between two metallic blocks of a press at
200°C. The amphoteric ion-exchange membrane was
made by thoroughly mixing known amounts of co-
polymers PE-g-AA and PE-g-MADAME in the
mixer at a sufficiently high temperature to obtain
an homogeneous mixture.

Characterization

The characterization of the synthesized membranes
consists of determining some physicochemical pa-
rameter in order to examine if they fit the require-
ment of the ion-exchange membrane: low electrical
resistance, high selectivity, and good mechanical and

Thickness

The measurements of thickness show a homogeneity
of the thickness of the three membranes. The mean
thickness is 200.0 + 0.5 ym.

Exchange Capacity

The exchange capacity is the number of milliequiv-
alent of ion that the membrane can exchange (in
meq of ion per grams of membrane). They were de-
termined by pH titration, and we obtained
Ex(CEM) and Ex(AEM). From the AA and MAD-
AME percent, we have calculated the exchanger
groups n, (AA) and n, (MAD):

_ (AA)%

ns (AA) = 00 M
%
. (MAD) - (MADAME) %

100 « Myapame

From Table I1I where all the values are given, we
can see that both these values are rather similar.

With the ionogenic groups of the amphoteric
membrane being weakly acid and basic, their ion-
ization depends on the pH in the membrane phase
and, consequently, on the pH in the external solu-
tion. The exchange capacity of the amphoteric
membrane was thus determined at different pH’s

Table III Exchange Capacity for the Membranes
and for the Corresponding Resins (in meq/g)

Membranes and Resins

EX EX n, ng
(CEM) (AEM) (AA) (MAD)
Exchange
capacity 3.15 1.89 2.99 1.91
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Table IV Exchange Capacities of the Amphoteric
Membrane (in meq/g)

Labeled Ion

crt Na* Ccrt Na*
External pH 2 6 6 12
Exchange
capacity 0.87 0.24 0.39 0.65

(pH 2, 12, and 6). The results are reported in Table
IV. The difference of the exchange capacity between
the amphoteric membrane and the monofunctional
membranes (CEM and AEM) can be explained by
the dilution of the concentration of the exchanger
groups during the manufacturing of the amphoteric
membrane (AIEM).

The lower values of the Na* and Cl~ exchange
capacities of the AIEM at pH 6 can be explained by
a mutual neutralization of some acid groups and ba-
sic groups in the membrane phase.

R(Ohm.cm‘_z)

20+

n
/

/

[

]
2
o \‘\-‘

Electrical Resistance

The relatively low values of electrical resistance for
the CEM, the AEM, and the AIEM are plotted in
Figure 4 as a function of the external pH. The NaCl
concentration in the equilibrium solution was fixed
at 0.1 M whatever the pH. Figure 4 shows that the
behavior is similar for AIEM and AEM at low pH
and for AIEM and CEM at high pH. These results
are linked to the degree of the dissociation of the
exchanger groups. With the ionogenic groups of the
amphoteric membrane being weakly acid and basic,
the degree of the ionization of these groups depends
on their pK and pH values in the membrane phase
and, hence, in the external solution. When the ex-
ternal solution is acid, the electrical resistance data
show that the acrylic groups are not dissociated in
the membrane, in contrast with the MADAME
groups since the electrical resistance of the CEM is
high at acid pH, while the AEM resistance is low.
The amphoteric membrane thus behaves as an
AEM. At basic pH’s, the MADAME groups are not
dissociated in membranes, since the electrical resis-

———

TA——a— A __A__a_

1 2 3 4 5 é 7

t—s 1o T 1T ——>pH

Figure4 Variation of the electrical resistance of the amphoteric membrane as a function
of the external pH: (A) cationic-exchange membrane; (®) anionic-exchange membrane;
(M) amphoteric membrane.
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Table V Transport Number of Na* and of C1™ in
the (CEM) and in the (AEM)

2559

Table VII. Water Content in the CEM and
in the AEM (in Percentage)

Membrane External Solution
CEM AEM HC10.1M NaCl 0.1M NaOH 0.1M
tNat 0.98 0.04 CEM 53 280 210
tor- 0.02 0.96 AEM 125 158 70

tance of the AEM is high; nevertheless, the acrylic
groups are dissociated since the electrical resistance
of the CEM is low. The AIEM behavior is similar
to that of the CEM. At neutral pH’s, both acid and
basic groups are assumed to be dissociated; nev-
ertheless, the highest electrical resistance values of
the AIEM at this pH reinforce the idea that a mutual
neutralization of some acid groups and basic groups
occurs in the membrane phase.

Membrane Potential and Transport Number

Measurement of membrane potential has become a
routine procedure to characterize the membrane se-
lectivity and to calculate the transport number. In
Table V are listed the transport numbers of Na*
and C1~ in the CEM and in the AEM. These values
show a high selectivity of the two membranes. Values
of the transport number in the AIEM are reported
in Table VI. These values show a high selectivity of
the AIEM at pH 2 and at pH 12; the amphoteric
membrane behaves as an AEM at pH 2 and as a
CEM at pH 12. At neutral pH, the AIEM is not
permselective; it can exchange cations as well as an-
ions.

Water Content
Ion-exchange membranes are able to sorb solvents

in which they are dipped and, consequently, the

Table VI Transport Number of Cations and
Anions in the Amphoteric Membranes

pH
2 6 12
t, 0.01 0.41 0.83
t_ 0.99 0.59 0.17

membranes swell. The water content is the amount
of water that the membrane absorbs. This water
content depends on many parameters: external pH,
electrolyte concentration, and chemical nature of
the electrolyte in the equilibrium solution.

In Table VII are reported the values of water con-
tent in the AEM and in the CEM. The swelling is
the highest for the CEM at equilibrium with a basic
external solution, and for the AEM, at equilibrium
with an acid external solution. These results are
linked to the ionization degree of the exchanger
groups, and they also can be explained by the fact
that when the exchanger groups are substantially
dissociated the solvating water of the electrolyte
(which permeates into the membrane) adds to the
free water in the membrane phase.

A systematic study of the swelling of the ampho-
teric membrane was carried out by varying both the
NaCl concentration and the pH in the external so-
lution (Table VIII). Figure 5 gives the variation of
the water content in the amphoteric membrane as
a function of the external NaCl concentration. These
curves show that the water content decreases when
the external NaCl concentration increases; this is
in agreement with the models propounded for the
study of the swelling of the ion-exchange poly-
mers.??! This decrease in the water content has been
assigned to the osmotic pressure difference between

Table VIII Water Content (in Percentage) in the
Amphoteric Ion-Exchange Membrane

cNaCl mol L'1

in the exter-

nal solution 0.01 0.1 0.25 0.5 1
Water content

at pH 2 55.75 5564 54.35 53.14 51.47
Water content
at pH 6 52.33 52.21 52.09 52.05 51.94

Water content
at pH 12 54.67 54.58 53 51.54 50.41
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Figure 5 Water content of the amphoteric membrane (in percentage) as a function of
the external NaCl concentration: (W) pH 2; (A) pH 6; (®) pH 12.

the interior of the membrane and the external so-
lution.

CONCLUSION

In this study, we presented a new procedure for
manufacturing ion-exchange membranes. This pro-
cedure can be divided into three steps: ozonization
of PE, mass grafting of monomers, and mixing and
pressing for manufacturing the film with good me-
chanical properties (this last step is performed after
washing the copolymers in order to eliminate the
homopolymer). By this method, we prepared CEM,
AEM, and AIEM. Some physicochemical parame-
ters of these membranes have been determined (ex-
change capacity, electrical resistance, transport
number, and water content). These properties are
in agreement with the theoretical forecasting for

membranes having a weak acid and a weak base as
ionogenic groups. These properties have been dis-
cussed as a function of the pH and the NaCl con-
centration of the equilibrium solution.
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